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Abstract

This thesis presents a systematic investigation of complex magnetic interac-
tions in rare-earth containing perovskites, combining advanced neutron diffrac-
tion, magnetometry, and first-principles calculations to unravel the interplay be-
tween 3d-4f-5d exchange pathways, structural distortions, and functional proper-
ties. Through careful analysis of the double perovskite NdaNiMnOg, we establish
a monoclinic P2;/n structure with almost complete B-site ordering of Ni/Mn
and reveal a rich magnetic phase diagram featuring: (i) ferromagnetic ordering
of Ni?t-Mn** sublattices at Ty = 198 K exhibiting mean-field critical behavior,
(ii) a re-entrant spin-glass state below T, and (iii) non-collinear Nd** ordering
below T = 22 K driven by competing f —d and f — f exchange. The system
demonstrates promising magnetocaloric performance (ASy; = 2.25 Jkg 'K~ at
7 T) and significant spin-phonon coupling. The introduction of 5d Ir dopants
in Nd2NiMng 251rg 7506 leads to three fundamental advances: (1) resolution of
a unified I‘T magnetic structure eliminating previous phase coexistence models,
(2) precise determination of reduced Mn/Ir moments (0.38 pp) revealing strong
spin-orbit frustration, and (3) discovery of coherent Nd3* ordering with b-axis
ferromagnetism and ac-plane canting. Remarkably, Ir mediates enhanced 3d-4 f
coupling despite suppressing B-site magnetization, demonstrating a novel route
to engineer 3d-5d-4f interactions. Meanwhile, in NdSmNiMnOg, we identify a
ferrimagnetic ground state (A Epyiriv &~ 0.02 €V) stabilized by P2; /n distortions
((Ni-O-Mn) = 146°), with pronounced magnetostriction effects and spin-phonon
coupling evidenced by Raman mode hardening. The material shows excellent
magnetocaloric properties (RCP = 182 J/kg) and critical exponents revealing
a mean-field to 3D Heisenberg crossover. First-principles calculations confirm
the crucial role of orbital ordering and SOC-induced Sm3* moment quenching.
Finally, in the quadruple perovskite EroCuMnMny4O15, we uncover four distinct
magnetic transitions featuring spin reorientations between +£b and +c axes, cul-
minating in a low-temperature phase (T4 =7 K) with k& = (0,0, 3) modulated
Er;-Mngs coupling. The sequence of transitions highlights the complex interplay
between transition metal and rare-earth sublattices in these frustrated systems.

Collectively, this work establishes design principles for manipulating competing



exchange interactions in multifunctional perovskites, while demonstrating their
potential for magnetic refrigeration and spintronic applications. The combination
of structural tuning, Hd-orbital tuning, and sublattice-specific control presented
here provides a roadmap for developing next-generation multifunctional materials

with tailored magnetostructural properties.

keywords: double perovskite, columnar perovskites; ferrimagnetism; spin reori-

entation; magnetic frustration



Resumo

Esta tese apresenta uma investigacao sistematica das interagoes magnéticas
complexas em perovskitas contendo terras-raras, combinando técnicas avangadas
de difracao de néutrons, magnetometria e calculos de primeiros principios para
desvendar a interacdo entre vias de troca 3d-4f-bHd, distorgoes estruturais e
propriedades funcionais. Através da andlise detalhada da dupla perovskita
NdaNiMnOg, estabelecemos uma estrutura monoclinica P21 /n com ordenamento
quase completo dos sitios B de Ni/Mn e revelamos um rico diagrama de fase
magnética, caracterizado por: (i) ordenamento ferromagnético das sub-redes
Ni2t-Mn**t em Ty = 198 K, exibindo comportamento critico de campo médio;
(ii) um estado reentrante de vidro de spins abaixo de Ty; e (iii) ordenamento
nao colinear de Nd?* abaixo de Tx; = 22 K, impulsionado pela competicio
entre trocas f—d e f— f. O sistema demonstra desempenho magnetocaldrico
promissor (ASy; = 2.25 Jkg7'K=! a 7 T) e acoplamento spin-fonico signi-
ficativo. A introducdo de dopantes de Ir 5d em NdsNiMng o5lrg 7506 levou
a trés avancos fundamentais: (1) a resolugdo de uma estrutura magnética
unificada '], eliminando modelos anteriores de coexisténcia de fases; (2) a
determinagdo precisa de momentos reduzidos de Mn/Ir (0,38 ppg), revelando
forte frustragado spin-érbita; e (3) a descoberta de um ordenamento coerente
de Nd?* com ferromagnetismo ao longo do eixo b e inclinacio no plano ac.
Notavelmente, o Ir media um acoplamento 3d-4 f aprimorado, apesar de suprimir
a magnetizacao no sitio B, demonstrando uma nova rota para projetar inter-
acgoes 3d-bd-4f. Enquanto isso, em NdSmNiMnOg, identificamos um estado
fundamental ferrimagnético (AFEpnpiv =~ 0.02 eV) estabilizado por distorgoes
P2;/n ((Ni-O-Mn) ~ 146°), com efeitos de magnetostricdo pronunciados e
acoplamento spin-fénico evidenciado pelo endurecimento de modos de Raman.
O material exibe excelentes propriedades magnetocaléricas (RCP = 182 J/kg) e
expoentes criticos que revelam uma transicdo entre comportamentos de campo
médio e Heisenberg 3D. Célculos de primeiros principios confirmam o papel
crucial do ordenamento orbital e do quenching do momento de Sm3* induzido
por SOC. Finalmente, na perovskita quadrupla EroCuMnMn4O12, descobrimos

quatro transicoes magnéticas distintas, caracterizadas por reorientagoes de



spin entre os eixos +b e +c¢, culminando em uma fase de baixa temperatura
(Tn4 =7 K) com acoplamento modulado Eri-Mnz em k = (0,0,3). A sequéncia
de transicoes destaca a interacdo complexa entre as sub-redes de metais de
transicdo e terras-raras nesses sistemas frustrados. Coletivamente, este trabalho
estabelece principios de projeto para manipular interagoes de troca competitivas
em perovskitas multifuncionais, demonstrando seu potencial para aplicacoes
em refrigeracdo magnética e spintronica. A combinacao de ajuste estrutural,
engenharia orbital 5d e controle especifico de sub-redes apresentada aqui fornece
um roteiro para o desenvolvimento de materiais multifuncionais de préxima

geracao com propriedades magnetoestruturais sob media.

Palavras-chave: dupla perovskita, perovskitas colunares; ferrimagnetismo; re-

orientacao de spin; frustracao magnética
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instrument in the TS2 experimental hall (right) and the 3He detector
array inside the blockhouse (left). Neutrons are transported via a
ballistic supermirror guide (m = 2), elliptical in both horizontal and
vertical planes. The guide extends from 1.7 m downstream of the
source to 0.5 m before the sample, with a total flight path of 40.0 m

from the moderator face. The guide exit is a rectangular aperture

measuring 20 mm X 40 mm. . . . . .. ... 109

Optical layout of the EMA beamline at Sirius synchrotron. The
high-brilliance X-ray beam is generated by a cryogenic permanent
magnet undulator (CPMU) and conditioned through a sequence of
optical components including slits, a high-resolution double-crystal
monochromator (HD-DCM), a quarter-wave plate (double phase re-
tarder), harmonic rejection mirrors, and Kirkpatrick-Baez (KB) fo-
cusing mirrors. These elements are optimized for X-ray diffraction
(XRD), X-ray absorption (XAS), and X-ray Raman spectroscopy
(XRS) under extreme thermodynamic and magnetic conditions. .1
Schematic diagram of a vibrating sample magnetometer (VSM) and
a commercial VSM system. . . . . . .. ..o 1

Schematic diagram of the Raman spectroscopy setup used in this
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study. . . . L 117

The cation ordered crystal structure of NdaNiMnOg (monoclinic
P21 /n) presented as a single unit cell. (a) The A-site with Nd
atoms is depicted in red. (b) The B- and B’-sites are shown, with
Ni and Mn atoms represented in blue and green, respectively. (c)
and (d) Projections of the crystal structure along the a-axis illus-
trating the (Nd)Og cuboctahedral coordinations and the (Ni, Mn)Og

tilted octahedral coordinations, respectively. The oxygen anions are

represented by grey spheres. . . . . . ... ..o 126
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Neutron powder diffraction data measured in 3 magnetic phases; a)
paramagnetic (230 K), b) first ordered (100 K) and ¢) ground state
(1.5 K). Data are shown as red points, the fitted patterns as black
lines, and the difference curve I,,,s — Ica)c as blue lines at the bottom
of the panes. The top and bottom row of green tick marks in each
pane indicate the position of nuclear and magnetic Bragg peaks,
respectively. . . . . .. L L 127
a) Temperature dependence of the DC magnetic susceptibility of
NdaNiMnOg measured under ZFC and FCC conditions in an ap-
plied field of 1 kOe. The inset shows a comparison of M-T curves
(ZFC/FCC) at different Hy. fields. (b) The inverse susceptibility
(x~!' = H/M)) as a function of temperature (7). The black line
shows the paramagnetic region’s best fit using the Curie-Weiss lawl.30
Isothermal M (H) curves conducted at different temperatures under
applied fields up to £70 kOe. The inset shows the linear extrapola-
tion of saturated magnetization at 100 K. . . . . . . .. ... ... 131
The real (a) and imaginary (b) parts of the AC magnetic suscepti-
bility of NdoNiMnOg, measured as a function of temperature at dif-
ferent frequencies under Hy. = 2 Oe. The inset shows an expanded
view of Tivo. . v o o . o e 133
Refined magnetic structures of NdaNiMnOg: (a) mI'J Structure at
100 K, (b) mI'] + mI'J structure at 1.5 K, and (c) decomposition
of F| and A; Nd moment components within the ac plane. Nd, Ni,
and Mn atoms are represented in red, blue, and green, respectively,
with the crystallographic unit cell outlined in grey.. . . . . . . .. 137
(a) Isothermal 15 quadrant M (H) curves conducted at T'= 2 — 300
K with an interval of AT =5 K. (b) Thermal profile of field-induced
magnetic entropy change, —ASj/, estimated from isothermal magne-

tization curves from 7'= 2 — 300 K, under various applied magnetic
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temperature 6. . . . . .. Lo 140

fields. Inset shows the plot of normalized (

) versus reduced

(a) Field dependence of maximum magnetic entropy change
(—AST*") fit by a power law (solid red line). (b) Relative cooling
power (RCP), with a power law fit (solid black line) . . . . . . .. 142



List of Figures 19

IV.9 (a) Arrot plot of isotherms with d = 3. (b) Temperature dependence
of the spontaneous magnetization Mg(T') (left) and the inverse initial
magnetic susceptibility xo ' (7T) (right), obtained from the field region
of H < 1.5 T extrapolation of the Arrott plot with §=1/2 and v 245

IV.10 (a) Kouvel-Fisher plots of Mg/(dMg/dT)~" (left) and xg ' /(dxg ' /dT) ™!
(right) for NdaNiMnOg, with solid lines representing linear fits. (b)
Critical isotherm M (H) measured at T = 198 K. Inset: log-log
plot of the same data with the fitted slope corresponding to 1/4. (c)
Scaling plots of renormalized magnetization m versus renormalized
field h below and above T, demonstrating data collapse onto two
distinct branches. Inset: the same plots in log-log scale. (d) Plots
of m? versus h/m for NdoNiMnOg. Inset: rescaled M(H) curves
plotted as MH Y/ versus eH 1/ further confirming scaling
behavior. . . . . ... 147

IV.11 Raman mode analysis and temperature evolution in NdaNiMnOg.
(Top) Raman spectrum at 20 K fitted with Gaussian-Lorentzian (G-
L) profiles, highlighting the decomposition into individual phonon
modes: Ag, Agl , B; , and Aé” . Experimental data are shown in
cyan, and the total fit is indicated by the blue curve. (Bottom)
Temperature-dependent Raman intensity map (false-color contour
plot) showing the evolution of phonon modes in the 400-750 cm ™!
range, with mode sharpening and intensity enhancement upon cool-
IE. o e, 149

IV.12 Temperature dependence of phonon frequencies (w) and linewidths
(') for three Ay modes in NdaNiMnOg. Panels (a-c) show wy, fitted
with Klemens and Balkanski models; deviations below T ~ 200 K
and Tf ~ 50-100 K indicate spin-phonon coupling. Panels (d-f) show
I'a,, with anomalous broadening at magnetic transitions, confirming

strong spin-lattice interactions. . . . . . . ... ... 151
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IV.13 Temperature evolution of phonon frequency renormalization dw(7T') =
Wobs(T') —wann(T') (green diamonds, left axis) and normalized square
of magnetization [M (T')/Mpyax)? (black triangles, right axis) for three
Ay Raman modes in NdaNiMnOg. Panels (a)-(c) show A;, Ag, and
A}}H modes, respectively. Good agreement is observed in the FM
region (77 < 200 K), while deviation below 50 K signals competing

AFM interactions and rare-earth sublattice effects. . . . . . . . .. 153

V.1 The crystal structure of NdaNiMng o5Irg750¢ in the P2;/n space
group is presented as a single unit cell. (a) The A-site with Nd
atoms is depicted in brown. (b) The B-sites are shown, with Ni/Mn
atoms represented in blue and red, and Ir in green. (c¢) A projec-
tion of the crystal structure along the a-axis illustrates the (Nd)Osg
cuboctahedral coordination. (d) The (NiMn)Og octahedral tilt co-
ordination is highlighted, with Ni/Mn and Ir octahedra shaded in
blue and green, respectively. The O?~ ions are represented by grey
spheres. . . . . L 160

V.2 Neutron powder diffraction data measured in 4 magnetic phases; a)
paramagnetic (230 K), b) first ordered (100 K), ¢) ordering at 40
K, and d) ground state (1.5 K). Data are shown as red points, the
fitted patterns as black lines, and the difference curve I — Icale as
blue lines at the bottom of the panes. The top and bottom row of
green tick marks in each pane indicate the position of nuclear and
magnetic Bragg peaks, respectively. . . . . . .. ... ... ... 163

V.3 a) Temperature dependence of the DC magnetic susceptibility of
NdsNiMng 951rg 7506 measured under ZFC and FCC conditions in
an applied field of 0.1 kOe. The inset shows a comparison of M-T
curves (ZFC/FCC) at different Hy, fields(1-10 kOe). (b) The inverse
susceptibility (y~! = H/M) as a function of temperature (T), inset
shown for 1-10 kOe fields. The black line shows the paramagnetic
region’s best fit using the Curie-Weiss law. . . . . . . .. ... .. 166

V.4 Isothermal M (H) curves conducted at different temperatures under
an applied field of 70 kOe. Inset shows the linear extrapolation of

saturated magnetization. . . . . .. .. ..o 168
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V.6
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The real (a) and imaginary (b) parts of the AC magnetic susceptibil-
ity of NdoNiMng 9511 7506, measured as a function of temperature

at different frequencies under Hy. = 2 Oe. The inset shows an ex-

panded view of T%. . . . . . ... ..o 169

Temperature dependence of Cp/T vs. T' for NdaNiMng 251rg.7506
measured under 0 T (black) and 4 T (red) magnetic fields. The
inset displays expanded low-temperature (2-15 K) C,/T data un-
der various fields (up to 10 T), showing systematic suppression and
broadening of the Schottky anomaly with increasing field. . . . . . 1
Raman spectrum of NdoNiMngoslrg 7506 at 20 K, highlighting
phonon mode decomposition. The experimental data (black aster-
isks) are fitted using a combination of Gaussian-Lorentzian (G-L)
functions (solid red curve). Individual vibrational modes are labeled
and shaded according to symmetry: B;HI (gray, blue, cyan),
Aé_IV (green, magenta, violet, orange). The multi-mode structure
is consistent with the P2;/n symmetry of the monoclinic double
perovskite phase. Strong and well-resolved features confirm B-site
ordering and low-temperature lattice coherence. . . . . . . . . .. 1
Temperature evolution of phonon frequencies w(7T') and full-width

at half-maximum linewidths I'(T") for the Ag, B;H, and Aéﬂ Ra-
man modes of NdaNiMng 251rg 750¢. Panels (a-c) show the frequency
shifts, while panels (d-f) present the corresponding linewidth broad-
ening as a function of temperature. Experimental data (blue dia-
monds) are fitted using Klemens-type anharmonic models (solid or-
ange curves). In panel (a), a linear thermal model (dashed red line)
is also shown for comparison. The shaded regions denote different
magnetic regimes: white (paramagnetic), blue (spin-glass-like), and
green (FM ordering), highlighting the spin-lattice coupling anoma-

lies, particularly in B;H and Aéﬂ modes. . . . ... ... 1



List of Figures 22

V.9  Temperature dependence of phonon renormalization Jdw(7T) =
Wobs(T) — wann(7T) (left axis, blue diamonds) and normalized
magnetization squared [M(T)/Mmax|?> (right axis, green trian-
gles) for (a) Aé, (b) Bg”, and (c) Aé” Raman-active modes
in NdoNiMng.o5Irg7506. The close correspondence between the
two quantities near the ferromagnetic transition temperature
(Te =~ 140K) indicates strong spin-phonon oupling. Deviations
at lower temperatures are attributed to competing magnetic
interactions and site disorder. . . . . ... ..o 179

V.10 Refined magnetic structure of NdoNiMng o5Irg 7506 at 1.5K, corre-
sponding to the mI'{ (F | +AL) irreducible representation. The left
panel shows the three-dimensional view, while the right panel dis-
plays the projection along the a-axis. Magnetic moments are primar-
ily aligned along the b-axis (F)) with an additional A-type antiferro-
magnetic component within the ac-plane (A, ) for the Nd sublattice.
Nd, Ni, and Ir atoms are represented by maroon, blue, and green
spheres, respectively. The crystallographic unit cell is outlined in

black. Cartesian axes (a, b, ¢) are indicated for clarity. . . . . .. 183

VI.1 Crystal structure of NdSmNiMnOg in the monoclinic P2;/n space
group shown as a single unit cell. (a) The A-site cations Nd and Sm
are represented in cyan and black, respectively. (b) The B-site tran-
sition metals Ni and Mn are shown in blue and royal. (c¢) Projection
along the a-axis highlights the (Nd/Sm)Og cuboctahedral coordina-
tion. (d) The (NiMn)Og octahedral tilt system is emphasized, with
NiOg and MnOg units shaded in royal and blue. Oxygen anions
(O?7) are shown as grey spheres. . . . . ... ........... 195

VI.2  Synchrotron X-ray diffraction data in selected phases: (a) paramag-
netic phase (275 K), (b) ordered phase (175 K), and (c) 4 K. Experi-
mental data are shown as red points, the fitted pattern as black lines,
and the difference curve (Iops — Icale) as a blue line at the bottom of
each panel. The top and bottom rows of green tick marks indicate

the positions of nuclear and magnetic Bragg peaks, respectively. .197



List of Figures 23

VI.3 Temperature-dependent Ni and Mn K-edge XANES spectra of
NdSmNiMnOg from 4-300 K. (a) Ni K-edge spectra show an
absorption edge at ~8352 eV (N12+) and a pre-edge feature Pp_nj at
~8339 eV. The increased white-line intensity and peak broadening
at lower temperatures indicate enhanced local distortion around
Ni. (b) Mn K-edge spectra display a stable edge at ~6560 eV
(Mn**) with consistent pre-edge features P (~6544 eV) and
Prp (~6549-6551 V), suggesting a temperature-invariant MnOg
octahedral environment and robust Mn—-O hybridization. . . . . . 199

VI.4 (a) Temperature dependence of magnetization curves measured af-
ter zero-field cooling (ZFC) and field-cooled cooling (FCC) under
an applied magnetic field of Hy. = 100 Oe for NdSmNiMnOg. The
inset shows a comparison of M-T curves (ZFC/FCC) at different
Hy, fields. (b) Inverse susceptibility (x~! = H/M) as a function of
temperature measured at Hq. = 1 kOe. The black line represents the
best fit to the Curie-Weiss (C-W) law in the paramagnetic region.
The inset displays the derivative dM/dT~"! versus 7', where the min-
imum is associated with the critical temperature T at various Hgi.
fields. . . . . . 202

VL5 (a) Magnetic field dependence of magnetization (M-H) isotherms
measured at T'= 2, 100, 200, and 300 K for NdSmNiMnOg. The
inset shows an expanded view of the low-field region of the isotherms.
(b) Derivative dM/dH as a function of H at selected temperatures.
The inset displays the Law of Approaching Saturation (LAS) fit to
the high-field magnetization data. (c¢) Temperature dependence of
the saturation magnetization (Mg) and coercivity (Hc), highlighting
their evolution with temperature. . . . . . . . ... .. ... ... 203

VI.6 (a)-(c) Temperature variations of the unit-cell lattice parameters a,
b, and ¢, deduced from temperature-dependent synchrotron X-ray
diffraction (SXRD) pattern analysis. The solid red and blue lines
represent the thermal expansion fits for the temperature regions
T <Tc and T > T¢, respectively. Notably, the thermal expansion
behavior exhibits significant anomalies near T due to the magne-
tostriction effect, indicating strong coupling between the magnetic

order and the lattice degrees of freedom. . . . . . . ... ... .. 206
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Thermal variation of local structural parameters in NdSmNiMnOg
extracted from temperature-dependent synchrotron X-ray diffraction
(SXRD) analysis: (a-c) Ni-O bond lengths; (d-f) Mn-O bond lengths
with inset showing Ni-Mn interatomic distances; (g-i) Ni-O-Mn bond
angles. Anomalies near the magnetic transition temperature Ty are
visible across all panels, signaling structural distortions in the NiOg
and MnOg octahedra. . . . . . . . . ... ... 208
(a) Raman spectrum of NdSmNiMnOg measured at room tem-
perature showing the dominant phonon modes. (b) Temperature-
dependent Raman spectra collected between 10 and 300 K. The
rightmost inset highlights the symmetric stretching mode (A,) near
654 cm ™!, revealing subtle anomalies across the magnetic transition
temperature. . . . . ..o Lo 209
(a-c) Temperature variation of selected phonon frequencies in
NdSmNiMnOg. (d-f) Temperature dependence of the FWHM of
the respective phonon modes. The solid-wine, solid-red, and solid-
black curves correspond to fits using the Klemens, Balkanski, and
Griineisen models (cubic-anharmonic fits) in regions of discontinuity,
respectively. . . . .. Lo 215
(a) Temperature variation of dw(7") and {%ﬂ}z versus T for the
Ag stretching mode. (b) Temperature variation of the unit-cell vol-
ume (V') as derived from temperature-dependent synchrotron X-ray
diffraction (SXRD) pattern analysis. The solid-blue and red-dashed
lines represent the thermal expansion fits of the curves in the regions
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drastic change near T. The inset depicts the temperature variation
of volume magnetostriction. . . . . . .. .. ... .. ... ... 217
Monoclinic 20-atom crystal structures representing different mag-
netic configurations in a unit cell containing Nd, Sm, Ni, Mn, and O.
The images illustrate the simulated spin orientations for ferrimag-
netic (FiM1-FiM4) and ferromagnetic (FM1-FM4) arrangements.
Configurations involving Nd/Sm positional interchange are omitted
due to identical total energies. Spin directions along the c-axis are

indicated by black (1) and red () arrows. . . ... ... ... .. 219
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VI.13

VIIL.1

VIIL.2

Total density of states (TDOS) and partial density of states (PDOS)
calculated for ferrimagnetic (FiM) and ferromagnetic (FM) ground-
state configurations. Panels (a) and (b) show results obtained using
the GGA+4U method, while panels (c¢) and (d) include spin-orbit
coupling (SOC) within the GGA+U(SOC) framework. The vertical
dashed line indicates the Fermi level. The shaded yellow regions rep-
resent Sm-4 f contributions, while the shaded green regions highlight
Nd-4f states. Band gap values for each configuration are indicated
in the plots. . . . . . . .. 2
GGA+U(4+SOC) partial density of spin states (PDOS) for Ni (top
panel) and Mn (bottom panel) d-states, decomposed into tag (dzy,
dyz, dy.) and eg (dy2_ 2, d,2) contributions. The dashed vertical line
denotes the Fermi energy (Er). Insets illustrate schematic electron

occupation in crystal-field-split d-orbitals. . . . . . . . . ... .. 2

(a, b) Room-temperature XRD patterns and corresponding Rietveld
refinements for the NdSmNiMnOg double perovskite. The red square
symbols and black line represent the observed and calculated inten-
sities, respectively. The short green vertical ticks mark the expected
Bragg reflection positions for the monoclinic P2;/n (No. 14) and
orthorhombic Pbn2; (No. 33) phases. The blue line at the bottom
shows the difference between observed and calculated intensities. (c-
f) Crystal structure representation of NdSmNiMnOg. The light-gray
lines outline a single unit cell, while shaded polyhedra highlight the

cation—oxygen coordination environments. . . . . . ... ... .. 232

(a) Isothermal magnetization curves measured at different temper-
atures in the range 2-156 K with AT =8 K and 156-196 K with
AT =1 K for critical point analysis. (b) Temperature dependence
of the field-induced magnetic entropy change (—ASy) estimated
from isothermal M(H) data between 2 and 292 K, under various
applied magnetic fields. (c) Magnetic field dependence of the maxi-
mum entropy change (—AS{*). Inset: normalized entropy change

(ASy/ASY™) as a function of reduced temperature 6. (d) Relative

cooling power (RCP) as a function of applied magnetic field (H). 237
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(a) Isothermal magnetization curves measured at different temper-
atures between 156 and 188 K with AT =1 K. The isotherms are
plotted as M/ vs (H/M)'Y7 using model parameters from: (b)
Arrott-Noakes model, (c¢) Tricritical mean-field model, (d) Three-
dimensional (3D) Heisenberg model,(e) 3D Ising model, and (f) 3D
XY model. . ... 2
Temperature dependence of the normalized slopes, NS =
S(T)/S(Tc), for the mean-field, tricritical mean-field, 3D Heisen-
berg, 3D Ising, and 3D XY models. . . . . .. ... .. ... ... 2
(a) Modified Arrott plot of isotherms with 5 = 0.474 and v = 0.954.
(b) Temperature dependence of the spontaneous magnetization Mg
(left) and the inverse initial magnetic susceptibility xo(T') (right),
which are obtained from the high-field extrapolation of the modified
Arrott plot. The T and exponent values are deduced by fitting
Equations 215 and 216 (red curves). (c) Kouvel-Fisher plot for the
temperature dependence of the spontaneous magnetization Mg (left)

and the inverse initial magnetic susceptibility x, Y(T) (right). The

Tc and critical exponents are obtained from the linear fits (red lin24R

(a) M(H) curve at T ~ 177 K. Inset: the same plot in log-log
scale with a solid fitting curve in the high-field region. (b) Scaling
plots of renormalized magnetization m = M |5]‘5 versus renormalized
field h = H|e|~(#9) below and above T¢ for NdSmNiMnOg. The
inset shows the same scaling plots in the log-log scale. The collapse
of the data onto two distinct universal branches (below and above
Tc) confirms the validity of the obtained critical exponents and the

reliability of the scaling hypothesis. . . . . . . ... .. ... ... 2

VIII.1 The crystal structure of EroCuMnMngO12. A single unit cell is
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VIIIL.2 The real (a) and imaginary (b) parts of the AC magnetic susceptibil-

ity of EroCuMnMn40O12, measured as a function of temperature at
different frequency 0.5 Oe excitation fields. The static DC field was
zero. Four magnetic transitions are identified in (a), which bound
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respectively. . . . . .. Lo 2
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VIIL.3 a) Temperature dependence of the DC magnetic susceptibility of

EroCuMnMnsOq12 measured under ZFC and FCC conditions in
a 100 Oe applied field. The inset shows a Curie-Weiss fit (black
dashed line) to the inverse susceptibility. b) Specific heat of
EraCuMnMnyO;2 measured as a function of temperature. The inset
highlights the magnetic field dependence on the low temperature
anomalies. Phases CFI’, FI, CFI;, and CFIs are shaded blue, grey,
green and purple, respectively. . . . . . . ... 254

VIII.4 Neutron powder diffraction data measured in 5 phases; a) param-

agnetic, b) CFT’, ¢) FI, d) CFI;, and e) CFI,. Data are shown as
red points, the fitted pattern as black lines, and the difference curve
Iobs — Icale as a blue line at the bottom of the panes. The top and
bottom row of green tick marks in each pane indicate the position of

nuclear and magnetic Bragg peaks, respectively. . . . . . .. . .. 257

VIIL.5 Temperature dependence of the +F; magnetic moments on the a)

Mn2, b) Mn3, and ¢) Mn4 sublattices, where the blue and red data
correspond to '} (Fy) and 'y (F,) order, respectively. Pane d shows
the antiferromagnetic components that lead to spin canting on the

Mn3 sublattice. . . . . . ... 259

VIIL.6 Temperature dependence of the Erl and Er2 moments, whose respec-

tive magnetic modes transform a mZj (antiferromagnetic, m||a),
and mI'j (ferromagnetic, m||b), respectively. Fits to a simple mag-
netisation model for a 2-level system are shown by red lines (see text

for details). . . . ... 260

VIIL.7 The magnetic structures of EroCuMnMnyO;2in each ordered phase.

I.1

Erl, Er2, Cul, Mn2, Mn3, and Mn4 sublattices are coloured red,
green, black, purple, cyan and maroon, respectively (see Figure VIII2b6R

X-ray diffraction patterns of NdoNiMnj_,Ir,Og with = 0.00, 0.25,
0.50, and 0.75. The inset highlights a systematic shift to lower 26
angles (black arrow) with increasing Ir doping, indicating lattice ex-
pansion. Progressive peak broadening and enhanced peak splitting
reflect increasing lattice strain and symmetry lowering due to Ir in-

corporation. . . . ... 271
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[.2 Rietveld refinement of X-ray diffraction data for NdaNiMnOg at
room temperature. The observed pattern (Yops) is shown in red dots,
the calculated pattern (Ycae) in black, and the difference (Yops —
Ycale) in blue. Vertical green ticks mark the Bragg reflection posi-
tions corresponding to the monoclinic P2;/n (space group 14) sym-
metry. The excellent agreement between the observed and calculated

profiles confirms the phase purity and structural model. . . . . . . 272

I1.1  Temperature-dependent Raman spectra of NdoNiMnOg collected be-
tween 20 and 290 K. The measurements were performed with tem-
perature steps of AT =10 K from 20 to 100 K, and AT =5 K from
100 to 290 K. The two prominent A, phonon modes are labeled.
Systematic shifts and linewidth changes with decreasing tempera-

ture reflect anharmonic effects and possible spin-phonon coupling. 273

II.1 (a) Power-law fitting of 7 vs Ty; (b) Vogel-Fulcher (V-F) fitting
shown in the inset. . . . . .. . .. .. ... ... 0. 276

[I1.2  (Color online) Temperature-dependent Raman spectra of polycrys-
talline NdsNiMng 951rg 750 measured from 20 K to 290 K over the
spectral range of 450-750 cm™!. The measurements were conducted
in backscattering geometry with a 532 nm excitation laser. Spec-
tra are vertically offset for clarity. Prominent phonon modes exhibit
temperature-driven softening and broadening, most notably in the
high-frequency region (~650-700 cm™1), indicative of anharmonic
effects and potential spin-phonon coupling. Color-coded arrows to
the right denote the temperature scale with AT =5 K spacing up to
100 Kand AT =10 K above. . . . . .. ... ... ... ..... 277

IT1.3 Temperature-dependent specific heat analysis of NdoNiMng 251197506
at H =0 T: (a) Total specific heat C},(T") with fitted lattice con-
tribution and extracted magnetic heat capacity Cumag(T); (b)
Low-temperature Cyyag showing Schottky anomaly and correspond-
ing fit with A = 14.60 K; (c¢) Full model fit to C,(T) data below
50 K including phonon and Schottky contributions. . . . . . . .. 278
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Synchrotron X-ray diffraction (SXRD) patterns of NdSmNiMnOg
collected in the temperature range of 4-300 K. The patterns confirm
phase stability across the full range with no evidence of structural
transitions. . . . . . .. Lo oo 279
Inverse magnetic susceptibility (x ™' = H/M) of NdSmNiMnOg as a
function of temperature, measured under a DC field of Hg. = 10 kOe.
The black line represents the best fit to the Curie-Weiss law in the
paramagnetic region. . . . . . . . ... 280
Thermal variation of octahedral bond angles in NdSmNiMnOg ob-
tained from temperature-dependent synchrotron X-ray diffraction
(SXRD) analysis: (a-b) O-Ni-O bond angles; (c-d) O-Mn-O bond
angles. Anomalies near Ty are evident in all panels, indicating the

onset of structural distortion in the NiOg and MnQOg octahedra. .281
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Introduction

Material science is poised to dominate the forefront of research and techno-
logical innovation, driven by its unparalleled multifunctional applicability across
industries. Since the dawn of civilization, evidenced by epoch-defining eras such
as the Stone, Bronze, and Iron Ages-human progress has been inextricably linked
to material advancements. Today, we stand at the threshold of a new revo-
lutionary epoch: the Nano Age, or what I term the Intelligent Materials
Age (IMA). At this atomic and nanoscale frontier, materials are not merely
components but transformative enablers, catalyzing breakthroughs in electron-
ics, healthcare, energy, and beyond. Their influence transcends laboratories,
reshaping global economies, redefining technological limits, and even molding
cultural paradigms. As the backbone of modern innovation, material science has
evolved from a supporting discipline to the very axis upon which the future piv-
ots, an indispensable field that will dictate the trajectory of human advancement
[10, 11]. Metal oxides, in particular, have emerged as crucial materials for various
applications, including semiconductors [12], photocatalysis [13], and spintronics
[14]. The rapid introduction of new consumer products that take advantage of
these advanced materials underscores their growing importance. The extraor-
dinary structural diversity of oxide materials enables the formation of a broad
array of crystallographic frameworks, each of which exhibits distinct properties
that cater to a wide range of technological applications. In particular, ABXj-
type compounds are well-known for their ability to crystallize in a multitude
of structural motifs, including perovskite, corundum, ilmenite, LiNbOs, several
hexagonal BaMnOs-type polytypes (such as 2H, 4H, 15R), hexagonal LuMnO3-
type, pyroxenes, rare-earth sesquioxide phases (A, B, and C-type or bixbyite),
and others. These structures emerge as a function of the relative ionic radii of
the cations at the A and B sites, as well as their electronic configurations and
bonding characteristics[15-18].

Among these, perovskite structure, stands out as one of the most significant
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and versatile frameworks in inorganic chemistry, both in terms of abundance and
functional adaptability [19-21]. Perovskite (CaTiOg), discovered in 1839 by the
Prussian mineralogist Gustav Rose in the Ural Mountains, was named after the
Russian mineralogist Count Lev Aleksevich von Petrovskii. This typically dark
brown crystal, due to impurities, exhibits a hardness of 5.5-6, a density of 4000-
4300 kg/m?, and a clear and highly refractive nature with an index of ~ 2.38 [1].
The multiplicity of phases that pertain to the ternary perovskite family ABX3 can
be rationalized by assuming that perovskites are simple ionic compounds, where
A is generally a divalent or trivalent alkaline-earth or lanthanoid ion, B is usually
a transition-metal ion (i.e., 3d, 4d, or 5d metal ion), and X is an anion (e.g., X
= O, F, etc.)[17, 22-25]. The B-cation is coordinated by six X-anions, forming
BXg octahedra, which are connected by sharing corner X-anions (see Figure I.1).
The cavity formed between the shared octahedra corners is occupied by the larger
A-cation, which is coordinated to twelve X-anions, forming an AX;s coordina-
tion polyhedron. The ideal perovskite adopts a cubic configuration (space group
Pm3m) with a typical lattice constant of approximately a, ~ 3.8 A. However, this
high-symmetry cubic form is rarely stabilized at room temperature due to inher-
ent mismatches in the ionic sizes of A, B, and O atoms. Size mismatches among
A, B, and oxygen atoms, quantified by the Goldschmidt tolerance factor-introduce
structural distortions that give rise to various lower symmetry variants with rich
and tunable physical properties and are often approximated as BXg octahedral
tilts, described by the Glazer notation [15, 17, 26], allowing systematic investiga-
tion of competing magnetic interactions between multiple magnetic sublattices.
Table 1.1 provides an overview of some important oxide materials, their struc-
tures, and applications. In the subsequent chapter, the ideal ABOgs perovskite
structure is described along with some of the structural variations that occur that

have significance in determining their chemical and physical properties.

Table I.1: Some Important Oxide Materials

Structure Examples Usage Ref.
Perovskite CaTiOsz, BaTiO3 Feroelectric [27]
Spinel MgAlyOy, FezOy Ferrimagnetism [28]
[lmenite FeTiO3 Pigments [29]
Pyrochlore Y2 TixO7 Magnetic Materials  [30]
Rutile TiOy Semiconductors [31]
Corundum Al O3 Optical Components [32]
Layered Oxides LiCoO3, NaNiO2 Battery Cathode [33]
[34]

Garnet ThsFe5012/Y3FesO12  Magnetic Memory
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Figure I.1: Schematic of the idealized cubic perovskite ABX3 (A = Sr, B =Ti, X = O) Pm3m
structure. The blue, green, and orange spheres are Sr2*t, Ti** and 02—, showing corner-sharing
TiOg octahedra geometry and the centrally located Sr-cation.

1.1 Cubic Perovskite Structure

The idealized, or aristotype, perovskite structure represents the most symmetric
form of the perovskite family and is essential for understanding both theoretical
models and real-world deviations in structural behavior. A classic example of this
archetype is strontium titanate (SrTiO3), which adopts a cubic symmetry at room
temperature, although it undergoes phase transitions and deviates from cubic
form at lower temperatures. Structurally, the cubic unit cell of Sr'TiO3 belongs to
the space group Pm3m (No. 221), with a lattice parameter of a = 0.3905nm and
Z =1, indicating one formula unit per unit cell. In crystallographic convention,
the origin is typically set at the A-site cation, which is the Sr>* ion. Under this
convention, the atomic positions within the unit cell are defined as in Table 1.2
(1, 24):

Table 1.2: Atomistic positions in the ideal cubic perovskite structure of SrTiOs (space group
Pm3m).

Site Location Coordinates
A (Sr?T cation) (2a) (0, 0, 0)
B (Ti** cation) (2b) . 3 %)
X (O?~ anion)  (6c¢) 3. 2,0
L g 1
2: % 2
0,3 3

Nevertheless, for crystallographic clarity, it is often advantageous to redefine
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the origin of the unit cell to the position of the Ti** ion, which then lies at coor-
dinates (0,0,0). The Sr?T ions translate to the center of the unit cell, at position
(%, %,%), and the 1202~ ions occupy the centered positions (%,0,0), (0, %,0), and
(0,0,3) within the cubic cell [19]. Each Sr*" ion is twelve-fold coordinated by
O?~ ions, forming a cuboctahedral environment, which complements the corner-
sharing network of TiOg octahedra extending throughout the structure (Figure
[.1). Importantly, these octahedra are aligned parallel to each other, maintain-

ing uniform Ti**-O?~ bond lengths and strictly linear O?~-Ti**-O?~ linkages,

reinforcing the structural regularity of the system [17].

1.2 The Goldschmidt Tolerance Factor

The ideal perovskite structure is crystallographically rigid due to the absence
of adjustable atomic position parameters within its unit cell, necessitating that
any compositional variation be accommodated solely through adjustments in the
lattice parameter. Between 1924 and 1926, V.M. Goldschmidt, widely regarded
as the pioneer of crystal chemistry, synthesized numerous perovskite compounds
with diverse compositions-including BaTiO3 [35], and introduced the empirical
concept of the tolerance factor, tq, as a predictor of structural feasibility and

symmetry in perovskites [26, 35, 36].

TA+TO
\/§(TB—|—TO)

Here, 74 and rp represent the ionic radii of the cations of the A-site and the

(1)

ta =

B-site, respectively, while ro denotes the radius of the anion. It is crucial to
apply ionic radii that correspond to the ions’ specific coordination environments.
The tolerance factor serves as a reliable metric for quantifying the degree of de-
viation from the ideal cubic structure, with ¢ ~ 1 indicating minimal distortion.
According to this relationship, tg decreases with a reduction in r4 and/or an
increase in rp. Specifically, when 1.00 < ¢ < 1.13, the structure tends toward
hexagonal symmetry; when 0.90 <t < 1.00, it assumes a cubic form; and for
0.75 <t < 0.90, an orthorhombic structure emerges. Notably, if t¢ < 0.75, the
perovskite transforms into a hexagonal ilmenite-type structure, as exemplified
by FeTiO3 [19, 36-38]. Generically, for a compound to crystallize in the per-

ovskite structure, two fundamental requirements must be met: charge balance
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and suitable ionic sizes. First, the structure must obey the electroneutrality con-
dition, where the sum of the charges on the A- and B-site cations equals the
charge of the three O-site anions. This criterion is commonly fulfilled in stoi-
chiometries such as: A1*B>*03 (e.g., KNbO3), A2*B*+0? (e.g., SrTiO3), and
A3TB3T03(e.g., LaAlO3) [19]. Second, the ionic radii must satisfy specific thresh-
olds: 74 > 0.090nm and rg > 0.051nm. Furthermore, the Goldschmidt tolerance
factor should lie within the range 0.8 < t5 < 1.0 to ensure geometric compatibility
of the ions within the perovskite structure [26, 39]. For perovskites with doped
or mixed cation compositions, the conventional tolerance factor is extended using
averaged ionic radii or mean bond lengths. In compounds doped at the A site

with the general formula A;_,A’zBO3, the tolerance factor becomes as follows:

(1—z)ra+ara+ro

V2(rg+ro)

where 74/ represents the ionic radius of the dopant [40]. In contrast, doping at

(2)

ta =

the B site in compounds such as AB;_,B/.03 modifies the expression to:

' TA+TO
G’:
\/5[(1 —x)rg+arg +ro

(3)

Additionally, for cases where accurate crystallographic data are available, the

tolerance factor can be calculated on the basis of mean bond lengths:

L (A-0)
! V2(B-0)

where (A —O) and (B—O) are the average bond lengths between the respec-

(4)

tive cations and the anion [24, 36, 41]. These generalized forms provide greater
accuracy in predicting structural stability in complex or doped perovskite sys-

tems.

1.3 Related Perovskites Structure

A brief discussion of ABOg related perovskite structures and factors affecting

perovskite structures is presented.
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1.3.1 Double Perovskites

In complex oxide perovskites where multiple cationic species coexist, signifi-
cant disparities in charge or ionic radii frequently drive the system toward ordered
cation arrangements. One of the most prominent structural outcomes of such or-
dering is the formation of rock-salt ordered double perovskites, NaCl with general
formula A9BB'Og [see Figure 1.2], where B and B’ are distinct transition metal
cations occupying the octahedral sites alternately in a three-dimensional array
[42]. These can be categorized into three principal structural variants: (i) A-site
ordered, AA'BoXg; (ii) both A- and B-site ordered, AA'BB'Xg; and (iii) B-site
ordered, AoBB/Xg. This ordering minimizes lattice strain and electrostatic repul-
sion, stabilizing the structure [19].To ensure charge neutrality, the charge-balance

condition is governed by:

ga+qp+qp =—6 (5)

Various common ionic combinations satisfy this criterion, such as A2*:
with B2t/B"*: e.g. BasFeMoOg [43], B3t/B"*: e.g., SroFeMoOg [44], or
B2t /Bt :e.g., LagNiMnOg [45], and likewise for A3T with suitable compensat-
ing B-site valences [23]. In the absence of octahedral tilting, the structure retains
a cubic symmetry with space group Fm3m (No. 225), featuring a doubled unit
cell compared to the parent perovskite. An illustrative example is BasFeMOg,
which exhibits a cubic lattice with a parameter of a = 0.81865 nm [43]. However,
smaller A-site cations induce tilting of the BOg and B’'Og octahedra, leading
to lower symmetry phases. For instance, the tilt system a%a%c™ results in
a tetragonal phase with space group I//m (No. 87), where the new lattice
parameters relate to the pseudocubic cell by a ~ b ~ \/§ap and ¢~ 2a, A
typical case is SroFeMoOG6, which adopts this distortion with a = 0.55705 nm
and ¢ =0.79253 nm [44].

Table 1.3: Octahedral tilting patterns in double perovskites

Tilt Pattern Space Group Unit Cell Parameters Example

a%a’q? Fm3m a=0b=c=2ay BasFeMoOg
a%aV¢ Lj/m a=br \/§ap, ¢~ 2ay SroFeMoOg
a" b a” Pnma a=2ap, b= 2\/§ap CagFeMoOg

Further symmetry reduction to monoclinic (P2;/c, No. 14) or alternative
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tetragonal (P4/mnc, No. 128) phases is not uncommon as the tilt system evolves
(e.g., a’a’ct), with similar crystallographic axes orientation but altered connec-
tivity and octahedral linkages [46]. The bond valence sum (BVS) method is
frequently applied to evaluate local bonding environments and oxidation states.
In CaaoMgOsOg, calculated BVS values of Ca— 0O = 2.03, Mg— 0O = 2.15, and
Os— 0O = 6.49 indicate overbonding of Os, suggesting deviation from the formal
Os%* oxidation state [47]. A common structural defect is (i) antisite disorder,
ASD, where B and B’ cations randomly interchange positions, disrupting the
ideal rock-salt ordering; and (ii) antiphase boundary (APB) disorder, where re-
gions of perfectly ordered domains are separated by interfaces across which the
B/B’ ordering is reversed. Woodward [18] proposed a five-tier schema to system-
atically classify the extent and nature of cation disorder in double perovskites.
This classification includes: (i) a fully disordered state, which may or may not ex-
hibit short-range correlations; (ii) weakly ordered structures, with only marginal
preference for B/B’ site segregation; (iii) partially ordered systems, exhibiting
moderate long-range order interrupted by disorder; (iv) highly ordered structures
containing antiphase boundaries; and (v) perfectly ordered structures with uni-
form rock-salt B-site cation arrangement and no APBs. This disorder is known to
be sensitive to synthesis conditions, temperature, and particle size, often leading
to distinct surface and bulk orderings, especially in nanoscale systems [41]. These
defects influence a range of functional properties including, magnetism and con-
ductivity. Temperature-induced phase transitions are also prevalent where repre-
sentative case is BagBilrOg, which undergoes a transition from cubic (Fm3m) at
500 K (a = 0.85178 nm) to a rhombohedral (R3¢, No. 167) phase at 300 K with
hexagonal metrics a = 0.60006 nm, ¢ = 1.47497 nm, then to Monoclinic (C2/m).
Upon further cooling below 140 K, the structure transforms into a triclinic phase

(P1, No. 2) with nearly tetragonal geometry [48].
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Figure 1.2: The crystal structure of NdoNiMnOg in the P2;/n space group is presented as
a single unit cell. (a) The A-site with Nd atoms is depicted in orange. (b) The B-sites are
shown, with Ni and Mn atoms represented in blue and royal. (c¢) The (NiMn)Og octahedral tilt
coordination is highlighted, with Ni and Mn octahedra shaded in blue and royal, respectively.
The O2~ ions are represented by grey spheres.

Table 1.4: Double perovskite materials and applications

Compound Ordering Symm. Property Applic.
SroFeMoOg  Rock-salt  14/m Half-metallic ferrimagnet Spintronics
LaoNiMnOg  Rock-salt  Pnma Ferromagnetic Multiferroics
CsaAgBiBrg Rock-salt  Fm3m  Direct bandgap Photovoltaics

A critical determinant for the degree of B-site ordering is the difference in
size and charge between the B and B’ cations [42, 49]. This ordering influences
key physical properties such as magnetism and conductivity. A rock-salt-ordered
arrangement containing a single magnetic B-cation can form a face-centered
cubic (FCC) magnetic sublattice, a geometry that fosters geometrical frustration
and exotic magnetic ground states [50]. Minor changes in ordering or symme-
try can significantly affect nearest-neighbor (NN) and next-nearest-neighbor
(NNN) interactions, including 180° B—O—B’, 90°B/B’—0—0—B/B/, and
180°NNNB — O —B’ pathways, which collectively determine whether the
magnetic ordering is long-ranged or frustrated [51]. The Goodenoug-Kanamori-
Anderson (GKA) rules generally govern the magnetic interactions. For instance,
superexchange between two magnetic cations with half-filled orbitals via a 180°

B — 0O —B linkage typically results in antiferromagnetic ordering, such as the
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d3 — 0O —d?3) interaction. Conversely, ferromagnetic coupling occurs for mixed
half-filled and empty or fully occupied orbitals (e.g., (d®—O—d?), especially
when the B— O — B angle is close to 90° [24, 37, 42, 52, 53]. Beyond the B-site,
chemical substitution at the A-site also plays a pivotal role in modulating
structural and functional properties. A-site doping introduces chemical pressure
that alters the overlap of B-O orbitals, affects octahedral tilting, and may modify
B-site oxidation states and superexchange pathways [23]. Notably, variations
in the ionic radius of A-site dopants can indirectly affect B-O bond angles and

lengths, thus tuning the electronic and magnetic behavior of the system [49].

1.3.2 Quadruple Perovskites

The emergence of A-site ordered perovskites, notably with formulas
AA5B4Oj2[see Figure. 1.3a] and the more complex AyA’A”B4O12, represents
a major breakthrough in perovskite structural chemistry. In the canonical
perovskite architecture (ABOgs), the A-site is typically occupied by large,
electropositive ions in 12-fold coordination, while the B-site hosts smaller
transition metal cations in octahedral coordination. However, in these quadruple
perovskites, transition metals occupy A’-sites, which is chemically unusual due to
their size and preferred coordination. The AA5B4O12 structure accommodates
3d transition metals such as Cu®?* and Mn®* or other relevante cantions, par-
ticularly, Cu?™, Co?*,Pd?*, Fe?*[54-56|[see Figure 1.3b for square-planar], etc.,
at the A’-site, where they are stabilized through strong Jahn-Teller distortions
that favor square planar or elongated octahedral configurations. This is made
possible by a cooperative ataTa™ tilt system of the BOg octahedra, which allows

for sufficient lattice distortion to support these coordination geometries [1, 57].
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Figure I.3: (a) The AA5B4O12 structure; the squares represent square planar A’O4 coordination
polyhedra. (b) The distribution of the A’O4 polyhedra within a unit cell. Adapted from [1].

These structural adaptations impart remarkable physical properties. For ex-
ample, CaCu3TigO12 is known for its exceptionally high dielectric constant, at-
tributed to internal barrier layer capacitance enhanced by A-site ordering [58].
SrCusFesO12, on the other hand, exhibits negative thermal expansion, while
LaCuzMn40O12 demonstrates colossal magnetoresistance, underscoring the poten-
tial for multifunctionality [1, 15]. Recent studies have also confirmed the presence
of complex ferrimagnetic and relaxor ferroelectric behaviors in rare-earth substi-
tuted perovskites of the type RoMnMn(MnTiz)O12 (R = Nd,Eu,Gd), further
broadening their utility in magnetoelectronic devices [59]. The advancement to
Ao A’A"B4O12-type perovskites, pioneered by Belik and collaborators, introduces
a new level of A-site ordering. Here, three chemically distinct cations are hosted
at structurally unique sites: A in 10-fold coordination, A’ in square planar, and
A" in a rare tetrahedral coordination - a novelty in oxygen-stable perovskites [15].
This columnar ordering along the c-axis emerges due to an ata™c™ octahedral tilt
system, generating stacked polyhedral chains and enabling distinct site selectiv-
ity. These systems often require high-pressure synthesis to stabilize the unusual
A" site environment and have been successfully implemented in materials like
NaRMnyTigO12 (R = Sm, Eu, Gd, Dy, Ho,Y), showing uniform antiferromagnetic
structures across compositions [60]. Despite these advances, synthesis challenges
persist, particularly in achieving full cationic ordering at high pressures and main-
taining structural purity. Deviations from ideal stoichiometry, such as Mn/Rh
disorder or oxygen vacancies, have been shown to degrade dielectric performance

and induce unexpected phase behavior [58]. Furthermore, understanding charge-
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order phenomena and magneto-structural coupling in these systems remains an
active area of research, as revealed in studies using neutron diffraction and syn-

chrotron X-ray analyses [57, 61].

1.4 Structural Deviations

While the ionic size of constituent cations plays a fundamental role in de-
termining the structural stability of perovskites and similar crystalline systems,
it alone does not fully account for the observed deviations from the ideal cubic
configuration. A comprehensive understanding of these deviations necessitates
the consideration of additional intrinsic and extrinsic factors. Among these, the
nature of bonding, the electronic configuration of the ions, external influences
such as pressure and temperature, as well as the presence of vacancies or crys-
tallographic defects, are all critical in shaping the final structure. These factors
interact in complex ways, often giving rise to structural distortions that signifi-
cantly influence the material’s physical and chemical properties. Deviation from
the ideal cubic structure is typically manifested through three primary mecha-
nisms[see Figure [.4]: (i) co-operative tilting of the octahedra, (ii) distortion of
the octahedra, and (iii) displacement of A-site or B-site cations from their ideal
lattice positions. Among these, co-operative tilting of the octahedra emerges as
the most prevalent and influential mode of structural distortion. However, to
develop a holistic understanding of structural deviations, it is imperative to ex-
amine the role of the other contributing mechanisms and influencing factors. The
following discussion delves into these additional parameters, highlighting their

significance and interrelation in driving the system away from ideal symmetry.
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Ideal cubic perovskite

O
£ 4% 4

Octahedra tilting Cation displacement  Octahedron distortion

Figure 1.4: The ideal cubic ABX3 perovskite structure, along with its prevalent structural
distortions,including octahedral tilting, cation displacement, and octahedral distortion—arising
from ionic size mismatch [2].

1.4.1 Octahedral Distortion: Jahn-Teller(J-T)
Effect

Among the most prominent and well-studied forms of octahedral distortion in
perovskite structures is Jahn-Teller (J-T) distortion, which stems from the Jahn-
Teller effect of first order. This fundamental principle of molecular symmetry
asserts that any non-linear molecule with a degenerate electronic ground state
is inherently unstable in a symmetric configuration and will undergo a geomet-
ric distortion to lift the degeneracy and lower its total energy [62-64]. The J-T
effect is most pronounced in transition metal ions possessing certain electronic
configurations, typically those with partially filled e, orbitals. These so-called J-
T active ions, such as Cr?T, Mn3* (d4), Co?*, Ni3*+ (d7), and Cu?* (d?), exhibit
a degenerate ground state due to uneven filling of the e, orbitals-specifically the
dy2_,2 and d,2 orbitals [62, 65]. In an ideal octahedral field, these orbitals are

degenerate, forming the level ey, while the orbitals of lower energy to, (comprising

22—

dyy, dy-, and d,.) remain unaffected in the first approximation. To remove this
degeneracy, the octahedral environment undergoes distortion, commonly by elon-
gation or compression along one of the crystallographic axes, resulting in either

four short and two long B — O bonds or vice versa. The most frequently observed
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outcome in perovskites is an elongation, often significant enough to resemble
square planar or square pyramidal coordination geometries [66]. Although the
impact on the t94 orbitals is relatively minor, the splitting of the e4 level is ener-
getically substantial and directly drives the distortion. Despite the modification
of bond lengths, the A and B cations typically remain centrally located within
their respective coordination polyhedra. However, the overall crystal symmetry
is reduced, commonly transforming from cubic to tetragonal or orthorhombic.
Importantly, Jahn-Teller distortions are highly sensitive to external conditions;
increasing temperature or pressure can reverse the distortion, reinstating cubic
symmetry in many perovskite systems [1]. The quantitative magnitude of octa-
hedral distortion in perovskite structures can be expressed using the distortion

parameter Ad, defined as:

1/2
18 (di—dav>2)
Ad= |- (6)
(6i_1 dav

where d; represents each bond distance between the B-site cation and the O-site

anions (B-0), and d,y is the average B-O bond distance [67-69]. An extensively
studied example of such J-T distortion is KCuFg, which contains the J-T-active
ion Cu?t. The compound exhibits a pronounced elongation of the Cu-F bonds

consistent with this distortion mechanism [67, 68].

1.4.2 Octahedral Rotation: Glazer Notation and
Symmetry

Most real perovskite oxides deviate from the idealized cubic configuration [see
Figure I.5a for the tilt deviation directions: (i)tetrad (z-v), (ii)diad (y-£, and (iii)
triad (z-«) axis] and instead crystallize in lower-symmetry phases such as rhom-
bohedral, orthorhombic, or tetragonal structures due to factors like octahedral
tilting or lattice strain [46], Figure 1.5b. To systematically describe the patterns
of octahedral rotation in these structures, Glazer [17] introduced a comprehen-
sive classification system comprising 23 distinct tilt systems. In this scheme, the
rotations of the [BOg] octahedra are expressed relative to the crystallographic
axes, with the parameters a, b, and c representing the magnitudes of rotation

around the [100], [010], and [001] directions, respectively, conventionally ordered
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as a < b < c. Identical letters denote equal tilt magnitudes, while differing letters
reflect anisotropy in the rotations. For instance, the (abb) tilt system indicates
equal rotations about the [010] and [001] axes, both larger than that about [100],
whereas the (abc) system describes unequal tilts along all three directions. Ad-
ditionally, each tilt component is assigned a superscript of "+" (in-phase), "—"
(out-of-phase), or "0" (no rotation). The "+" superscript signifies that adjacent

octahedra rotate synchronously about a given axis, while "—" indicates alternat-

ing rotation directions, and "0" reflects the absence of rotation. The ideal cubic
perovskite is therefore represented by the tilt system (a%a"a?), denoting no octa-
hedral tilting [17]. To maintain the structural connectivity and coherence of the
octahedral framework, two essential constraints must be satisfied: first, octahedra
sharing a conner must rotate in opposite directions about the axis perpendicular
to that face to preserve corner-sharing connectivity; second, adjacent octahedra
may rotate either in-phase or out-of-phase about a given axis, provided the overall
tilting pattern maintains structural continuity [70]. These geometric principles
yield specific single-axis tilt systems such as (a*aa") and (a~a"a"), in which all
octahedra exhibit either in-phase or out-of-phase rotations about the [100] axis,
with no tilting around the other directions. These configurations critically influ-
ence the electronic, magnetic, and ferroic behaviors of perovskite oxides and have

been effectively visualized through symmetry-based structural models [71].



Chapter I. Introduction 47

(a) 5

-~
¥

e

/4

X ABO, perovskite

(b) PP
\ 4 'orthorhombic

" ‘ aac®

. monoclinic
Orthorhomblc o —i- 'l_‘ r |‘O|'T‘ [JOHQC]IJJ‘
F il L tetragonal
/ \' ‘A:

v N

v a%a’- { 2
v B e —— -
HAS i[5, )9
tetragonal x el bl

4 b4

»

1" aac®
: “ orthorhombic

Figure I.5: Octahedral Rotation Modes and Tilt Patterns in Perovskite Transition Metal Ox-
ides. (a) Octahedral rotations in perovskite transition metal oxides can be decomposed into
components about three orthogonal axes intersecting at the central transition metal ion. (b)
Examples of characteristic tilt systems include the a®a®ct and aa®c~ configurations, repre-
senting in-phase (¢) and out-of-phase (c¢™) rotations of adjacent octahedra about the z-axis,
respectively. Additionally, the atatc® and a~a~¢? patterns describe similar rotational be-
haviors in the zy-plane. The alternating rotation directions between neighboring octahedra in
adjacent layers are especially evident in the a®a’c™ configuration (far right), highlighting the
layer-dependent nature of octahedral tilt systems [3].

Furthermore, a comprehensive group-theoretical analysis of octahedral tilt sys-
tems in perovskite oxides has revealed that, out of the 23 theoretically possible
Glazer tilt systems, only 15 are experimentally realizable in real crystal struc-
tures, while the remaining eight are considered symmetry-allowed but physically
unattainable, and thus redundant in practice [70]. The experimentally relevant
tilt configurations include a%a®a® (23), a®a’ct (21), a%Fb* (16), aTata™ (3),
atbtet (1), aa®c (22), a®b7b~ (20), a~a"a” (14), a®b=c™ (19), a=b" b~ (13),
a~b=c™ (12), a®bF e (17), atb7b™ (10), atb=c™ (8), and aTatc™ (5). These tilt

systems form a well-defined hierarchy of descent of the symmetry of the parent
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cubic perovskite structure (space group Pm3m) through successive reductions
of symmetry to subgroups tetragonal, orthorhombic, monoclinic, and triclinic as
shown in Figure 1.5. This systematic lowering of symmetry governs the rich struc-
tural diversity and property tunability in perovskite materials. This hierarchical
symmetry framework not only rationalizes the experimentally observed phases
but also predicts possible pathways for phase transitions and coupled functional

respomnses.

1.4.3 A- or B-site Cation Displacement

Finally, the off-centering of the B atom within the BOg octahedra-shifting
toward one anion and away from the opposite O atom (Figurel.4), is a key struc-
tural distortion influencing material properties. This displacement creates a per-
manent dipole moment, driving ferroelectricity and multiferroicity [72, 73]. The
mechanism is often linked to displacement instabilities, soft phonon modes, and
order-disorder transitions. Transverse optical phonon softening at the Brillouin
zone center precedes structural phase transitions, enabling cation displacements
[72]. Such shifts are common in Pb?*, Sn?*, or Bi** systems, where stereochem-

2 configuration) induce asymmetric electron density

ically active lone pairs (ns
and off-centering [74]. For instance, in FeTiOsz, Ti** displacement and Ph?*
lone-pair activity enhance ferroelectric polarization [75]. Cation displacements
typically align with octahedral symmetry axes-tetrad, triad, or diad, reducing
overall symmetry. Tetrad-axis displacement yields one long, one short, and four
intermediate bonds (Figurel.6a); triad-axis displacement produces three short
and three long bonds (Figurel.6b); diad-axis displacement results in two long,
two short, and two intermediate bonds (Figure I.6¢). The most stable configu-
rations involve uniform B-site displacements, often coupled with smaller A-site
shifts, octahedral tilting, and lattice deformations, enhancing polar and ferroic
properties [1, 17, 70]. These displacements also modulate electronic band struc-
tures. In CH3NH;3Pbl3, dynamic Pb?T off-centering in Pblg octahedra modifies
orbital overlap, tuning band gaps and improving charge transport [76]. In ox-
ides, they influence dielectric, piezoelectric, and electro-optic responses, enabling
applications in capacitors and memory devices. Multiferroics like BiFeOgs exhibit

Bi3* (large lone-pair-driven shift) and Fe3* displacements, yielding strong polar-
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ization and antiferromagnetic coupling [77]. Displacements arise via displacive
(phonon-driven) or order-disorder (Jahn-Teller) mechanisms [1], with the latter
involving random off-centering at high temperatures and ordered displacement

upon cooling [70, 78].

(@)

Figure 1.6: Cation displacement (a) along a tetrad axis produces one long, one short, and four
intermediate bonds. (b) along a triad axis results in three short and three long bonds. (c)
along a diad axis gives two long and two short bonds in the plane, with two intermediate bonds
perpendicular to the plane [1].

1.5 State of the Art and Scope of the Thesis

The pursuit of emergent phenomena in complex quantum materials is a central
driver of condensed matter physics. Perovskite oxides represent a quintessential
platform for this exploration, offering unparalleled structural flexibility that hosts

a vast spectrum of electronic, magnetic, and orbital properties. A particularly
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rich landscape emerges when multiple magnetic sublattices-specifically, transi-
tion metal (3d, 5d) and rare-earth (4f) ion, are incorporated into the crystal
lattice. The interplay between these subsystems, characterized by competing ex-
change interactions, strong spin-orbit coupling, and magneto-structural coupling,
can lead to novel ground states such as non-collinear magnetism, spin frustra-
tion, and multiferroicity. These phenomena are not only of fundamental interest
but are also paramount for next-generation technologies in spintronics, magnetic
refrigeration, and quantum computing.

Despite progress, a comprehensive understanding of the tripartite interplay
between 3d, 4f, and 5d cations remains a significant challenge. The complexity
arises from the confluence of several factors: the strong SOC inherent to 4f
and 5d ions, the diverse superexchange pathways mediated by oxygen, and the
critical yet often overlooked role of structural distortions in modulating these
interactions. Traditional studies have frequently examined these sublattices in
isolation, thereby missing the essential physics that emerges from their synergy.

Thus, this thesis addresses key unanswered questions in the field:

1. How does the strong SOC of 5d ions (e.g., Ir*", Jog = 1/2) modify estab-
lished 3d-4f exchange pathways?

2. What is the precise nature of low-temperature magnetic ordering in rare-
earth-based perovskites, particularly the role of the 4f sublattice and its

potential for non-collinear order?

3. Can structural distortions be systematically exploited to control the com-
petition between ferromagnetic (FM), ferrimagnetic (FiM), and antiferro-

magnetic (AFM) interactions?

4. How do coupled phenomena like spin—phonon coupling and magnetostric-
tion govern functional properties such as the magnetocaloric effect in these

multi-sublattice systems?

Methodological Approach

To bridge these gaps, this work employs a powerful synergy of advanced tech-
niques. The foundation is the synthesis of high-purity polycrystalline samples

of double and quadruple perovskites via optimized sol-gel routes. Their struc-
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tural and magnetic properties are deciphered using a multi-pronged experimental
approach: high-resolution neutron powder diffraction (NPD) and synchrotron X-
ray diffraction (SXRD) for crystal and magnetic structure determination; dc and
ac magnetometry to map magnetic phase transitions and dynamics; X-ray ab-
sorption spectroscopy (XANES) for element-specific electronic and coordination
analysis; Raman spectroscopy to probe spin—phonon coupling; and specific heat
measurements for thermodynamic analysis. Crucially, these experimental obser-
vations are validated and interpreted through first-principles density functional
theory (DFT+U+SOC) calculations, creating a closed loop between empirical

evidence and fundamental theory.

Chapter I

Establishes the foundational context, detailing the crystal chemistry of per-
ovskites, from the ideal cubic structure to the complex distortions and cation
ordering schemes that define double (A3BB'Og) and quadruple (AA’3B4O12) vari-
ants. It introduces key concepts like the Goldschmidt tolerance factor, Jahn-Teller

distortions, and Glazer tilt systems.

Chapter 11

Provides the theoretical underpinnings, reviewing crystal and magnetic sym-
metry, Landau theory of phase transitions, and the fundamental mechanisms of
magnetism relevant to perovskites, including superexchange, double exchange,

Dzyaloshinskii-Moriya interaction, and the physics of spin glasses.

Chapter 111

Describes the comprehensive experimental methodology, covering sample syn-
thesis via the sol-gel route, and the principles and operational details of all char-
acterization techniques used, including neutron scattering theory, magnetometry,

and Rietveld refinement methods.
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Chapter I'V: Nd;NiMnOg (The 3d-4f Prototype)

The double perovskite NdasNiMnOg served as the foundational system for this
study, a material known to exhibit ferromagnetic order below approximately
200K yet plagued by unresolved controversies regarding the precise nature of
its low-temperature magnetic state. Prior literature contained conflicting inter-
pretations, variously suggesting spin-glass behavior, cluster-glass formation, or
an additional magnetic transition, often attributed to poorly understood valence
fluctuations or antisite disorder (ASD). A principal gap involved the undefined
magnetic structure, particularly the role and configuration of the Nd*" moments
and their relationship to the transition metal lattice. This work confirms the
material crystallizes in the monoclinic P2 /n space group with a high degree of
Ni/Mn B-site cationic ordering. The primary magnetic transition at Tc = 198K
is unambiguously assigned to long-range ferromagnetic order within the NiZt
(S =1) and Mn*" (S = 3/2) sublattices, mediated by the Ni*"-O-Mn*" superex-
change mechanism, and the system is confirmed to exhibit a significant magne-
tocaloric effect (ASy =2.25Jkg 'K~ at 7 T). The novel findings of this chapter
provide a resolution to the longstanding controversies: the identification of a re-
entrant spin-glass state below T is attributed to magnetic frustration induced
by a small but non-zero degree of ASD. Furthermore, the discovery of a second,
distinct magnetic transition at Tnp = 22K signifies the onset of order within the
Nd?* sublattice. Neutron diffraction analysis at 1.5 K reveals this order takes the
form of a complex, non-collinear magnetic structure, which is driven by a com-
petition between ferromagnetic f—d exchange (Nd-Ni/Mn) and antiferromagnetic
f—f exchange (Nd-Nd). Finally, critical exponent analysis conclusively demon-
strates that the primary ferromagnetic transition belongs to the mean-field uni-
versality class, indicative of long-range interactions dominating near the critical

temperature.

Chapter V: NdyNiMng 951157504 (Introducing the 5d
Orbital)

This chapter investigates the consequences of introducing strong spin-orbit

coupling by substituting the 3d Mn** ion with the 5d ion Ir*" into the 4 f-
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containing double perovskite framework, an effect that was previously unexplored.
The study confirms that Ir doping maintains the parent compound’s monoclinic
P21 /n structure while simultaneously inducing significant lattice expansion and
strain, and it suppresses the ferromagnetic ordering temperature relative to the
undoped compound. The novel findings, however, reveal a far more nuanced and
profound impact. The magnetic structure is resolved as a unified model described
by the Ff irreducible representation, thereby eliminating previous speculative
models that invoked phase coexistence. A quintessential signature of strong spin-
orbit effects is observed in the form of severely reduced ordered moments on
both the Mn and Ir sites (~ 0.38 up), providing direct evidence of intense spin-
orbit frustration. A coherent magnetic order is also discovered for the Nd*T
sublattice, characterized by ferromagnetic alignment along the crystallographic b-
axis and A-type antiferromagnetic canting within the ac-plane. The most striking
and counterintuitive result is that the Ir*" ion, despite suppressing the overall
magnetization of the B-site, actively mediates a novel and enhanced coupling
between the 3d and 4f magnetic sublattices, establishing a new paradigm for

engineering interactions in multi-sublattice magnets.

Chapters VI & VII: NdSmNiMnOg (Rare-Earth
Sublattice Engineering)

The investigation into NdSmNiMnOg explores the strategy of engineering the
rare-earth sublattice itself by mixing two different magnetic ions, Nd** and Sm>*,
at the A-site. While this approach was recognized for tuning magnetic properties,
its specific effects on the magnetic ground state, critical behavior, and magne-
toelastic coupling remained unclear. The work confirms the structure remains
monoclinic P21 /n, and XANES spectroscopy verifies the stable presence of Ni?+
and Mn?" valence states, ruling out stoichiometry-driven valence fluctuations.
Chapter VI establishes that the ground state is ferrimagnetic, a finding directly
linked to the specific structural distortion of a reduced Ni-O-Mn bond angle
(~ 146°). This magneto-structural coupling is further evidenced by pronounced
magnetostriction effects observed via high-resolution synchrotron XRD, which
reveal clear anomalies in the lattice parameters and unit cell volume at the mag-

netic ordering temperature 7. The intimate connection between spin and lat-
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tice degrees of freedom is corroborated by the observation of strong spin-phonon
coupling, manifested as anomalous hardening and broadening of specific Raman
modes. Building on this foundation, Chapter VII quantifies the functional out-
come of these interactions, demonstrating excellent magnetocaloric performance
with a high Relative Cooling Power (RCP = 182J /kg). Critical exponent analy-
sis of the phase transition reveals a crossover from mean-field to 3D Heisenberg
behavior, signaling a change in the nature of magnetic fluctuations due to the
specific rare-earth mixture. First-principles DFT4+U+SOC calculations provide
the crucial microscopic origin of these phenomena, identifying orbital ordering
and SOC-induced moment quenching on the Sm®" ion as the key mechanisms

stabilizing the ferrimagnetic ground state.

Chapter VIII: Er,CuMnMn,O2 (The Quadruple
Perovskite Challenge)

This chapter addresses the heightened complexity of the quadruple perovskite
ErsCuMnMnyOg2, a system known for its rich magnetism where the sequence of
magnetic transitions and the specific role of the Er®* ion in driving spin reori-
entations were not fully resolved. The work confirms the compound crystallizes
in the orthorhombic Pmmn space group and that its bulk magnetic character-
ization shows multiple transitions in susceptibility and specific heat data. The
novel findings unravel this complexity by identifying four distinct magnetic tran-
sitions (Tny1 to Tny) that define the material’s phase diagram. A key discovery
is the occurrence of spin reorientation events, where the magnetic moments col-
lectively flip between the +b and 4c¢ axes, a process primarily driven by the
evolving influence of the Er’T sublattice with changing temperature. The study
culminates in the determination of the low-temperature ground state (7' < 7K),
which is a modulated magnetic structure characterized by the propagation vector
k = (0,0,%) and involves a specific coupling between the Er; and Mns sublat-
tices. These results provide clear evidence of the profoundly frustrated interplay
between the multiple magnetic sublattices (Cu2+, Mn3+/ 4+, and Er3+) that de-
fines the physics of quadruple perovskites. Collectively, this thesis significantly
advances the understanding of magnetism in complex perovskites by demonstrat-

ing that the macroscopic magnetic ground state and functional properties emerge
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from a finely balanced and tunable competition between a network of exchange
interactions, including 3d-3d, 3d-5d, 3d-4f, 5d-4f, and 4f-4f pathways. A cen-
tral finding is that all these interactions are exquisitely sensitive to structural
distortions, which can be harnessed as a design parameter. By providing precise
magnetic structures, quantifying spin-orbit frustration, and establishing robust
structure-property relationships across a series of strategic material systems, this
work provides a comprehensive roadmap for the rational design of next-generation

multifunctional magnetic materials.



*+ CHAPTER II x

Theoretical Review

Symmetry, in its broadest sense, is associated with pattern, order, and balance,
invoking both aesthetic and structural harmony, from the bilateral structure of
organisms to repeating motifs in crystals and the rhythmic structure of music.
However, in science, symmetry takes on a deeper and more formal significance,
thus, invariance of physical law under specific transformations [79-81]. In physics,
a symmetry transformation is a mathematically defined operation, such as trans-
lation, rotation, reflection, or time reversal, applied uniformly to a system. If the
fundamental Equations governing the system (e.g., Newton’s laws, Schrodinger’s
equation) remain unchanged under such a transformation, the system is said to
be symmetric to it [82]. Classically, a spatial translation moves every particle
in a system by the same amount, and if the dynamics remain unchanged, the
translational symmetry is preserved. Similarly, invariance under rotation implies
rotational symmetry, and invariance under time reversal, particularly significant
in magnetic systems, implies time-reversal symmetry [50]. These symmetries are
not just abstract mathematical properties; they have concrete physical implica-
tions. According to Noether’s theorem, each continuous symmetry corresponds
to a conserved quantity, momentum, angular momentum, or energy, providing a
powerful link between symmetry and the conservation laws that govern physical
behavior [83]. Understanding how symmetry constrains physical laws enables
predictive modeling of material properties, phase transitions, and emergent phe-

nomena in complex systems, an inquiry that forms the core focus of this chapter.

2.1 Crystal Symmetry

Crystal symmetry refers to the invariance of a crystal’s atomic arrangement
under a set of well-defined spatial operations, including rotations, reflections,
translations, and inversions. These symmetry operations do not alter intrin-

sic properties of the crystal, such as its energy, charge density distribution, or

26
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structural phenomenon. Rather, they represent indistinguishable orientations or
positions within the crystal lattice, enabling symmetry-based classifications that
are fundamental to understanding the material’s physical behavior [6, 84]. At the
most fundamental level, a crystal lattice is an idealized, infinite array of points
(representing atoms or molecules) arranged in a repeating pattern throughout
three-dimensional space. This periodic structure can be mathematically described

by the lattice translation vector:

é = n1d1 + nods + n3as (7)

where n1,n9,n3 € Z are integers, and da1,ds,as are the primitive lattice vectors
that define the geometry of the unit cell [85]. This translational periodicity is
the foundation of crystalline order, allowing a small representative volume (the
unit cell) to characterize the entire structure. The symmetry resulting from this
periodicity leads to the concept of crystal systems, including cubic, tetrago-
nal, orthorhombic, monoclinic, triclinic, hexagonal, and trigonal, each defined
by specific constraints on the lengths and angles of the unit cell [see Table II.1
for clarification]. In combination with additional symmetry operations such as
rotational and mirror symmetries, these systems form the basis for classifying all
crystal structures into point and space groups, which ultimately dictate the

material’s structural and physical properties.

Table II.1: Crystallographic Point Groups Classified by Crystal System [6]

Crystal System Point Groups

Cubic 23, m3, 432, 43m, m3m

Tetragonal 4,4, 4/m, 422, 4mm, 42m, 4/mmm
Orthorhombic 222, mm2, mmm

Hexagonal 6, 6, 6/m, 622, 6mm, 6m2, 6/mmm
Trigonal 3, 3, 32, 3m, 3m

Monoclinic 2, m, 2/m

Triclinic 1,1

2.1.1 Point Group

Point groups consist of symmetry operations, rotations, reflections, inver-
sions, and rotoinversions, that leave at least one point in a crystal unchanged.

They describe local symmetry (fixed-point symmetry) independent of transla-
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tion, influencing crystal morphology and material properties [6, 86, 87]. In 3D
crystallography, 32 crystallographic point groups (crystal classes) exist, con-
strained by lattice periodicity, which restricts rotational symmetry to 2-, 3-, 4-
and 6-fold axes[86, 88]. Unlike translational symmetry (periodic repetition
via lattice vectors, defining crystalline order), point symmetry operates around
fixed positions, typically atoms, molecular groups, or high-symmetry sites, while
most general positions lack symmetry [84, 85, 87]. The four fundamental point
symmetry operations generate equivalent atomic configurations, preserving the

crystal’s structural invariance.

Rotation

Rotational symmetry exists when a crystal appears unchanged after being

rotated by a fixed angle about an axis. Mathematically, this angle is defined as:

=" (8)

n
where n is an integer. Only specific values of n, namely 1, 2, 3, 4, and 6, are com-
patible with the translational periodicity of a crystal lattice. These are the only
values that enable motifs to repeat without leaving gaps or overlaps in space [85].
For instance, a fourfold rotation axis (Cy) aligned along the z-axis will cyclically
transform a point (z,y,z) into (—y,z,z), then (—x,—y,2), and finally (y,—=z,z2),
returning to the original position after a complete 360° rotation. The presence of
a single 2-fold axis typically leads to monoclinic symmetry, a 4-fold axis defines
tetragonal symmetry, a 3-fold axis results in trigonal or rhombohedral systems,
and a 6-fold axis defines a hexagonal lattice. The cubic system is uniquely char-
acterized by the presence of four 3-fold axes along the (111) directions [6, 86].
Rotation symmetries are typically denoted by the numbers 2, 3, 4, or 6, and in
the Schoenflies notation, commonly used in chemistry and molecular symmetry,

they are represented by C), (e.g., Ca2, C3, Cy) [88].

Reflection (Mirror Planes)

A mirror or reflection operation flips a structure across a specific crystallo-
graphic plane such that every point and its image are equidistant from the plane

but lie on opposite sides. A mirror plane perpendicular to the z-axis, for in-
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stance, transforms a point (x,y, z) to (z,y,—z). Mirror symmetry is fundamental
in defining monoclinic and orthorhombic systems, depending on the number and
orientation of the mirror planes. A single mirror plane normal to the b lattice
vector is commonly associated with monoclinic symmetry. The presence of two or
three mutually perpendicular mirror planes increases symmetry to orthorhombic
[6, 89]. Mirror planes are denoted by m in international notation. In Schoenflies

notation, the symbol ¢ is used, with appropriate subscripts to denote orientation.

Inversion (Center of Symmetry)

Inversion symmetry involves a transformation through a center such that a
point (x,y,z) is mapped to (—z,—y,—z). A crystal that exhibits this symme-
try is called centrosymmetric. The existence of a center of symmetry implies
the absence of a permanent dipole moment, making such structures non-polar.
Consequently, centrosymmetric crystals do not exhibit properties such as piezo-
electricity or second-harmonic generation [84, 86]. This operation is denoted
as 1 in international crystallographic notation and as i in Schoenflies notation.
Inversion symmetry is critical for understanding centrosymmetric behavior in

crystallographic and physical property contexts [90].

Rotoinversion

Rotoinversion is a compound symmetry operation combining rotation about
an axis with inversion through a point. A threefold rotoinversion axis (3), to
illustrate, transforms a point (z,y,2) to (—y,—z,—x). This operation combines
cyclic permutation and inversion, resulting in more complex but highly structured
symmetry behaviors. A fourfold rotoinversion axis (4) aligned along the z-axis
first rotates the point (z,y,2) to (—y,x,z), and then inverts it through the origin
to (y,—x,—z). Interestingly, some rotoinversion operations are mathematically
equivalent to mirror planes. For example, 2 symmetry is functionally identical to
a mirror plane perpendicular to the axis of rotation [6]. In international notation,
rotoinversion axes are represented as 1, while in the Schoenflies system, they are
denoted as Sy, [6, 86]. These operations are essential for classifying symmetries in
hexagonal, trigonal, and cubic systems, especially where pure rotational or mirror

operations alone are insufficient.
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2.1.2 Space Groups and Translational Symmetry

Meanwhile, space groups provide a complete mathematical framework for de-
scribing the symmetry of a crystal structure, including both the point group
symmetry and the periodicity of the lattice. They incorporate the effects of
translational symmetry, extending the concept of symmetry across the entire in-
finite crystal lattice. Translational symmetry arises from the periodic repetition
of a motif throughout space as already define. This basic symmetry of the crystal
lattice ensures that an arrangement of atoms at one lattice point is identically
reproduced at every other lattice point. Unlike inversion centers or mirror planes,
which are associated with fixed spatial elements (a point, line, or plane), transla-
tional symmetry operates throughout the entire crystal and is central to defining
the nature of crystalline solids [87, 91]. Nature often employs non-symmorphic
symmetry operations, which combine point group elements with fractional trans-
lations, such as screw axes and glide planes substantially enriching the diversity of
space groups. These groups arise from combining the 14 Bravais lattices with the
32 crystallographic point groups, incorporating non-symmorphic elements where
relevant [87]. While the initial 61 symmorphic combinations (excluding screw and
glide symmetries) yield a subset of space groups, the inclusion of non-symmorphic
operations expands the total to 230, classified across the seven crystal systems
and denoted using Hermann-Mauguin notation (e.g., Fm3m for a fully symmetric
face-centered cubic lattice, with "F" indicating centering and the remaining sym-
bols specifying symmetry elements) [6, 87]. In certain cases, specific symmetry
combinations inherently generate others; for instance, a monoclinic C-centered
lattice with a twofold axis naturally produces a 27 screw axis, reducing the num-
ber of truly distinct monoclinic C space groups from eight to five. This automatic
implication of symmetries constrains the number of independent space groups,
illustrating how the interplay of symmetry and periodicity culminates in the final

count of 230 unique three-dimensional space groups [85, 86, 90].

Screw Axes

A screw axis combines a rotation about an axis with a translation parallel to
that axis. Specifically, a 21 screw axis involves a 180° rotation (two-fold) followed

by a translation of % of the unit cell along the axis. This operation generates
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symmetry-equivalent positions that are displaced both angularly and linearly.
If the screw axis lies along the [001] direction, then a point with coordinates
(x,y,z) will be transformed to a new equivalent point at (z,y,z+ %) under a
21 operation. Higher-order screw axes, such as 41, 42, and 43, produce multiple
equivalent positions in sequence. In the case of a 41 screw axis, the transformation

sequence is as follows:

(Jf7y,Z) — (—y,ZL’,Z—f—%) — (—x,—y,z—i— %) — (y,—x,z—i—%) (9)

These combined rotation-translation operations are fundamental elements of
non-symmorphic space groups and significantly expand the range of symmetry

operations available in crystallography [6, 86, 88, 91].

Glide Planes

A glide plane combines a mirror reflection in a plane with a translation parallel
to that plane. In fact, a glide plane perpendicular to the c-axis-referred to as a
c-glide, reflects a point across the plane and then translates it by half a unit cell
along the c-direction. Thus, a point located at (x,y,z) would be transformed
into (x,y,—z+ %) Glide planes are classified according to the direction of the
translation associated with the reflection. The most common types are a-, b-, and
c-glides, which involve translations of % along the a-, b-, and c-axes respectively.
An n-glide involves a translation along the diagonal of a face, such as %(CL—F
b), while a d-glide corresponds to translation along the body diagonal of the
unit cell and is commonly found in diamond-like structures. These symmetry
operations are essential in non-symmorphic space groups and significantly expand
the number of distinct symmetry configurations beyond those accounted for by

pure point group operations [6, 89].

2.2 Magnetic Symmetry

Magnetic symmetry is a fundamental extension of crystallography, essential
for describing magnetically ordered materials. While conventional crystallog-
raphy relies on the 230 space groups to describe atomic arrangements, it fails

to capture magnetic order. Magnetic symmetry addresses this by incorporat-



Chapter II. Theoretical Review 62

ing the time-reversal operator (1’), an antiunitary operation that reverses
spins, magnetic moments, and time itself, with profound implications in quantum
mechanics and condensed matter physics [87, 92]. The concept originated with
A. V. Shubnikov, who introduced antisymmetry (later formalized as Shub-
nikov groups) by augmenting geometric symmetries with a binary degree of
freedom (e.g., black-and-white coloring for magnetic order) [93]. I. Dzyaloshin-
skii expanded this model, applying group theory to antiferromagnets and ferri-
magnets and predicting novel magnetoelectric effects [94]. The field reached a
breakthrough with Opechowski and Guccione’s classification of 1,651 magnetic
space groups (MSGs), derived from the interplay of spatial symmetry and time
reversal [87, 95]. It is a fundamental constraint that governs quantum materials,
dictating phenomena like magnetoelectric coupling in multiferroics. These cross-
coupling effects require magnetic point groups that violate both time-reversal
symmetry (1’) and inversion symmetry, unlocking otherwise forbidden interac-
tions between magnetic and electric orders [96]. Similarly, in topological magnets,
magnetic symmetry dictates the emergence of protected surface states, non-trivial
Berry curvature, and the quantum anomalous Hall effect [97, 98]. Moreover, the
fundamental distinction arises from how magnetic moments (axial vectors) trans-
form under symmetry operations compared to atomic positions (polar vectors).
This section provides a comprehensive overview of the mathematical founda-
tions, classification schemes, and practical applications of magnetic symmetry in
modern condensed matter physics [99]. Magnetic ordering emerges when atomic
magnetic moments become correlated below a critical temperature T, transi-
tioning from a disordered paramagnetic state (where (mpg); = 0) to an ordered
state ((mp)¢ # 0). This ordering is primarily governed by exchange interactions
between moments. The most common interaction is described by the isotropic

Heisenberg Hamiltonian:

Hiso = — Z Jij (Rm — Rl) m; -mj = — Z Jij (Rm — Rl) mimj COS eil7jm (10)
il,jm il,jm

where J;; represents the exchange integral between sites 7 and j, 0; j,, is the angle

between moments m; and mj, and R,, —R; is the interatomic distance vector [99].

In systems with significant spin-orbit coupling, additional anisotropic terms must

be considered, including the Dzyaloshinskii-Moriya interaction|comprehensive de-
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tails have been provided in 2.3.3]:

Hpyr =Y _Djj - (m; x mj) (11)
1,J

and single-ion anisotropy:
]'-]aniso:_z:Kv(rni'n)2 (11)
1

where D;; is the DM vector and K is the anisotropy constant[99-101]. These
interactions collectively determine the preferred orientation and spatial arrange-
ment of magnetic moments in ordered phases. Notedly, the time-reversal operator
1’ reverses magnetic moments i.e (1’-m = —m) while leaving atomic positions
unchanged. When combined with conventional crystallographic operations, it
generates new symmetry elements called primed operations (e.g., m’ =mo1’).
The transformation properties of magnetic moments under a general symmetry

operation (h,d) are given by:
m’; = det(h)d hm; (12)

where h is the rotational part of the operation, 6 = £1 for unprimed/primed op-
erators respectively, and det(h) accounts for the axial vector nature of magnetic
moments [95, 99], distinguishes magnetic symmetry from conventional crystallo-
graphic symmetry. Magnetic symmetry groups can be classified into three fun-
damental types. Colorless groups (Mp = G) are identical to the 32 conventional
crystallographic point groups, containing no time-reversal symmetry breaking.
Grey groups (P = G + G1') represent paramagnetic systems where every symme-
try operation is paired with its time-reversed counterpart. Black-white groups
(M = H+ (G— H)1l'), the most interesting for ordered magnetic systems, are
formed when only an index-2 subgroup H retains unprimed symmetry while the
remaining operations are combined with time reversal [92, 99]. For example, the
point group G = 4/m generates three distinct black-white magnetic groups: 4/m/,

4'/m/, and 4’ /m [102].
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Representation Theory

The representation theory approach provides a powerful method for deter-
mining all possible magnetic structures compatible with a given crystallographic
space group and propagation vector k. This formalism is particularly valuable
for interpreting neutron diffraction data and predicting magnetic ground states.
The magnetic representation I'yae is constructed as the tensor product of two

fundamental representations:
Fmaug = Fperm ® Faxial (13)

The permutation representation I'perm describes how atomic sites transform under

symmetry operations, including phase factors for k-vector modulation:

Pperm (g)aﬂ _ 6a7gﬁe—2ﬂik-(Rg—R/@) (14)

where g is a symmetry operation, R, is the transformed position, Ry is original
position of the atom, and J, 43 ensures proper site permutation [99, 101]. The

axial-vector representation

Faxial(Q) = det(h)éh (15)

The magnetic representation is generally reducible and can be decomposed into

irreducible representations (irreps) of the little group of k:

Timag = > nrl (16)
r

where nr is the multiplicity of each irrep I'. Basis vectors @/),1; (7) for the irreps are

obtained through projection operator techniques:

W) = @;rﬂg)*owm (17)

Here, dr is the dimension of irrep I';, O(g) is the symmetry operator acting on
trial moment e;, and the sum runs over all symmetry operations g in the little
group[103]. The actual magnetic structure is described by Fourier coefficients Sy

that are linear combinations of these basis vectors:
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Siij = 2 Cn Sy (4) (18)
I'n

where CL are mixing coefficients that act as order parameters. Structures de-
scribed by a single irrep are maximally symmetric, while multi-irrep couplings
typically lower the symmetry [101, 103]. A classic example is found in the neu-
tron diffraction studies of perovskite manganites (La,Ca)MnOs by Wollan and
Koehler[104], where the magnetic structure was determined to follow series of
ferromagnetic and antiferromagnetic ordering. Today, magnetic symmetry un-
derpins research on skyrmions, chiral magnets, and correlated electron
systems, serving as both a theoretical blueprint and an experimental tool. It
not only explains historical observations but also guides material design and re-
fines experimental interpretations in neutron scattering, synchrotron studies, and

magneto-optic measurements.

Landau Theory: Phase Transitions

Phase transitions are fundamental phenomena in condensed matter physics.
They represent qualitative changes in the state of a physical system, often ac-
companied by symmetry breaking, as discussed above. A phase transition may
be induced by varying temperature, pressure, magnetic field, or chemical compo-
sition. From a symmetry perspective, the high-temperature phase typically has
a higher symmetry than the low-temperature ordered phase. Transitions can be
classified as: (a) First-order: Discontinuous change, with latent heat, and (b)
Second-order (Continuous): No latent heat, but discontinuity in first derivatives
of free energy. The Landau theory, introduced by Lev Davidovich Landau [105],
provides a powerful schema for analyzing continuous phase transitions based on
the concept of an order parameter and symmetry considerations. The theory is
phenomenological, which does not rely on microscopic interactions. Instead, it
assumes the existence of an order parameter 7, which is zero in the symmetric
phase and non-zero in the symmetry-broken phase. The free energy F' is analytic
and invariant under the symmetry group of the high-temperature phase. The
formalism is valid as long as the transition involves symmetry breaking, thus,

near T, the free energy is expanded as [105-108]:
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F(T,n) = Fo(T)+AF(n") (19)

where Fj is order-parameter-independent (and thus irrelevant to the transition),
while AF(n') is small near the critical point. Thus, the free energy contribu-
tion AF' is invariant under all symmetry operations g of the parent group Gg for
arbitrary order parameter configurations. Furthermore, AF may exhibit addi-
tional invariance under fundamental spacetime symmetries, including parity (P)
and time-reversal (1’)-provided any externally applied fields are simultaneously
transformed according to their respective symmetry properties. Hence, consider-
ing that AF is small, we can impose the Taylor expansion of AF(n’) in powers

of n* as:

a

AF(n)=—-nH+ 5

b
n?+ 1774 +0(n°% (20)

Here, H is a generalized external field conjugate to n. The linear coupling term
—nH requires n to be translationally invariant and to transform under rotations
such that —mH remains invariant. When these conditions are satisfied, the sys-
tem exhibits a ferroic transition, as seen in classic examples like ferromagnetic,
ferroelectric, and ferroelastic transitions. In such cases, the order parameter 7
directly corresponds to the generalized polarization (P = —g—fl = 77), represent-
ing physical quantities like magnetization, electric polarization, or strain. Also,
the quadratic term Y7; k;n? (where 7; have distinct symmetries, excluding cross
terms 7;7;) is always symmetry-allowed. Stability of the high-symmetry phase at
T > T, requires k; > 0, ensuring positive curvature at 7 = 0. Landau transitions
occur when one coefficient x; changes sign (e.g., as ag(T —T)n?), while others re-
main positive. Simultaneous sign changes for multiple coefficients are non-generic,
explaining why transitions are typically driven by a single symmetry mode.
Below T, only one order parameter (or symmetry-equivalent modes) becomes
nonzero unless higher-order couplings exist. Thus, Landau theory predicts that
most phase transitions are governed by a single order parameter. Furthermore,
the cubic terms would render the free energy unbounded if truncated, but their
presence mandates first-order transitions. Hence, for Landau’s continuity
condition a transition can be continuous only if all odd-order terms (notably cu-

bic) are symmetry-excluded. To capture the transition behavior, one can write
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the quadratic coefficient a as:
a=d(T—-T.) (21)

Ensuring that for 7' > T, the minimum of F' occurs at 7 =0 (disordered phase),
and for 7' < T¢, a nonzero n emerges (ordered phase). To find equilibrium states,

AF' is minimize with respect to 7 :

dAF

I ¢ b =0 22
i +an+bn (22)

This implies that, for the zero field Case: H =0

a77+b773:0:>77(a+b772>20 (23)

/
n=0 or n:j:,/—%:j:\/%(Tc—T) for T' < Tt (24)

Thus, the order parameter behaves as:

Hence,

0, T>T1T,
n(T) = (25)

£/4(T.-T), T<T.

This result gives the order parameter as a function of temperature and indicates
a second-order phase transition with critical exponent 5 = % We can define the
generalized susceptibility as the response of the order parameter to the external

field:

on
=L 2
X= o (26)
From:
dAF
—— =—H+an+b?=0 (27)
dn
finds,
dn dn 1
~1 ) L =0= = 2
+(a+3er?) Ty =0= 7 o+ 3072 (28)

X = (a+3bn2)_1 (29)
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In Zero Field:

d(T-T.), T>T,
RE (30)
2d/(T.—T), T<T,

This matches the Curie-Weiss law and implies a divergence at T'=T,, with critical
exponent v = 1. Now within Landau theory of phase transitions, the zero-field

entropy change (AS) associated with the order parameter 7 is given by:
oF
AS=5—-5Sy=—| == 31
=(57), &

where Sy is the background entropy not associated with the phase transition,

applying the chain rule gives:

_OF On
AS = o oT (32)

This relation holds below the critical temperature T, where n # 0. Hence, the

free energy near the phase transition is expanded as:

1 1
F:Ph+?ﬂT—me+1m4 (33)

The derivative of I’ with respect to n gives the equilibrium condition as:

or 3

Thus, at equilibrium, this derivative must vanish:

F
gnz()$a/(T—Tc)77+b773=0 (35)

Solving for n (for T' < T,) yields:

/TC_T 1/2
0= |00 (36)
C on.
ompute z7: )
d 1[a/1"? _
dg’_2[b] (T.—T)2(-1) (37)
111/2
=—;m (L.—1)7'/2 (38)
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Pluging into the entropy change equation:

= ()2
oF

Since oy = 0 at equilibrium, we use the total derivative of F' with respect to T’

via the chain rule. Computing this yields:

12

a
To compute the specific heat change:
d*F

Calculating second derivatives of F' using n(7T) gives:

12

a
A =T 42
cvir<r, 2% (42)
At T =T,, this leads to a discontinuity:
a/2
Acy (Tc) = %Tc (43>
If symmetry permits a cubic term:
AF =S4 Cpp g Dy (44)
o Ty Ty

Then the transition becomes first-order. A necessary condition for second-order
transitions is that all odd-order terms must vanish by symmetry (n — —n invari-
ance). Many structural phase transitions are displacive and involve the softening

of a particular phonon mode:
W (T) o< x (T o (T —Tp) (45)

This is known as the Cochran relation [109], relating phonon softening to Landau

susceptibility.
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2.3 Magnetism in Perovskite

Magnetic materials can be examined through two principal theoretical frame-
works:  the theory of the free electron band and the ionic model. In certain
perovskites, where metallic behavior dominates, free electron theory offers a suit-
able description. These materials show properties similar to elemental magnets,
where interactions between electron spins, especially pronounced at lower tem-
peratures, can produce ferromagnetic alignment. As temperature increases, these
systems transition to Pauli paramagnetic states, where magnetic susceptibility be-
comes highly temperature independent [4, 28, 84]. However, many perovskites
exhibit magnetic properties due to the presence of paramagnetic cations incor-
porated within their lattice. These cations, typically transition metals or lan-
thanides with partially filled d and f orbitals[comprehensive discussion has been
provided in 1.3], carry intrinsic magnetic moments. The geometry of local coor-
dination critically influences their magnetic behavior by modulating the energy
splitting of these orbitals through crystal-field or ligand-field interactions. For
3d transition metal cations, the magnetic moment predominantly arises from
the electron spin component, quantified by the Russell-Saunders quantum num-
ber (S), with possible configurations including high-spin (HS), intermediate-spin
(IS), and low-spin (LS) states depending on the crystal field strength [53]. At
elevated temperatures, random orientation of these magnetic moments results
in paramagnetism, following the Curie or Curie-Weiss laws. As temperature
decreases, exchange interactions can establish long-range magnetic ordering, pro-
ducing either ferromagnetic/firremagnetic or antiferromagnetic alignments, along
with more complex configurations [110]. Superexchange is the dominant mech-
anism behind antiferromagnetic ordering in insulating perovskites. It mediates
magnetic coupling between two cations via an intervening oxygen anion through
virtual processes-without direct electron transfer. The interaction strength de-
pends on the spatial overlap of cation and anion orbitals. Two key superex-
change geometries govern magnetic behavior: 180° and 90° linkages. The GKA
rules predict the resulting magnetic order based on cation d-orbital occupancy
and crystal-field effects[28, 53]. In 180° superexchange (linear cation-anion-cation
bonds), antiferromagnetic alignment dominates, while 90° coupling (near-right-
angle bonds) favors weaker ferromagnetic interactions [28]. Also, superexchange

is highly adaptable, sustaining magnetic order across diverse coordination envi-
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ronments (octahedral, tetrahedral, square pyramidal) and even in distorted per-
ovskites like brownmillerites [1]. Unlike direct exchange, which demands strict
orbital overlap, superexchange is more robust against structural deviations. The
balance between competing spin states is highly sensitive to composition and tem-
perature. For example, in Laj_,Sr,MnOj3, substituting La®" with Sr?* triggers
a hole-doped transition from antiferromagnetic insulator to ferromagnetic metal
[111, 112]] see 2.3.1]. This underscores how electronic structure, lattice geometry,

and external perturbations collectively dictate magnetic properties.

2.3.1 Zener Double-Exchange Mechanism

The magnetic and electronic properties of perovskite manganites, particularly
La;_,Sr,MnQOs, exhibit a fascinating coexistence of ferromagnetism and metal-
lic conductivity (itinerant electron behaviour). This behavior, puzzling within
conventional magnetic and band theories, finds its most compelling theoretical
explanation in the Zener double-exchange (DE) mechanism [113, 114]. The mech-
anism arises in mixed-valence systems containing both Mn3* and Mn** ions,
where hopping of conduction electrons is intimately linked with the alignment
of localized magnetic moments. In these systems, the mixed-valence states of
manganese ions, Mn** (3d*, 3 ef, S =2) and Mn** (3d%, £3,, S = 3/2) facilitate
a unique hopping process mediated via an intervening oxygen ion. An electron
hops from the e, orbital of Mn3* to the 2p orbital of the oxygen, and from there
to the ey orbital of a neighboring Mn*t ion [115]. This simultaneous two-step

transfer defines the double-exchange mechanism and can be summarized by:
Mn** 4+ 0% + Mn*" = Mn** + 0% + Mn?* (46)

Here, electron hopping is spin-dependent, with the intra-atomic Hund’s coupling
Jez which aligns the spin of the itinerant e, electron parallel to the localized o4
core spin. When adjacent Mn ions possess parallel core spins, the kinetic energy
gain due to electron delocalization is maximized, facilitating hopping of the e,
electron across the lattice, Figure I1.1. However, if the core spins are antiparallel,
Hund’s rule imposes a significant energy penalty, effectively suppressing electron
transfer. The mathematical manifestation of this dependence on spin orientation

is captured in the angular modulation of the hopping amplitude: if the local
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spin quantization axes of neighboring ions are misaligned by an angle 6, the
overlap of spin eigenvectors leads to a transfer integral that scales as cos(0/2).
Consequently, the effective hopping vanishes at # = 7, reinforcing the notion
that DE intrinsically favors ferromagnetic alignment of localized spins to preserve
itinerant conductivity [4, 111, 116]. Herein, the energy integral for exchange is
significant only when the spins of neighboring Mn ions are aligned, with the
effective DE exchange energy proportional to:

Epp o< —t; coseéj (47)
where 0;; is the angle between the localized t94 spins on adjacent Mn sites, and
ti;j is the transfer integral. Since the intra-atomic exchange Je; is typically much

larger than ¢;;, the exchange energy between Mn sites can be approximated by:
Uer = — (48)

where v is the frequency of electron oscillation between Mn sites, and h is Planck’s
constant [113]. This exchange energy relates to the diffusion coefficient D for

Mn** by:
?Uey
h

D= (49)

where « is the lattice parameter. Incorporating the Einstein relation for electrical

conductivity o and the diffusion coefficient D [85]:

ne?D
kT

(50)

o =

where n is the number of Mn** ions per unit volume, e is the elementary charge,
k is Boltzmann’s constant, and T is the temperature. Substituting D into the

Einstein relation gives:

ne2a?U,,

T T (51

Expressing n in terms of the fraction of Mn** ions z per unit volume as n = %,

the expression simplifies to:
re2U,,
g =
ahkT

(52)

Assuming the ferromagnetic transition temperature T is directly proportional
to Uey [113, 117]:
Uer = kT (53)
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Substituting into the conductivity expression leads to:

ze?\ /T,

o~ (ah) (;) (54)
This equation reveals a direct relationship between electrical conductivity o, fer-
romagnetic transition temperature T¢, and the fraction of Mn** ions z. It im-
plies that the insulator-metal transition 77y, in manganites should occur around
T, where electron mobility through double exchange becomes significant [111,
114]. The DE mechanism is highly sensitive to structural distortions, where the
Mn — O — Mn bond angle crucially affects the transfer integral ¢;;, with maximal
values achieved near 180° and reduced values for distorted geometries [114, 116].
Lattice distortions, tilts, and Jahn-Teller effects localize the e, electrons, sup-
pressing DE conductivity. Competing magnetic interactions must also be consid-
ered as noted by [116], superexchange interactions [2.3.2] between ¢, electrons can
induce antiferromagnetic alignment, especially in systems where structural dis-
tortions weaken DE. The balance between DE ferromagnetism and superexchange

antiferromagnetism is influenced by both lattice parameters and electron-lattice

coupling [41, 111].

Mn3: 3d*4

Figure II.1: The double-exchange interaction: An electron preserves its spin orientation as it
hops between adjacent localized ion cores, mediating ferromagnetic alignment. adapte from [4]

2.3.2 Superexchange Interaction

The superexchange interaction (SE) constitutes a profound quantum mechan-
ical phenomenon, whereby antiferromagnetic coupling emerges between local-
ized spins residing on distinct cations, particularly in transition-metal oxides,
where 3d —3d are otherwise too spatially separated to permit direct exchange.
This indirect interaction is mediated via a diamagnetic anion, most often oxy-

gen, and is rooted in the quantum mechanical principle that electron pairs with
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parallel spins occupying degenerate orbitals possess lower energy due to the
intra-atomic exchange interaction of mixed wavefunctions of the form ¢34 =
atb3g+ Bibey,  with  |a|?+ 3|2 =1, quantified by the exchange energy J. Math-

ematically, the superexchange is modeled by the Heisenberg Hamiltonian:
Hsp = —JijSi . Sj (55)

where S; and S; denote the spin operators on neighboring cations, and J;; is the
superexchange integral, often negative for AFM coupling. Figure II.2 illustrates
a representative superexchange pathway. For systems with singly occupied 3d
orbitals or half-filled d shells, such as in Fe3™ or Mn?*-the electronic configura-
tion labeled as (b) is energetically more favorable than configuration (a). This
preference arises because both electrons from the intervening oxygen 2p orbital
can delocalize into the adjacent, unoccupied 3d orbitals, thereby lowering the
total energy through enhanced orbital overlap and reduced electron repulsion.
Unlike direct exchange, which requires significant orbital overlap and therefore

T superexchange

decays exponentially with the interatomic distance r as J o< e™
operates mainly in insulating materials across larger cationic separations. The
mechanism involves a second-order virtual hopping process, whereby two electrons
are transferred simultaneously, leading to a transient 3d™T12p° excited state. The
resulting exchange interaction J is approximately of the order
2t

J ~ 3 (56)
where ¢t denotes the p—d hybridization integral. The magnitude and sign of
the superexchange interaction J are highly sensitive to structural parameters,
particularly the metal-oxygen-metal (M-O-M) bond angle, with the interaction
strength varying as cos?#. Orbital occupancy and degeneracy of the 3d states
are key factors influencing the nature of the superexchange, as elucidated in the
paradigmatic model of Goodenough-Kanamori [53, 116]. Anderson later reformu-

lated these principles in a simplified framework that omits explicit consideration

of the oxygen orbitals [4, 110] as follows:

(i) Antiferromagnetic superexchange (J <0): Occurs when lobes of singly
occupied 3d orbitals on adjacent cations point toward each other, resulting
in significant orbital overlap and large hopping integrals. This configuration

is typical for nearly linear M — O — M bond angles (120 — 180°).
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(ii) Weak ferromagnetic exchange: Arises when symmetry constraints elim-
inate the overlap integral between singly occupied orbitals, as in ~ 90°
M — O —M bond geometries. Here, the exchange remains ferromagnetic

but weak.

(iii) Also weak ferromagnetic exchange: Occurs when there is orbital over-
lap between a singly occupied 3d orbital and either an empty or a doubly

occupied 3d orbital of similar symmetry.

While ferromagnetic superexchange can occur under specific conditions, antifer-
romagnetic coupling is generally more prevalent due to the typically large overlap
integrals between appropriately oriented orbitals. Also, delocalized and correla-
tion superexchange are subtypes of this interaction, distinguished by the nature
of electron transfer pathways: the former allows for cation-to-cation exchange via
orbital delocalization, while the latter confines electron hopping strictly within
the cation-anion-cation triad. The strength of the interaction correlates signifi-
cantly with the bond character; o-bond mediated paths dominate over m-bonded
paths in strength, a principle observable in the variation of Néel temperatures Ty
across 3d transition metal monoxides: T (MnO) < Ty (FeO) < Tn(Co0O), directly
reflecting the increasing overlap of o-type bonds in the series [1]. Importantly, the
efficacy of superexchange is not dependent on carrier mobility; it does not induce
metallic conduction as does the DE mechanism. This was analytically contrasted
in the seminal extension of Zener’s model by P.G. de Gennes (1960), who in-
corporated spin-lattice interactions and polaronic effects into the Hamiltonian to
elucidate the distinct behaviors of DE and SE interactions in manganites of mixed
valence [118]. Furthermore, the strength of superexchange increases with cationic
valence, as higher valency enhances the overlap of virtual hopping states, thus,
for identically configured cations, Fe3*t exhibits stronger coupling than Mn?* due
to its deeper lying unoccupied d orbitals [113]. Thus, superexchange is a founda-
tional theory for magnetic ordering in insulating transition-metal oxides, guiding

our understanding of spin-lattice coupling-central to this thesis
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@ 1 t f
® t f

Figure I1.2: A representative superexchange interaction: Configuration (b) is energetically
favored over configuration (a). Adapted from [4]

2.3.3 Antisymmetric Exchange Interaction

In certain magnetic systems, particularly those lacking inversion symmetry
at the midpoint between interacting magnetic ions, an antisymmetric exchange
interaction, known as the Dzyaloshinskii-Moriya interaction (DMI), emerges as a
relativistic correction to superexchange [119, 120]. This interaction contributes to
canting of spins and underpins a variety of complex magnetic phenomena such as
weak ferromagnetism, spin spirals, and magnetic skyrmions. The antisymmetric

Hamiltonian describes the Dzyaloshinskii-Moriya interaction as seen in 2.2:

Howmr = — Y _Dij- (S; x S;5), (57)
(7)

where S; and S; are define in 2.3.2, and Dj;; is the Dzyaloshinskii-Moriya vec-
tor determined by the local symmetry of the crystal. The magnitude and di-
rection of D;; are constrained by Moriya’s symmetry rules [120], derived via
group theoretical analysis of spin-orbit perturbed Hubbard-type Hamiltonians.
Dzyaloshinskii first proposed, using Landau’s theory of second-order phase tran-
sitions, that weak ferromagnetism in antiferromagnetic compounds like a-FesOs,
MnCO3, and CoCOj3 can be explained by relativistic corrections that preserve
the crystal’s magnetic symmetry [119]. Whence, a spontaneous magnetization

m arises only if it is invariant under all symmetry operations of the magnetic
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point group. For a-FeaO3 in the high-temperature antiferromagnetic phase, such
canting is symmetry-allowed and yields a net moment perpendicular to the basal
spin plane. Mathematically, the free energy F can be expanded in powers of the

antiferromagnetic order parameter L and net moment m:
F=Fo+AL*+Bm?>+C(L-m)+... (58)

The cross-term C'(L-m) vanishes by symmetry in centrosymmetric crystals but
is allowed in non-centrosymmetric or magnetically non-equivalent environments.
In a-FeoOgs, this term results in a small but nonzero equilibrium value of m
perpendicular to L, with |m/L| ~ 1072, Moriya’s derivation introduces spin-

orbit coupling into the second-order perturbation of the Hubbard Hamiltonian:
H =Hsg +Hsoc, Hsoc=AL-S. (59)

This leads to an effective antisymmetric term in the spin Hamiltonian when in-

version symmetry is broken:
D;j o 2 (r;— 1), (60)

where t;; is define previously define 2.3.1, U is the on-site Coulomb repulsion, and
A is the spin-orbit coupling constant. The vector (r; —r;) encodes the lack of in-
version symmetry. In real materials such as a-FesOs, the DMI leads to canting of
the Fe3* moments away from the perfectly antiparallel configuration, producing
a small net moment. The magnitude of this canting is approximately 1°; cor-
responding to a weak ferromagnetic moment of order 10™* times the saturated
moment [119]. Such effects are observed only when the antiferromagnetic order
lies in a plane perpendicular to the crystallographic axis along which D is aligned.
DMI extends beyond weak ferromagnetism being essential in the stabilization of

non-collinear magnetic structures and topological textures.
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2.3.4 Spin Glass

"At the heart of spin-glass physics lies a profound question: As the
system cools toward the freezing temperature Ty, does it merely slow
into dynamical arrest, or does it cross a thermodynamic threshold,
a Curie point for disorder? The spin-glass state, long shrouded
in debate, now reveals its secret. Beyond kinetic freezing, beyond
mere frustration, there emerges a critical transformation: ergodic-
ity shatters, and the free energy landscape fractures into a labyrinth
of metastable states. Here, in the absence of symmetry, a new or-
der is born-not of atoms aligned, but of entangled spins, whispering
their collective logic through the noise of disorder.'[5, 121] [empha-

sis mine]/.

The answer, emerging from decades of theoretical and experimental work, is af-
firmative: Spin glasses undergo a thermodynamic phase transition at the freezing
temperature T, marking the emergence of a new phase characterized by broken
ergodicity and a novel order parameter [122; 123]. Unlike structural glasses, spin
glasses provide well-defined statistical mechanical frameworks for studying spon-
taneous symmetry breaking in disordered systems [124]. The transition involves
freezing into a disordered magnetic state with a rugged free-energy landscape
containing numerous metastable states separated by substantial energy barriers.
Theoretical models, particularly the Edwards-Anderson (EA) and Sherrington-
Kirkpatrick (SK) models, describe this as a continuous phase transition and allow
for rigorous mathematical treatment through replica symmetry breaking (RSB)
solutions [122, 125]. Experimental evidence first emerged from AC susceptibility
measurements in diluted magnetic alloys (e.g., CuMn, AuFe), showing sharp cusps
at Ty that suggested a genuine phase transition [121]. While early DC measure-
ments indicated gradual spin freezing similar to supercooled liquids [126], later
theoretical work confirmed the existence of a true critical temperature T and
time-reversal symmetry breaking [123]. The mid-1970s saw significant theoret-
ical advances, including the introduction of the SK model Hamiltonian, which
launched extensive research into understanding spin glass transitions [122, 125].
To capture the essential physics, they considered a model neglecting short-range
spatial order and instead posited random interactions among nearest neighbors.

The Hamiltonian is written as
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H=—> JijSi-Sj—gup) H-S; (61)
(4.7) ¢

where S; denotes an m-component spin (e.g., m =1 for the Ising model, m = 3 for
the Heisenberg model), ¢ is the Landé factor, up is the Bohr magneton, and H is
the external magnetic field. The interactions J;; are quenched random variables

drawn from a Gaussian probability distribution,

1 I3
P(Jij)zmexp “oy2 ) (62)

with (J;;) =0 and (ij) = J?, representing disorder with zero mean and variance

J2. To analyze the system, one seeks to compute the free energy,

F=(F{Jij}) = —kpT (In 2{Ji;}), (63)

where Z{J;;} is the partition function for a given configuration of disorder, and
the angular brackets (-) denote disorder averaging over P(J;;). Direct evaluation
of (InZ) is challenging due to the nonlinearity of the logarithm. To circumvent
this, Edwards and Anderson employed the replica trick [122], which relies on the
identity

(InZ) = lim %

n—0 n (64)
Here, one computes (Z") for integer n, treats n as a continuous variable, and
analytically continues the result to n — 0. For spins with m components, this
leads to an effective system of n replicated spin configurations, with the replicated

partition function:

n /8 - o «Q
(Z") = <TY{S;¥}6XP (2 > Jij DS 'Sj) >> (65)
(4,) a=1

where o =1,...,n indexes the replicas and the average is over the Gaussian dis-
order. After averaging the disorder, the effective theory becomes non-trivially
coupled across replicas, leading to a complex mean-field analysis [122, 125, 127].
Several essential results emerge from this formulation:(i) Absence of Magnetic
Long-Range Order: Within the replica-symmetric mean-field model, no ferro-
magnetic or antiferromagnetic long-range order is found in the spin-glass phase,

consistent with experimental observations [122].(ii) Magnetic Susceptibility and
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the Edwards-Anderson Order Parameter ¢ in the zero field is given by [128, 129]

X(T'H =0) =

2
S (57) 00 55

Here we have used the exact relations for spin correlations [122, 125]:

2
(T =0) = B S (1515) — (5)(55)), (67

where the spin-glass order parameter g = ({S;)?) captures the degree of spin
freezing. In the spin-glass state, (S;) =0 but ¢ > 0, reflecting the random, frozen
nature of local moments. The temperature dependence of the susceptibility x
exhibits a cusp at the freezing temperature 7', above which Curie-like behavior

is recovered. The temperature derivative of susceptibility satisfies

Ix

=0 (68)
T |y_q,

in both the Ising (m = 1) and classical Heisenberg (m =3, S — oo0) cases. How-
ever, quantum Heisenberg models (S = 1/2) and Bethe lattice approximations
yield finite slopes at T, in better agreement with experiments [127]. An applied
magnetic field H typically rounds the susceptibility cusp, as predicted by replica-
symmetric mean-field theory (MFA) [125], though the required field strength is
often an order of magnitude larger than observed experimentally, highlighting
theoretical limitations. Similarly, MFA predicts a sharp cusp in specific heat at
Ty [122, 125, 127], which is generally more pronounced than experimental mea-
surements suggest. The microstructure of spin-glass systems is well described by
random-site models (Figure I1.3), where magnetic impurities are randomly dis-
tributed in a non-magnetic metallic host, as seen in canonical spin glasses like
AuFe and CuMn alloys. At low temperatures, the spins freeze cooperatively into
a disordered yet correlated state, typically belonging to the Heisenberg universal-
ity class due to isotropic spin orientations. Higher impurity concentrations lead
to locally aligned spin clusters, resulting in "cluster glass" behavior, whereas low
concentrations favor collective freezing via long-range interactions, characteristic
of the canonical spin-glass transition. Ising-like spin glasses, by contrast, exhibit
discrete symmetry breaking with spins freezing into binary up-down configura-

tions.
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Figure II.3: Two-dimensional random-site model illustrating the emergence of a ferromagnetic
"cluster glass" component. In contrast, the SG phase transition corresponds to the cooper-
ative freezing of individual spins without cluster formation. Representative systems include
Cuj_;Mn, and Eu,Sri_,S with 2 < 0.1 [5].

Unlike conventional magnets, where the free energy landscape is dominated
by deep minima corresponding to global order (e.g., net magnetization M in
ferromagnets or staggered magnetization M, in antiferromagnets), spin glasses
exhibit a rugged, multivalley energy landscape due to frustration and competing
interactions. Below 7', the system becomes trapped in metastable states, with
thermal fluctuations, aging, and external fields inducing slow, history-dependent
transitions between valleys. This nonergodic behavior is central to the spin-glass
phase. The transition itself arises from three key ingredients: (i) randomnes:
spatial disorder in interactions or magnetic moments, (ii) frustration: incom-
patibility among local interactions preventing global energy minimization, and
(iii) competing interactions: coexistence of ferromagnetic and antiferromagnetic
couplings. Systems fulfilling these criteria and exhibiting theoretical scaling be-
havior are considered 'ideal" spin glasses, though such materials are rare and
crucial for testing theoretical models [5]. Canonical spin glasses further display
four experimental signatures: a sharp AC susceptibility cusp, irreversibility be-
tween field-cooled and zero-field-cooled magnetization, aging effects, and scaling

behavior near Ty(w). However, many real materials deviate from these criteria,
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complicating the distinction between true spin glasses, long-range ordered mag-
nets, and superparamagnetic blocking [5]. Figure I1.4 introduces the concept of
frustration within the context of a square plaquette of Ising spins. Although
a simple square lattice without bond disorder is unfrustrated, random assign-
ment of bond signs (ferromagnetic or antiferromagnetic) leads to local conflict,
preventing global energy minimization. Geometric frustration naturally arises in
more complex lattices, such as the kagome or triangular lattices, where the lattice
geometry itself enforces unavoidable conflict among spin interactions. The un-
derlying mechanism for the competing interactions is the celebrated Ruderman-
Kittel-Kasuya-Yosida (RKKY) [130-132] interaction, depicted schematically in
Figure I1.5. The RKKY exchange coupling J(r) between localized magnetic mo-
ments mediated by conduction electrons oscillates between ferromagnetic and

antiferromagnetic character as a function of interatomic distance r, given by:

cos(2kpr)
r3

J(r) ; (69)

where kp is the Fermi wavevector. This oscillatory behavior naturally seeds
randomness and frustration across a metallic host, thus generating the essential
ingredients for spin glass behavior [5]. It is noteworthy that deviations from
the ideal conditions can profoundly alter the ground state. Systems exhibiting
purely antiferromagnetic interactions but possessing significant randomness and
frustration may still exhibit a spin glass phase; however, modeling becomes more
challenging. Conversely, if randomness is absent, frustration and competing in-
teractions alone may yield a complex yet long-range ordered magnetic phase. A
particularly interesting case arises in geometrically frustrated lattices such as the
pyrochlore oxides. Here, strong antiferromagnetic interactions and intrinsic lat-
tice frustration typically stabilize exotic disordered ground states, such as spin
liquids. However, even a minute degree of disorder, such as slight variations
in exchange interactions, can tip the balance, inducing a spin glass state. This
mechanism has been elaborated by Andreanov et al. [133], who demonstrated
that tiny amounts of defect-induced randomness are sufficient to stabilize a spin

glass phase in otherwise clean, frustrated materials.
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a) b)

Figure I1.4: Square plaquettes with mixed Ising interactions: positive (ferromagnetic, F) and
negative (antiferromagnetic, AF). (a) An unfrustrated plaquette, characterized by a four-bond
product ® = +1; (b) a frustrated plaquette, where the four-bond product is ® = —1 [5].

Critical Dynamics of the Freezing Transition

The onset of freezing is intricately linked to dynamic critical phenomena, where
the out-of-phase susceptibility x” coincides with the inflection point of the rise
in the real part of the susceptibility x’. This peak defines a freezing temperature
T'(w), which depends on the measurement frequency w/2m. Higher frequencies
correspond to higher observed freezing temperatures, analogous to how a faster
camera shutter captures quicker events in motion. The glass transition tem-
perature Ty is considered the zero-frequency limit of T(w). Investigating the
frequency dependence of T'y(w) is critical to discern whether the freezing process
represents a simple dynamical slowing (as in independent superparamagnetic par-
ticles) or a genuine collective thermodynamic phase transition [134]. If freezing
is a collective phenomenon, a divergence of the correlation length § near Ty is

expected, characterized by:

§=¢%o <W> B (70)

where v is the critical exponent associated with the correlation length. According

to the dynamic scaling hypothesis, the response time 7 scales with £ as:

T o &F (71)
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where z is the dynamic critical exponent. This yields the scaling form:

r=1 (Tf (wj), - Tg) - (72)

g

as described by Binder and Young [135]. Empirical studies observe that response
times diverge as w — 0, confirming the critical nature of the freezing process at
T, [136-138]. This behavior contrasts with non-interacting superparamagnetic

nanoparticles, where freezing follows a simple Arrhenius law:

U
T = Tpexp (k‘BT> (73)

where U is the anisotropy barrier. In dense systems with significant interactions,
a superspin glass forms [139, 140].

J
CE susceptibility | RKKY (negative) polarization
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Figure I1.5: Spatial oscillations of conduction electron polarization induced by a local magnetic
moment placed at the origin. The coupling between the local moment (LM) and conduction elec-
trons (CE) is negative and decays with distance following an approximate cos(2kpr)/(2kpr)3
dependence. The vertical axis, labeled ’j’, may alternatively represent Friedel charge oscillations
arising when an impurity with different valence is introduced into a metallic host. [5]




* CHAPTER III %

Experimental

This chapter describes the synthesis and characterization techniques employed
in this study. Given that most methods are well-established, only essential details
are provided. The samples were primarily synthesized using the sol-gel method,
selected for its excellent stoichiometric control and chemical homogeneity, particu-
larly advantageous for complex compositions and precise doping. Initial phase pu-
rity verification was performed using laboratory powder X-ray diffraction (XRD);
representative patterns and refinement of NdoNiMOg are shown in Appendix A
Figures .1 and 1.2, respectively. For comprehensive structural analysis, Rietveld
refinement of both XRD and powder neutron diffraction (NPD) data was con-
ducted using the FULLPROF suite. High-resolution synchrotron XRD measure-
ments were additionally employed to resolve subtle structural distortions in select
systems. Local structural and electronic properties were investigated through X-
ray absorption spectroscopy, including XANES and EXAFS measurements. Ra-
man spectroscopy complemented these studies by probing lattice vibrations and
local disorder. The magnetic properties were characterized via dc and ac magneti-
zation measurements, with selected samples further examined by neutron diffrac-
tion to determine magnetic structures. Additional insights into thermodynamic

behavior were obtained from specific heat capacity measurements.

3.1 Synthesis

As emphasized in a recent report on future directions in solid-state chemistry,
"synthesis is the essence of material science because it provides the objects of any
further studies' [14]. Without synthesis, there are no materials to investigate ex-
perimentally, and the development of novel compounds with enhanced or entirely
new properties potentially applicable in unforeseen domains becomes impossible
[24]. Material synthesis can follow either exploratory (serendipitous) or directed

strategies. However, producing a pure solid alone is often insufficient, many ap-
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plications require precise control over morphology, particle size, and crystallinity,
whether as amorphous solids, microcrystalline powders, or single crystals. The
term preparation is more appropriate when these criteria (composition, purity,
phase, morphology, and particle size) are met, whereas synthesis broadly refers
to the production of pure compounds. Advances in preparation methods have op-
timized energy and time efficiency, with growing emphasis on greener and more
sustainable approaches. Scalability also influences synthesis design, as challenges
like toxic by-products or expensive reagents may be manageable at laboratory
scale but prohibitive for industrial production. Metal oxide preparation is typi-
cally classified by the physical state of reactants: solid, liquid (melts or solutions),
or gas/vapor. Specialized techniques exist for single crystals, thin films, and
nanoparticles, spanning high-temperature, energy-intensive processes to milder
low-temperature alternatives [24]. Among these materials, perovskite oxides have
attracted significant attention due to their technological relevance. Innovations
in their physical forms, such as thin films, porous structures, or nanoscale pow-
ders, have enabled tailored functionalities [14, 66]. Engineering specific structural
features, like one-dimensional chains, has further enhanced direction-dependent
properties, driving efforts to design novel compositions [66]. The ceramic (solid-
state reaction) method, widely used since the 1940s, remains a cornerstone for
perovskite synthesis. It involves grinding stoichiometric mixtures of oxides or car-
bonates, followed by repeated heat treatments (>1000°C for 24-72 h) to achieve
phase purity [35, 37]. While accessible and effective under ambient conditions,
this method has drawbacks: repeated grinding increases energy and time costs,
and high temperatures can volatilize elements like Pb?* (e.g., in PbTiO3), alter-
ing stoichiometry [35]. An alternative, the solid-state metathesis (SSM) method,
is particularly effective for non-oxide perovskites. SSM relies on highly exother-
mic ionic exchange reactions, often yielding thermodynamically stable phases
at high adiabatic temperatures [141, 142]. Typical precursors include alkaline,
chalcogenide, or boride compounds mixed with metal halides, enabling efficient
perovskite formation [24]. To address energy and environmental concerns, soft-
chemistry methods have gained prominence for perovskite synthesis. These tech-
niques, such as sol-gel and coprecipitation, operate under milder conditions than
solid-state routes while offering superior homogeneity, purity, and compositional
flexibility [143-145]. They also facilitate diverse morphologies (e.g., thin films,

fibers) that are challenging to achieve via conventional methods [14]. Aqueous
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sol-gel synthesis, for example, enables low-temperature crystallization by form-
ing stable colloidal sols through hydrolysis of metal salts (e.g., ZrCly, TiCly),
with particle sizes ranging from 1 nm to 1 pm. These sols are dehydrated into
gels and calcined at reduced temperatures to form crystalline perovskite phases
[35, 146]. Over the past decades, substantial effort has focused on further re-
ducing processing temperatures and improving stoichiometric control. Notably,
niobate-based perovskites such as KNbOs and NaNbO3 have been synthesized
at temperatures as low as 500-700 °C through hydroxide precursor reactions, a

significant improvement over traditional methods [146].

3.1.1 Doping of Perovskites

The remarkable versatility of perovskite oxides, encompassing both conven-
tional ABO3 and double perovskite AsBB’Og structures, stems from their ex-
ceptional tolerance to chemical modifications through cationic substitutions and
variations in the variations in synthesis parameters. These complex materials ex-
hibit tunable physicochemical properties that are critically dependent on several
key factors: (i) the synthesis methodology employed, (ii) precise control of cal-
cination conditions (including temperature profile, atmospheric composition and
dwell time), and (iii) strategic doping at the A-site (rare earth) or B-site (tran-
sition metal) positions [147, 148]. Such modifications induce profound changes
in the materials’ oxidation state configurations, oxygen stoichiometry, and lattice
dynamics, which collectively govern their catalytic performance, electronic trans-
port characteristics, and magnetic behaviour. Central to the functional properties
of perovskite systems is the B-site cation, whose strong covalent interaction with
oxygen anions determines the fundamental electronic structure. The partial sub-
stitution of B-site cations in AB1_yM;O3 compounds creates a synergistic system
where the intrinsic properties of the host matrix interact with those of the dopant
species [149, 150]. This doping/substitution strategy enables precise tuning of the
material’s characteristics while maintaining structural integrity, provided that
the Goldschmidt tolerance factor remains within the optimal range of 0.8-1.0
and overall charge neutrality is preserved [section 1.2]. The A-site cations play
a complementary role by stabilising unusual oxidation states through controlled

lattice distortion and vacancy formation [149], making these materials exception-
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ally adaptable for advanced applications in heterogeneous catalysis, spintronic
devices, and energy storage systems [151, 152].

Double perovskite oxides of the general formula RE2BB/Og exhibit enhanced
structural complexity due to the rock-salt ordering of B-site cations. Their mag-
netic and electronic properties are primarily mediated by superexchange inter-
actions between transition metal ions [see section 2.3|, which can be system-
atically modified through the incorporation of 4d or 5d elements such as ruthe-
nium or iridium. These heavier transition metals introduce strong spin-orbit cou-
pling (SOC) effects, potentially leading to exotic quantum states including the
Jof = 1/2 ground state observed in iridium-based compounds LngMIrOg(Ln= Sr,
La, Nd, Pr, and M = Ni, Mn) [153-155] SraFeOsOg [156]. Representative ex-
amples of the diverse functionalities observed in double perovskites include the
ferromagnetic ordering in NdaNiMnOg, which exhibits a Curie temperature of
approximately Tc ~ 200 K; the multiferroic behaviour reported in SmoNiMnOg;
and the giant magnetocaloric effects demonstrated by both GdaNiMnOg and
Gd2CoMnOg. In addition, LnaNilrOg compounds are known for their strong
spin-orbit coupling (SOC) interactions, while Ru-doped variants of similar sys-
tems show enhanced magnetic ordering temperatures, further broadening the
application potential of these materials [155, 157-161]. Despite these significant
advances, a notable gap remains in understanding the cooperative effects aris-
ing from simultaneous rare-earth (Nd,Sm) and transition-metal (Ir,Ru) doping
within a single double perovskite matrix. This gap presents an important op-
portunity to explore new materials with potentially enhanced magnetostructural
coupling, superior magnetocaloric performance, or multifunctional properties not
yet observed. The substitution of manganese by iridium in REsNiMn;_TyOg is
supported by compelling fundamental and applied arguments. Iridium exhibits
flexible oxidation states, typically Ir3* /Ir* /Ir>*, enabling enhanced redox activ-
ity and oxygen vacancy formation [151, 162]. These mechanisms facilitate charge
compensation via: Ni2* — Ni3* and/or 0%~ — V$® both of which enhance
electronic conductivity and maintain lattice integrity [163]. Stratically, the ionic
radii of Ir** (0.625 A) and Mn** (0.67 A) are well matched, minimizing lattice
distortion [151]. Moreover, Ir —O bonds possess stronger covalency compared
to Mn — O, improving structural stability under oxidative environments. Mag-
netically, doping modifies the superexchange pathways from Ni2* — O — Mn** to

Ni?* — O — Ir**, which can significantly influence the magnetic ordering temper-
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ature (T¢), and may induce spin-glass states[5, 123]. This investigation focuses
on the system REoNiMn;_4TxOg, with three primary objectives: (1) to correlate
the crystal structure with the observed magnetic and electronic properties; (2) to
elucidate the role of spin-orbit coupling and crystal field effects in determining
the system’s electronic and magnetic behavior; and (3) to assess the application
potential of these materials in magnetocaloric and related multifunctional do-
mains, and also present on other dual-site doping combining Nd/Sm rare-earth

and/or Ir/Ru transition metals.

3.1.2 Sample Preparation

The double perovskite systems studied in this work, namely REoNiMn;_TxOg_s,
(where RE =Nd,Sm, T =1Ir, and z =1Ir; 0.0 < x < 0.75), were synthesized using
a modified sol-gel auto-combustion method. This technique was selected for
its ability to promote cation homogeneity and low-temperature reactivity, both
essential for achieving phase-pure double perovskite structures. The synthesis
was carried out at the MultLab Laboratory, Department of Physics, Federal
University of Sergipe (UFS). The high-purity precursors used include:

Nd(NO3)s - 6H20 (99.9%),

Ni(NOj3)s - 6H20 (99.99%),

(CH3COO)2Mn - 4H50 (99.97%),
e Sm(NO3)3-6H20, and IrCls - xH2O for co-substitution.

To form a chelating complex, 2 g of glycine was added to a 2 M nitrate solution
prepared in a molar ratio of:Nd:Ni: Mn=2:1:1 and Nd:Sm:Ni:Mn=1:
1:1:1 The sol was heated at 200° for 24 hours to induce evaporation and xe-
rogel formation. The xerogels were then ground and precalcined at 1000° for 12
hours to remove organic residues. Subsequently, the powders were pulverized,
pressed under 80 MPa, and calcined again at 1200° for 48 hours in ambient air
to achieve phase formation. Preliminary structural analysis was performed using
X-ray diffraction with a Rigaku diffractometer equipped with a Cu Koy radia-
tion source (A = 1.540598 A). The scan range was 5° < 26 < 90°, with a step size
0.02° and a step time of 20 s. The instrument operated at 40 kV and 40 mA,
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using a 1/4° fixed slit, 1/2° anti-scattering slit, and a 10 mm mask. To further
resolve cation ordering and magnetic sublattices, high-resolution neutron powder
diffraction was employed at the ISIS Neutron and Muon Source, Rutherford Ap-
pleton Laboratory, UK. This allowed for precise identification of atomic positions
and magnetic structure, particularly for iridium-substituted samples. Moreover,
a comprehensive suite of techniques were used to evaluate the physical properties
of the synthesized compounds. The following table summarizes the experimental

facilities and associated measurements:

Table III.1: Experimental techniques and corresponding facilities used in this study

Technique Measurement Type Facility

XRD (Cu Ka) Structural phase identification MultLab, UFS (Brazil)

Neutron Powder Diffraction Magnetic and cation ordering ISIS Neutron Facility, Oxfordshire, UK
DC Magnetization Magnetic phase transitions IFGW, UNICAMP, Brazil

AC Susceptibility Frequency-dependent magnetism ISIS Neutron Facility, UK

Raman Spectroscopy Lattice dynamics IFGW, UNICAMP, Brazil

Specific Heat (Cp) Thermodynamic behavior IFGW, UNICAMP, Brazil
XANES/EXAFS Local atomic structure, oxidation states EMA Beamline, LNLS, Brazil

3.1.3 Characterization Techniques

The following section provides a concise overview of the characterization meth-
ods, along with a discussion of the Rietveld refinement procedures applied to the

diffraction data for precise structural analysis.

3.1.3.1 X-Ray Scattering

X-ray diffractometry is a powerful, non-destructive analytical technique em-
ployed to investigate the physico-chemical properties of solid-state materials. It
plays a central role in crystallography, materials science, industrial quality assur-
ance, and medical diagnostics. XRD leverages the interaction of X-rays with the
electron clouds of atoms in a periodic lattice, generating diffraction patterns that
encode critical structural information such as phase identity, crystal symmetry,
lattice constants, crystallinity, microstrain, grain size, and defect distributions
[164]. The fundamental principle underlying XRD is Bragg’s Law [165], which
describes the condition for constructive interference of X-rays scattered by crys-
tallographic planes:

nA = 2dsinf (74)



Chapter III. Experimental 91

where d is the interplanar spacing, n is the diffraction order (an integer), A is the
X-ray wavelength, and @ is the incident angle. Diffraction occurs only when the
path difference between scattered X-ray beams from adjacent lattice planes is an
integer multiple of the wavelength. In powder XRD, polycrystalline specimens are
scanned over a wide 26 angular range to capture all valid diffraction events, using
geometries such as Bragg-Brentano|[see Figure I11.1 for schematic representation].
The resulting peaks can be indexed to specific d-spacings, which are characteristic
of the crystal structure. The unit cell represents the smallest repeating unit in
a crystal. The relationship between interplanar spacing and lattice constants

depends on the crystal system. For cubic systems:

a

dpp] = ——— 75
N EwEEE (75)

where a is the lattice parameter, and (hkl) are Miller indices. X-ray wavelengths
suitable for diffraction studies range from 0.1-10 A, comparable to interatomic
distances. Laboratory instruments typically use Cu Ko radiation (A = 1.5406 A)
due to its optimal scattering characteristics. High-brilliance synchrotron sources
offer tunable energies, polarization control, and enhanced signal-to-noise ratios
for advanced structural investigations. The intensity Ijj; of a diffracted beam is

governed by the square of the structure factor Fj:
Ikt o< | Fygal® (76)

where the structure factor is:

Frir = ije%i(hxﬁkyjﬂzj) eiB(Si&ﬁ)2 (77)
j

with f;: atomic scattering factor of the 7™ atom, (x,y;,%4): fractional coor-
dinates of atom j within the unit cell, and B = 872(u?): Debye-Waller factor
accounting for thermal motion. The exponential Debye-Waller term represents
attenuation due to atomic vibrations. As temperature increases, greater vibra-
tional amplitudes lead to decreased diffraction intensity, particularly at high an-
gles. XRD data interpretation typically includes:(a) Peak indexing and Miller
index assignment,(b) Lattice parameter refinement,(c) Phase identification using
crystallographic databases (e.g., ICDD PDF-4/5+)[166], (d) Quantitative analy-

sis using the Scherrer equation:



Chapter III. Experimental 92

KA
~ Bcosh

(78)

where D is the crystallite size, K is the shape factor, and 5 is peak broadening
(FWHM in radians).
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Figure III.1: Schematic representation of a typical Bragg-Brentano XRD configuration used in
powder diffraction. In this geometry, the X-ray source and detector are aligned symmetrically
around the sample, with the incident angle 6 equal to the diffraction angle 6.

3.1.3.2 Neutron Scattering

Neutrons are massive, uncharged particles with a mass of m, = 1.675 x
10727 kg, an intrinsic spin—%7 and a magnetic moment of u, = —1.913 upy,
where ppy is the nuclear magneton. They possess no electric charge, and their
electric dipole moment lies below the current experimental detection limit
of 3x1072* ¢-cm [167]. The properties of neutrons-momentum p, velocity
U, = p/my, wave vector k, wavelength A, and kinetic energy E, are interconnected
through the de Broglie relation p = hk, with A denoting the reduced Planck
constant. Thermal neutrons, which are in thermal equilibrium with a room-
temperature moderator, are particularly suitable for scattering experiments.
Their de Broglie wavelengths, typically in the range of 1 to 3 A, closely match
the interatomic distances in the solids, facilitating the coherent interference used
to probe nuclear and magnetic structures. Their kinetic energies (10-80 meV)

also align well with typical excitation energies in condensed matter systems.
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With their electrical neutrality, neutrons exhibit a strong penetration power,
enabling the investigation of bulk material properties. This allows their use in
conjunction with complex experimental apparatus such as cryostats, dilution
refrigerators, high-field magnets, and pressure cells. Furthermore, the neutron’s
magnetic moment interacts via dipole-dipole coupling with unpaired electrons
in magnetic materials, making neutron scattering a precise tool for microscopic

magnetic structure analysis.

Scattering Fundamentals

Neutron scattering is a quantum mechanical process in which a neutron inter-
acts with a target and transitions from an initial quantum state to a final one.
This process provides crucial information about both the atomic and magnetic
structure of materials. The scattering process is fundamentally characterized by
a transition between the quantum states of the scattering particles and the scat-
terers, driven by their mutual interaction. Initially, the combined system is in
the state |¢;), which evolves into the final state |¢;) after the scattering event.
Here, the scattering particle’s energy and momentum are represented by w and k,
respectively, while the scatterer’s energy is denoted by E. When the scattering
interaction H' is sufficiently weak, the Born approximation becomes applicable.
In this regime, the wavefunctions of the scatterers and scattering particles can
be treated as separable product states. Specifically, the initial and final states
take the form |¢;) = |Ei:ws, ki) and 1Y) = ]Ef;wf,/gﬁ, respectively. This ap-
proximation simplifies the analysis by decoupling the states of the interacting
systems, allowing for a more tractable description of the scattering dynamics.
The transition rate between these states is calculated using Fermi’s Golden Rule:

W = 2 1) pleog) B — oy — Ei+ ), (79)

where H' is the interaction Hamiltonian, p(wy) is the density of final neutron
states, and the delta function ensures conservation of total energy in the scattering
event. To compute p(wy), consider a volume element in reciprocal space with
radius ks, thickness dky, and solid angle AQ. The number of neutron states

within this volume is
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Vv

: : Rk L -
and since the energy of a neutron is wy = Wi, its differential is

ﬁQk‘f my,
dwop=—2Ldky = dkp= p-dwy. 81
£ =k T (81)

Substituting back gives the final expression for the density of states:

plwy) = 372 AQ. (82)

The incident flux of neutrons Iy, defined as the number of particles per unit

area per unit time, is given by the group velocity over the sample volume:

hk;
myV’

Iy = (83)

Combining all these expressions into the definition of the inelastic scattering

cross-section,

d*c W
dQdw — IpAQ’

(84)

Thus, the expression known as the Master Formula for neutron scattering
[168] is obtained, with full generality preserved by not specifying the interaction

Hamiltonian:

d?c
dQ dw

k 2 .
= 17]: (2:7:%3 ‘WHHIWD 25(Wi_wf—Ei+Ef) (85)

3.1.3.3 Scattering Specificities

Recall that the double differential scattering cross section for a probe particle
scattering off a quantum system (the "target") is given by Equations 85: where H’
is the Hamiltonian interaction between the probe and the target system, [¢;), [¢f)
are defined previouly, i.e., |EZ) ® ]w;arget), w = wj —wy is the energy transferred
from the probe to the target and k;, k; are the magnitudes of the initial and final
wave vectors of the probe. In the first Born approximation, the probe-target

interaction is written as:
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f{/ = Z bjei(jﬁj
J

(86)

Here, b; is the scattering length for the j-th atom, C? is the scattering amplitude

operator, and Ej is the position operator of the j-th atom in the target. The

total initial and final states are:

[3) = 1R) @ [0) = [Rsf™™®*),  [g) = B @[y = [Bpoif™")

The transition matrix element becomes
target| iG-R,  target
(W H'|vs) Zb e e [
Squaring this:

(sl 8| - bty (W16 @ i ) (e @ g )

In thermal equilibrium, the system is described by the density operator:

6_5}}

P:Z

5 1
Z=T —5H) -
, Y(e). B=rx

The thermal average of any operator A is:

(A) =Tr(pA) Zm (WAlY),  py =

Thus, the differential cross section becomes:

d?c
dQ) dEf

= > pu 2 (ke @ ) (e )
“/wﬂf 7.3’

X(S(Ewi —E¢f —ﬁw)

Thus, resolving the final-state sum via the Fourier representation using:

1 00 ; _p
6(E1/Ji - wa — hw) = %/_OO dt eZ(Ewi By Fuo)t/h

Substituting this into the matrix element:

(88)

(89)

(90)

(91)

(92)



Chapter III. Experimental 96

(WD ) il QR ) (B, — By, — ) =

27Tﬁ/ dt e—zwt<w |61Ht/ﬁ zQ RJ e—th/ﬁ’w ><w ‘e—lQ'Rj/ ’wf>

Using closure over t:

S (@ile™ @R Oy (@O ) = (] e Fr D H D) (93)
Vr
Then the cross section becomes:
d*c kf B, 5 3
bV / dee= ! ey 4

ki (U Jd’

Considering the time evolution of operators, we seek to employ the Heisenberg

picture:

@1
mv

é’j(t)zeiflt/ﬁé’j(o)e—iflt/ﬁ L iGRy(t) _ ift/hiGR;(0) ~ift/h (95)

So the correlation function becomes:

Define the scattering function S(Q,w) (dynamic structure factor):

S(Q Zmijb]/ dte= < (yile” TRy OB O (97)

i 54

Thus, the final expression is as follows.

o ky =

where S (Cj ,w) is a Fourier transform of the position-position correlation functions
that encode spatial and temporal correlations in the sample. It is an observable
quantity measured in neutron or X-ray scattering. With spinful probes, spin

degrees of freedom can be included. If spin is included and the final spin state is
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unobserved:

@) =gr X pWiplo )it [ dtem ol RO ROy o)
™
’(/}’L?O—Zao-f
(99)

The formalism developed so far applies broadly to probe-target interactions
within the Born approximation. However, neutron scattering exhibits unique
characteristics because neutrons interact directly with atomic nuclei. This inter-
action is governed not by charge (as in X-ray scattering), but by nuclear forces,
which are short-ranged, complex, and strongly dependent on nuclear isotopes and
spin states. These peculiarities introduce statistical variability in the length of
the scattering b; at each site, even in chemically pure materials. This variability is
not captured by the dynamical structure function Sj,j/(é,w), which depends only
on the spatial and temporal correlations of the nuclei, but appears in the scat-
tering length factors that weight these correlations. The full scattering function
si given by:

S(Q,w) ="b;b%S; 1 (Q,w) (100)
3’

with:

Sj(@w) Mzm |t @R OG@ B0 et (o)

Here, SjJ/(@,w) quantifies time-dependent correlations between nuclei at sites
jand j’, b; is the (possibly random) nuclear scattering length at site j, and p(t);) is
the thermal population of the initial quantum state |i;). Notably, unlike in X-ray
scattering (which couples to electron clouds), neutron-nucleus scattering lengths
b; vary due to: (i) isotopic differences and (ii) nuclear spin states, distributed
thermally or according to spin multiplicity. These variations do not affect Sj ;,
which are pure quantum-mechanical correlation functions, but they do modify
the prefactors bjb;f,, leading us to separate the total scattering into coherent and
incoherent parts. Suppose a system has two isotopes, with scattering lengths ¢y

and c9, appearing with equal probability. Where the Cross terms (j # j') is

1 1
(bjbjr) = Z(C% +2c1c04+¢3) =, where = 5(01 +c2) (101)
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and the Diagonal terms (j = j') is given as:

) =5 +B) =2 (102)

Thus, cross terms reflect the square of the mean — coherent scattering, while
the diagonal terms reflect the mean of the squares — incoherent scattering. The

difference gives the statistical variance:

Var(b) = b2 — b (103)

In macroscopic systems, scattering length randomness arises from a statistical

distribution of isotopes or spin states. For each site j:
. pgi): probability of configuration i,
. bgi): scattering length in configuration i,

then:

b= > pb (104)

02 =) (b)) (105)
The scattering function becomes:

S(@.w)= 3 b3S (@) + 3 (82— 1512) 854 (G.w) (106)

%7 j

The total cross section is as follows:

2 & 2
A + (=22 (107)
dQdE; ~ \dQdE; ), " \dQdE; ). .

a) Coherent Scattering:

dQO- k 1 7 _* 7.".:’»/ .". . i
(de@) = %.%mei) > b j//dtwi‘e iy (0) 1G5 (1) it
coh 7
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b) Incoherent Scattering:

d*o ke 1 5B i
(7). =T g DA T (B = ) [ ufem @RS e

i
(109)
For systems with identical or monatomic systems:
Oeon = 4mb? (110)
Oine = 4m(b2 — b?) (111)

Then:

c) Coherent Part:

d’o Ocoh kf _ 55
dt ’LQ R 1 ( Q R;( —iwt
(deEf>CO ir ki ZWHZP vi) %/ (Wile e

(112)
d) Incoherent Part:
d’c Oinc kf 1 3.5 3.5
_ _nc dt —iQ-R;( QR —iwt
(deEf>inc 4 Ky orh / (il |wl>
(113)

Thus, the decomposition of the neutron scattering cross section into coherent
and incoherent components provides a powerful interpretative framework. Co-
herent scattering arises from interference between waves scattered by different
nuclei and is sensitive to spatial correlations in the material. It reveals collec-
tive dynamics, including lattice vibrations (phonons), structural correlations, and
long-range order-features typically observed in crystalline solids. Contrastingly,
incoherent scattering originates from randomness in scattering lengths, due to
variations in nuclear spin and isotopic composition. It reflects the self-correlations
of individual atoms and is particularly useful for studying local dynamics such as

diffusion, vibrational relaxation, and atomic disorder making it essential for prob-
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ing disordered systems, glasses, and liquids. Unlike X-rays, which scatter from
electron density, neutron scattering directly couples to the nucleus. This makes
it uniquely sensitive to nuclear-level randomness, allowing the incoherent com-
ponent to emerge naturally from isotopic or spin-based fluctuations. This thesis
seeks to utilize neutron elastic scattering as a primary tool to investigate and

understand the structural and dynamical properties of the system under study.

Magnetic Scattering Amplitude

Physically, the neutron possesses a magnetic dipole moment due to its spin
o, even though it is electrically neutral. When a neutron moves in the vicin-
ity of magnetic atoms, specifically, near unpaired electrons, it interacts with the
magnetic field H(r) that these electrons produce. This field comprises two main
components: a classical dipolar field originating from the electron’s spin and a
field arising from its orbital motion, which can be treated in terms of magne-
tostatics and quantum electrodynamics. Mathematically, the interaction energy
of a neutron at position r in the presence of a magnetic field is expressed as
[168, 169]:

Var(x) = —pt - H(x) (114)

Here, p,, = youno is the neutron magnetic moment operator, v, is the gyro-
magnetic ratio of the neutron (negative), and py is the nuclear magneton. If
the magnetic field arises from N unpaired electrons at positions R;, the total
magnetic field experienced by the neutron can be written in terms of the classical
expressions for the magnetic field due to a dipole and moving charge, yielding the

full interaction potential:

N lvx<M><(r—RZ-)>_2quz’><(r—Ri) (115)

VM(r):_Nn'; ]r—Ri‘g 3 ‘r—RZ'P

The two terms represent the magnetic field from the electron spin magnetic mo-
ment (via the curl of a vector potential) and the contribution from the orbital mo-
tion of electrons treated via their linear momentum p;. The spin term is directly
tied to the intrinsic angular momentum of the electron, s;, through pu; = —2upgs;,
while the orbital term reflects the effective current loops generated by moving
charges in orbitals. To analyze the scattering process, we ones more employ the

first Born approximation, which considers the potential as a weak perturbation
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to the neutron’s wavefunction. Whence, the scattering amplitude operator a(Q)

is defined via the matrix element of the potential in momentum space:

(2:%2) (kp o4V (x)[ki, 05) = {o7la(Q)]o:) (116)

The wave vector transfer in the scattering process is Q =k; —k, and the final ex-
pression for the magnetic scattering amplitude, obtained by Fourier transforming

the magnetic field and integrating over space is:

arr(Q) =po- [Qx M(Q) x Q| (117)

Here, M(Q) is the Fourier transform of the total magnetization density M(r),
and Q = Q/|Q| is the unit vector in the direction of the scattering vector. The
constant p = (%) dmyunpp encapsulates physical constants and sets the scale
of the magnetic scattering strength; its numerical value is approximately 0.2696 x
10~'?cm, corresponding to the scattering amplitude of a moment of 1up at
zero momentum transfer. The magnetization density itself is composed of both
spin and orbital components, reflecting the two physical origins of the magnetic
moment:

M(r) = M (x) + My (r) (118)

Each term is a spatial distribution representing either the spin or orbital contri-
butions of electrons to the local magnetization. In the context of crystals, this
density is typically localized around atoms and can be modeled using atomic
or ionic wavefunctions. The appearance of the double vector product in the
amplitude formula reflects a fundamental symmetry: only the components of
the magnetization perpendicular to the scattering vector contribute to magnetic

scattering. This projection,

M. (Q)=QxM(Q) xQ (119)

ensures that longitudinal components (parallel to Q) do not affect the neutron’s
spin and therefore do not lead to scattering. This transverse nature of the mag-
netic scattering operator allows determination of both the direction and magni-
tude of magnetic moments, a distinct advantage over nuclear scattering. Practical
calculations, especially in crystalline materials, one often simplifies the treatment

by using a single-ion approximation. In this case, the total magnetization is
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modeled as a sum over discrete atomic sites, each carrying a localized magnetic
moment pj, modulated by a spatial density function p;(r —R;). The Fourier

transform of this distribution yields:
M(Q) =Y p;f;(Q)e' Y™ (120)
J

where f;(Q) is the magnetic form factor, which accounts for the spatial extent of
the magnetization density. It represents the reduction in scattering amplitude at
higher (), due to the wave nature of the neutron failing to fully resolve small-scale
features of the electron cloud. At ) =0, the form factor is normalized such that
f(0) = 1. Taking into account the projection of the local moment perpendicular

to Q, the scattering amplitude for a single ion becomes:

ap(Q) =pf(Q)o-py (121)

with
pi=p—(n-QQ (122)

The measurable quantity in an experiment is the differential cross section. For
unpolarized neutrons and randomly oriented magnetic moments, the spin average
yields:

(53] = @i (123)
This relation emphasizes the key role played by the magnetic form factor and
the transverse component of the magnetic moment in determining the intensity
of magnetic scattering. Notably, because the cross section is proportional to the
square of p |, magnetic reflections may vanish entirely if the magnetic moment is
aligned along Q, a fact that is critical for interpreting experimental data and for
designing polarized neutron experiments. The noncentral and long-range nature
of magnetic scattering, contrasted with the central, short-range nuclear scatter-
ing, makes its theoretical treatment more intricate but also more informative.
The angular dependence of the cross section, through the Q—dependent projec-
tion, encodes rich information about the spatial orientation of magnetic moments.
For crystalline materials, further elaboration is required to account for the pe-
riodic lattice, unit cell structure, and long-range magnetic order, which is the

subject of the following section.
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Crystal Scattering

To describe neutron scattering from a periodic system, one must account for
interference effects arising from the coherent scattering of neutrons off multiple
atoms and unit cells. This gives rise to Bragg diffraction[see section 3.1.3.1], gov-
erned by the reciprocal lattice structure, and introduces the concept of structure
factors, nuclear and magnetic, that encode the relative phases and amplitudes
of scattering from different atoms. Let us consider a three-dimensional crystal
composed of a large number of unit cells. Each unit cell contains several atoms,
indexed by v, located at positions r, within the unit cell. The position of atom

v in the unit cell labeled by n is denoted:
R.,=R,+r, (124)
Here, R,, is the Bravais lattice vector of cell n, which can be expressed as:
R, =nsa+nb+n.c (125)

with (n4,m4,n:) € Z3, and a,b,c are the direct lattice vectors defining the unit

cell. The corresponding reciprocal lattice vectors are defined via:

a* = 2v(b X c) (126)
b* = V(C x a) (127)
ot = 2‘;r(a><b) (128)

where V' =a- (b x c¢) is the volume of the unit cell. Any reciprocal lattice

vector can be written as:
H=ha"+kb" +Ic” (129)

with h,k,l € Z. Before extending to the magnetic case, it is useful to recall the
nuclear scattering result. The nuclear interaction potential, assuming the neutron

interacts via Fermi pseudo-potential with nuclei at R,,,, is:

Vn(r) = Qﬂzzbyau—w (130)

m
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where b, is the (isotope-dependent) nuclear scattering length of atom v. The

scattering amplitude becomes:

an(Q) = ZbyeiQ'Rm’ = ZeiQ'R” ZbyeiQ'r” (131)

n,v

The sum over unit cells yields:
S QR = Noq u (132)

by virtue of the discrete translational symmetry of the lattice. Thus, elastic
nuclear scattering occurs only at reciprocal lattice vectors Q = H, satisfying the

Bragg condition. The nuclear differential cross section becomes:

don N
o (27T)3V§|FN(Q)|25(Q—H) (133)

with the nuclear structure factor:

Fn(Q) =Y b,elQr (134)

This expression is central to the theory of diffraction from periodic solids.

Magnetic Scattering

We now turn to the case of magnetic scattering from a crystalline system
where atoms at positions R, carry magnetic moments. Unlike nuclear scatter-
ing, magnetic scattering is a vector process that depends on the orientation of
magnetic moments relative to the scattering vector. Assume that atom v in unit
cell n carries a magnetic moment f,,,. In the ordered (e.g., magnetically ordered)
phase, this distribution is periodic and can be expressed as a Fourier series over

propagation vectors k:

Py = > m, e KBn (135)
k

Here, m,, i is the Fourier component (complex vector) of the magnetic moment
associated with propagation vector k. The sum over k is restricted to a star of
symmetry-allowed wave vectors (propagation vectors), typically confined to the

first Brillouin zone. The total magnetization density in the crystal can then
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be written:

M(I‘) = Z Hny Py (I‘ - Rm/) (136)

Taking the Fourier transform:
M(Q) = ;umfy(Q)eiQ‘R”” (137)
Substituting the expansion of p,,, and defining Q = H+k, we obtain:
M(Q) =" £, (Q)m, '™ " QR (138)
v n
Using the identity 3, e/HRn = NéqQ—k,H, We arrive at:

M(Q) =N f,(Q)m, e Q™ (139)

This defines the magnetic structure factor:

Fur(Q) =pd_ f,(Q)my ke’ ™ (140)

Finally, since only the transverse component of F;;(Q) contributes to the scat-

tering, we define:

Fi1,1(Q) =QxFu(Q) xQ (141)
The differential magnetic scattering cross section in the elastic regime becomes:

do N 2
5= (%)%%2}{) Far(Q) 6(Q-H-k) (142)

This expression shows that: (i) Magnetic scattering occurs at positions Q = H+k,
i.e., at satellite peaks displaced from the nuclear Bragg peaks by the propagation
vector k. (ii) For commensurate magnetic structures, k is a rational multiple of the
reciprocal lattice vectors, and peaks appear periodically. (iii) For incommensurate
k, peaks are quasi-periodic and do not coincide with nuclear reflections. The
intensity of each magnetic peak is given by the squared modulus of the transverse
magnetic structure factor, which depends on the orientation and magnitude of
magnetic moments, their arrangement in the unit cell, and the magnetic form

factor.
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Propagation Vector

Although it is often intuitive to think of magnetic structures in terms of ferro-
magnetic, antiferromagnetic, or ferrimagnetic arrangements within the unit cell,
such representations can become inadequate or ambiguous, especially in complex
materials. To overcome these limitations, neutron scattering theory employs a
more general and rigorous approach based on the propagation vector formalism,
which provides a powerful method to describe magnetic structures in both real
and reciprocal space. Let recall that the full position of atom (n,v) is given by
equation 124 and assume that in the magnetically ordered state, each atom (n,v)
carries a magnetic moment p,,,. The distribution of magnetic moments in the
crystal must obey the translational symmetry of the lattice, albeit possibly mod-
ulated by a larger periodicity or an incommensurate modulation. This spatial
periodicity of the magnetic structure allows us to write the magnetic moment as

a Fourier series:

Moy = My, k e~ k-Rn (143)
k

Here, k is the magnetic propagation vector, and m,y is the corresponding
complex-valued Fourier component, each encoding the amplitude and phase of
the magnetic moment on sublattice v for modulation vector k. This expression
reflects the essential periodicity of the magnetic structure with respect to the
underlying crystal lattice. The vectors k can take values in the first Brillouin
zone, and due to the real-valued nature of physical magnetic moments, each

component must satisfy the reality condition:
m, = rn;k (144)

This ensures that the inverse Fourier transform yields a real moment at each site.
If k lies on a special point or surface of the Brillouin zone such that k = —k

(modulo a reciprocal lattice vector), then m, i must be real.
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3.1.4 Instruments, Data Acquisition and Analy-

sis

This section provides an overview of the experimental instrumentation and
analytical techniques employed throughout the present thesis. It includes a de-
scription of the major characterization tools used to probe the structural, mag-
netic, and electronic properties of the synthesized materials. Emphasis is placed
on both the principles of operation of each instrument and the rationale for their
selection based on the specific requirements of the study. The methodologies pre-
sented here form the foundation of the data acquisition and analysis workflows
and are critical to interpreting the experimental results discussed in subsequent

chapters.

WISH

Neutron diffraction experiments presented in this thesis were conducted us-
ing the WISH diffractometer at the ISIS Neutron and Muon Source, situated
on the second target station (TS-II), which is optimized for high brilliance at
long neutron wavelengths. WISH is a time-of-flight (TOF) diffractometer that
exploits the pulsed nature of the neutron source to obtain high-resolution diffrac-
tion data over a wide momentum transfer () range [170, 171]. The instrument
utilizes a beam of cold neutrons, characterized by their long wavelengths and
low energies, making it exceptionally powerful for determining complex magnetic
structures, such as those investigated in this thesis. The instrument is particu-
larly suitable for studies of magnetic structures in both powder and single-crystal
samples. Neutrons are generated by bombarding a tantalum target with high-
energy protons and are moderated via a 40 K solid methane moderator, producing
a peak flux at approximately 2.8 A. A ballistic supermirror guide (m = 2), ellip-
tical in cross-section, transports the beam over a 40m primary flight path to the
sample. This long flight path ensures high resolution across the Q-range.

The WISH detector array consists of 3He position-sensitive tubes arranged
cylindrically to cover a scattering angle of 260 = 10° to 170°. These detectors
collect data simultaneously over a large Q-range and currently span one side of
the array (760 tubes), with plans for full completion underway. A significant

upgrade to the instrument is the installation of a GdsOs-coated oscillating ra-
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dial collimator and plans for an argon-filled secondary containment tank. These
enhancements are designed to drastically reduce background noise originating
from the sample environment equipment (e.g., cryostats), which is essential for
resolving the weak magnetic scattering signals from complex, multi-sublattice
perovskites. The instrument supports three resolution modes via piezoelectric
slits:(a) High-resolution mode: A% ~ 0.3%,(b)Medium-resolution mode and (c)
High-flux mode. Neutron wavelength A is computed from the time-of-flight ¢t and
path length L using:
h ht

A= = 145
mpv  mplL (145)

where h is Planck’s constant. The chopper system includes two counter-rotating
double-disk choppers and a single-disk chopper operating at 10-20 Hz to define the
neutron bandwidth (up to 9.4A) and eliminate frame overlap. Powder samples
(1—2g) are loaded into cylindrical vanadium or aluminium cans and mounted
in cryostats. Aluminium provides low neutron absorption with higher coherent
scattering, while vanadium is nearly transparent. The sample space is viewed
through a 0.8 mm thick aluminium window. Several corrections are applied before
data analysis: (i) flux normalization: compensates for fluctuations in incident
neutron flux, (ii) absorption correction: accounts for exponential attenuation per
the Beer-Lambert law, and (iii) multiple scattering: neglected for powder samples
due to minimal effect. For randomly oriented crystallites in powder samples,
scattering occurs in Debye-Scherrer cones. The integrated intensity is extracted
around the corresponding rings. A geometrical Lorentz correction is applied to

ensure accurate reflection intensity measurement:
L =d"sin(0) (146)

This correction is specific to TOF experiments where diffraction intensities vary
with detection angle. WISH data is acquired in histogram format (with a transi-
tion to event-mode planned) and reduced using the Mantid software, developed
jointly by ISIS and the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory [see layout Adapted from [170]].
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Figure II1.2: Engineering layout of the WISH diffractometer. The images show the instrument
in the TS2 experimental hall (right) and the 3He detector array inside the blockhouse (left).
Neutrons are transported via a ballistic supermirror guide (m = 2), elliptical in both horizontal
and vertical planes. The guide extends from 1.7 m downstream of the source to 0.5 m before
the sample, with a total flight path of 40.0 m from the moderator face. The guide exit is a
rectangular aperture measuring 20 mm x 40 mm.

EMA Beamline

High-resolution synchrotron X-ray diffraction (SXRD) and X-ray absorption
near-edge structure (XANES) measurements were performed at the EMA beam-
line (Extreme Methods of Analysis) at the Brazilian Synchrotron Light Labo-
ratory (LNLS) [172], located at the Sirius 4th-generation synchrotron source.
The EMA beamline provides an ultra-bright, microfocused X-ray beam suited

for structural and spectroscopic analysis under a variety of sample environments.

SXRD Experiments

SXRD data were acquired using a high-flux monochromatic beam with an
incident wavelength of A = 0.4959A, selected for optimal resolution and mini-
mized sample absorption. Polycrystalline samples of NdSmNiMnOg were sealed
in quartz-glass capillaries with a diameter of 0.5 mm which effectively suppressed
absorption effects and reduced preferential orientation. The capillary diame-
ter was specifically chosen to ensure an effective beam spot interaction of less
than 0.1 x 0.1 ym?, maximizing signal homogeneity across the sample. Diffrac-
tion data were collected over a 26 range of 1° to 30° in continuous scanning
mode, providing high-resolution structural profiles across the selected angular

domain. Measurements were conducted over a broad temperature range from
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4 K to 275 K, controlled via a helium flow cryostat. A thermal stabilization in-
terval of 15 to 20 minutes was maintained at each temperature point to ensure

equilibrium and enhance data reliability.

XANES Measurements

XANES spectra were collected at EMA beamline station 52, exploiting the
high-brilliance source generated by a 22 mm period Kyma undulator, see Figure
II1.3. The source delivers photon energies from 5.7 keV (3rd harmonic) to 35 keV
(15th harmonic), covering the K-edges of both Ni and Mn. A high-resolution
LN2-cooled double-crystal monochromator (DCM), employing silicon (111) crys-
tals [173], was used to monochromatize the beam. The final focusing was achieved
through an achromatic Kirkpatrick-Baez (K-B) mirror system, producing a beam
spot of 10x 10 gm?at the sample. XANES measurements at the Ni and Mn
K-edges were performed in transmission mode. The intensity of the incident
beam (Ip) and transmitted beam (I;) were recorded using ionization chambers
filled with optimized gas mixtures to ensure linear response within the target en-
ergy range. Absorption coefficients were calculated using the Beer-Lambert law:
ABS=put=1In (%), where (1 is the linear absorption coefficient and ¢ is the sam-
ple thickness. For each composition, three spectra were collected and individually
normalized to the absorption edge jump. Final spectra were obtained by averag-
ing the normalized datasets to improve signal-to-noise ratio and reproducibility.
This procedure ensures that small spectral features, indicative of valence state
changes or local coordination distortions, were robustly captured and compared

across temperatures.
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Figure II1.3: Optical layout of the EMA beamline at Sirius synchrotron. The high-brilliance
X-ray beam is generated by a cryogenic permanent magnet undulator (CPMU) and condi-
tioned through a sequence of optical components including slits, a high-resolution double-crystal
monochromator (HD-DCM), a quarter-wave plate (double phase retarder), harmonic rejection
mirrors, and Kirkpatrick-Baez (KB) focusing mirrors. These elements are optimized for X-ray
diffraction (XRD), X-ray absorption (XAS), and X-ray Raman spectroscopy (XRS) under ex-
treme thermodynamic and magnetic conditions.

Magnetometer

DC magnetization measurements are pivotal in understanding magnetic phase
transitions, magnetic ordering, and related phenomena in various materials, es-
pecially in complex oxides, spin glasses, and superconductors. The magnetization
(M) of a sample is commonly studied as a function of temperature (M (T')) under
a constant magnetic field or as a function of magnetic field (M (H)) at a fixed tem-
perature. These protocols are crucial in elucidating intrinsic magnetic behaviors
such as superparamagnetism, spin-glass transitions, exchange bias, and ferro-
magnetic or superconducting orderings. Particularly, in zero-field-cooled (ZFC)
measurements, the sample is first cooled in the absence of an external magnetic
field to the lowest measurement temperature. A constant magnetic field is then
applied, and magnetization data is collected during warming. In Field-Cooled
(FC) measurements, the sample is cooled in the presence of a magnetic field. FC
measurements can be conducted in two ways: during cooling (field-cooled cooling
- FCC) or during warming (field-cooled cooling - FCW). These contrasting pro-

tocols help identify metastable magnetic states and thermal hysteresis, offering
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insights into first-order phase transitions (e.g., martensitic transformations) and

second-order transitions (e.g., paramagnetic to ferromagnetic transitions).

VSM

The Vibrating Sample Magnetometer (VSM) is a widely used technique for
measuring the magnetic properties of materials with high sensitivity and rapid
response [174]. Its working principle is grounded in Faraday’s law of electromag-
netic induction, which states that an electromotive force (emf) is induced in a coil
when there is a time-dependent change in the magnetic flux passing through it.
In a VSM setup [Figure I11.4], the sample magnetized under an applied external
magnetic field, is mounted on a non-magnetic rod and made to oscillate sinu-
soidally in the vertical direction between a set of symmetrically arranged pickup
coils. As the magnetized sample vibrates, it produces a periodic change in mag-
netic flux through the coils, thereby inducing an alternating emf. If the pickup
coil has N turns and cross-sectional area A, and the magnetic flux density is B,
the induced voltage V' is given by:

d(BA)

=-—_N—2 14
vV pn (147)

For a magnetic sample in an applied field H, the magnetic flux density is defined
as B = po(H + M), where pg is the permeability of free space and M is the
magnetization. When the sample oscillates with displacement varying as sin(wt),
the magnetization also varies sinusoidally, i.e., M = Mysin(wt). The resulting
emf is therefore directly proportional to the sample’s magnetic moment and the
frequency of vibration. To accurately extract the signal corresponding to the
sample’s magnetization, the induced emf is processed using a lock-in amplifier
synchronized with the vibration frequency. This selective amplification filters out
noise and ensures that only the signal component matching the sample vibration
is measured. Consequently, the output voltage is a direct measure of the sample’s

magnetic moment.



Chapter III. Experimental 113

Loudspeaker
drive
I I
[ {--] ]«—Reference
magnet
D\ | > D
Pickup coils |
1 Vibration
Electromagnet
l I
Sample
0 I
/"
\ Pickup

coils

Figure I11.4: Schematic diagram of a vibrating sample magnetometer (VSM) and a commercial
VSM system.

SQUID

A Superconducting Quantum Interference Device (SQUID) magnetometer op-
erates based on quantum mechanical principles, utilizing a superconducting ring
interrupted by one or more Josephson junctions, thin insulating barriers between
superconducting segments, to detect magnetic flux with exceptional sensitivity
[174]. The core principle lies in the device’s ability to measure discrete mag-
netic flux quanta, making it one of the most sensitive tools available for detecting
extremely small magnetic signals. The SQUID system determines the total mag-
netic moment of a sample in absolute units by directly measuring the change in
magnetic flux as the sample is moved through a set of superconducting pickup
coils. These coils are part of a flux transformer circuit that includes a transducer
coil coupled to the SQUID sensor. As the sample traverses the center of the coil
assembly, its magnetic moment induces a current in the pickup coils. This current
is converted to a voltage signal by the SQUID probe, which is then amplified and
processed by the magnetometer’s electronic system. The system detects magne-
tization changes below 107% emu at 1 Hz and is operated via MultiVu software
for automation and control. Due to its unparalleled sensitivity, the SQUID mag-

netometer is uniquely suited for high-precision DC magnetization measurements.
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In the present study, ZFC (Zero-Field-Cooled) and FC (Field-Cooled) magnetiza-
tion measurements were performed using a SQUID magnetometer system (Quan-
tum Design) to investigate magnetic behavior across varying temperatures and
magnetic field conditions. In contrast, specific heat (Cp) and resistivity measure-
ments were carried out using the standard Quantum Design configuration within
the PPMS-14T system. A dense pellet of the powdered sample were prepared
by pressing the material into a compact form and sintering it at 1200°C for 24
hours. This high-temperature sintering process was essential to enhance grain
connectivity and reduce porosity, thereby ensuring reliable and reproducible elec-
trical transport measurements. The resulting pellet provided the mechanical and

electrical integrity required for an accurate resistivity characterization.

Sample Preparation and Experimental Protocol

Powdered samples (6-12 mg) were carefully loaded into clean, dry capsules
and secured in a custom-designed vibrating sample magnetometer (VSM) holder.
Precise alignment was achieved using a centering station to ensure optimal posi-
tioning relative to the VSM gradiometer pickup coils. The sample was then affixed
to an oscillating rod, with its motion centered vertically within the detection coil
assembly. Before measurements, the sample chamber was thoroughly purged and
sealed to minimize environmental interference. Temperature-dependent magneti-
zation (M (T")) measurements were conducted from 5 K to 300 K under a constant
applied magnetic field. Hysteresis loops (M (H)) were recorded by sweeping the
field between +7 kOe. The raw magnetic moment data were normalized to both
sample mass and molar mass, with molar magnetic susceptibility subsequently
derived from these values. This standardized approach ensured consistent and

reproducible quantification of the magnetic properties.

M
Xomol =~ (148)

AC Magnetic Susceptibility Measurements

AC magnetic susceptibility measurements involve superimposing a small alter-
nating magnetic field onto a static direct current magnetic field. This AC drive

field induces a time-dependent magnetic moment in the sample, which generates
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a corresponding magnetic flux. This changing flux induces a voltage in the detec-
tion coils by Faraday’s law, enabling the measurement of the magnetic response
of the sample without requiring physical movement of the sample. The detection
circuitry is optimized to operate within a narrow frequency bandwidth, typically
centered at the fundamental frequency of the applied AC drive field, thereby en-
hancing signal sensitivity and noise rejection. At sufficiently low frequencies, the
magnetic response of the sample closely mirrors the behavior observed in con-
ventional DC magnetometry. In this quasi-static limit, the induced AC magnetic

moment M 4o is directly proportional to the slope of the magnetization curve

M (H), expressed as:

dM

Mpc = <d]‘f> Hacsin(wt) (149)

where H 4¢ is the amplitude of the AC drive field, w is the angular frequency, and
X = ‘é—% is the differential magnetic susceptibility. This susceptibility reflects the
sensitivity of the magnetization of the sample to variations in the applied mag-
netic field and is the principal quantity measured in AC magnetometry. A key
advantage of AC susceptibility measurements lies in their ability to sensitively
detect small changes in the magnetic response, even when the absolute magneti-
zation is large. This is because the technique probes the local slope of the M (H)
curve rather than the absolute value of the magnetization. As the frequency of
the AC drive increases, dynamic processes within the material begin to domi-
nate. Under these conditions, the sample’s magnetization cannot fully follow the
oscillating magnetic field due to energy dissipation and relaxation phenomena.
Consequently, the magnetization lags behind the drive field, introducing a mea-
surable phase shift ¢ between the excitation and the response. This dynamic

behavior leads to the definition of AC susceptibility as a complex quantity:

x=x—ix" (150)

where:(i) x' = ycosyp is the in-phase (real) component, associated with the re-
versible, elastic response of the magnetic system and (ii)x” = ysiny is the out-
of-phase (imaginary) component, which captures energy loss mechanisms such as
magnetic relaxation, eddy currents, and domain wall damping. The phase angle

p is related to the ratio of the imaginary and real components via:
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X//
© = arctan (X') (151)

and the total susceptibility magnitude is given by:

X=X+ (152)

In ferromagnetic materials, a nonzero x” can be attributed to irreversible domain
wall motion or magnetic hysteresis-related energy absorption. Bothy’ and y”
are highly sensitive to thermodynamic phase transitions, making AC susceptibil-
ity a powerful tool for detecting critical phenomena such as magnetic ordering,
superconducting transitions, and spin-glass freezing. In this study, AC mag-
netic susceptibility measurements were performed using a SQUID-VSM system
(Quantum Design) over the temperature range of 2-300 K. The measurements
were conducted under zero DC field conditions during cooling from 300 K to 2 K,
with AC excitation field amplitudes of 0.5, 1, and 2 Oe. The susceptibility was
recorded at four different excitation frequencies: 11, 110, 320, and 540 Hz, to

investigate the frequency-dependent magnetic response of the sample.

Raman Spectroscopy

Raman spectroscopy has evolved significantly since its discovery by Sir Chan-
drasekhara Venkata Raman in 1928, when he first observed the phenomenon of
inelastic light scattering [175]. Advances in optical components, such as exci-
tation sources, controlled sample environments, high-resolution monochromators
with holographic gratings, and sensitive detection systems, have transformed Ra-
man spectroscopy into a powerful high-resolution analytical technique. Modern
instrumentation allows for precise measurements of low-energy excitations, which
is why we represent the experimental setup used in this study in Figure III.5.
A quasi-backscattering geometry was employed for both incident and scattered
light. The excitation source consisted of a diode-pumped laser (DPL) operating
at a single continuous wavelength of 532 nm. To enhance spectral stability and
minimize noise, the laser was coupled to a Volume Bragg Grating (VBG), ensur-
ing a narrow linewidth. The beam was then guided and focused onto the sample
using a series of mirrors (M) and a lens (L). The scattered light was collected

through another lens and passed through notch filters (NF) to suppress elastic
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(Rayleigh) scattering before entering the spectrometer. A high-resolution triple-
grating T64000 Jobin-Yvon Raman spectrometer was used for spectral analysis,
equipped with 1800 mm™' gratings and a liquid-nitrogen-cooled charge-coupled
device (CCD) detector. To prepare the samples for measurement, the synthesized
powders were compacted into pellets and sintered at 1200°C for 24 hours. Small
pieces (approximately 1 mm) of the sintered samples were mounted on a cop-
per holder attached to a cold finger inside a closed-cycle helium cryostat, which
maintained a base temperature of 20 K. Temperature calibration and control were
achieved using a pre-calibrated CERNOX CX-1050-CU-1.4L sensor connected to
a Lakeshore C340 temperature controller. For temperature-dependent Raman
measurements, a silicon reference sample wasas used to correct for minor me-
chanical backlash in the spectrometer wave number readings. The spectrometer
was centered at 470 cm ™! to capture Stokes scattering signals, ensuring accurate
and reproducible spectral data. This setup enabled a detailed investigation of

the vibrational and electronic excitations in the studied materials.

532nm Laser

Triple-grating 764000
Jobin-Yvon Ramanspectrometer

Figure II1.5: Schematic diagram of the Raman spectroscopy setup used in this study.

Rietveld Refinement

Developed by Hugo Rietveld in 1969 [176], the Rietveld method revolutionized
powder diffraction analysis by shifting from traditional single-peak intensity ex-
traction to a full-profile fitting approach. Unlike conventional methods that rely
on extracting integrated intensities from isolated Bragg peaks, the Rietveld ap-
proach operates directly on the full profile intensities obtained from step-scanning
measurements in reciprocal space (Q-space). This holistic treatment significantly

enhances the accuracy and reliability of structural determination, particularly
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in systems with complex or overlapping diffraction patterns. A central advan-
tage of this method is its capacity to resolve the pervasive issue of peak overlap,
which is inherent in powder diffraction. Rather than treating each peak inde-
pendently, Rietveld refinement fits a calculated diffraction profile to the entire
observed dataset across the full Q-range. This profile is constructed as the sum
of mathematically defined peak-shaped functions, each corresponding to a Bragg
reflection characterized by its position, intensity, and width. The refinement em-
ploys a least-squares minimization algorithm that iteratively adjusts structural
parameters, including lattice constants, atomic positions, site occupancies, and
thermal vibration parameters (atomic displacement parameters), to reduce the
residual between the observed and calculated diffraction patterns. This simul-
taneous fitting approach not only handles peak overlap but also allows for the
incorporation of microstructural effects such as strain, crystallite size broaden-
ing, and preferred orientation. As a result, it often achieves a level of precision
comparable to, or exceeding, that of single-crystal diffraction, particularly when
dealing with polycrystalline or multiphase materials.

In neutron diffraction, the Rietveld method extends beyond nuclear struc-
tures to encompass magnetic structures. Its capability to refine both nuclear and
magnetic contributions makes it particularly powerful for characterizing magnetic
materials. Furthermore, it is highly effective even when working with incomplete,
low-quality, or constrained datasets, making it an invaluable tool in challenging
experimental conditions. When applied to time-of-flight (TOF) neutron diffrac-
tion data, Rietveld refinement integrates sophisticated models to account for peak
broadening mechanisms unique to TOF instrumentation. These include:(i) Neu-
tron wavelength uncertainties, intrinsic to TOF experiments;(ii) Resolution ef-
fects related to detector pixelation, which influence Q-space precision; and (iii)
Asymmetric peak profiles , which stem from the time structure of the neutron
pulse. Asymmetric peak shapes in TOF data are accurately modeled using convo-
lutions of back-to-back exponential functions with intrinsic peak profiles. Mean-
while, broader instrumental and sample-related effects are captured using the
pseudo-Voigt profile, a composite function combining Gaussian (associated with
instrument resolution and strain) and Lorentzian (linked to crystallite size and
defects) contributions. This flexible modeling framework is universally applied
across X-ray, neutron, and synchrotron scattering experiments.

The core objective of the Rietveld refinement is to minimize the residual func-
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tion [177, 178]:

5= wi ("~ )’ (153)
2

obs

where y;

calc

is the observed intensity at step ¢, y5

¢ is the calculated intensity at

step i,and w; is the statistical weighting factor, typically 1/0?2.

The calculated intensity is given by:

Y = 537 Ly B 26(20; — 260,) PoA + <8 (154)
k

where s is the scale factor, L;, is the Lorentz-polarization factor, Fj. is the structure
factor for the k-th reflection, ¢ is the peak profile function, Py is the preferred

& is the background

orientation factor, Ay is the absorption correction, and yl-j k
intensity. The refinement quality is assessed using multiple statistical indicators:

Profile Residual (R)):

> [yoPs —ygale|
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Goodness of Fit (Reduced Chi-squared, x?):

2
R
2 wp
— [ 2P 159
v (R) (159)

The expected residual Rexp is calculated as:
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Rexp = 100 X (160)

where n is the number of observations and p is the number of refined parameters.
These statistical indicators serve as critical metrics for evaluating both the con-
vergence and the quality of the refinement. Lower values of R, Ry, Rp, RF,
and 2 indicate a better fit between the model and the experimental data. An
ideal refinement aims for y2 close to 1. Values significantly above 1 suggest poor
model quality or insufficient parameterization, while values significantly below 1
may indicate overfitting. All Rietveld refinements in this study were performed

using the FULLPROF [177, 178] software package.
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Characterization of the magnetic

phase transitions in double perovskite
Nd>sNiMnOg

Through detailed analysis of neutron powder diffraction data we confirm that the
double perovskite Ndy NiMnOg adopts a monoclinic P21 /n structure with nearly
complete B-site ordering of N®tT and Mn** cations. Below Tc=198 K , magnetic
susceptibility measurements and further analysis of neutron diffraction data reveal
that the Ni%t and Mn*t sublattices undergo ferromagnetic ordering, as expected
of strong 3d — 3d exchange interactions. Upon cooling through Tn =22 K, a
secondary magnetic transition is observed, below which we have discovered an ad-

> moments. We arque that

ditional non-collinear symmetry-breaking order of N
the canting of the rare-earth moments naturally arises through the competition of
f-d and f-f Heisenberg exchange interactions, which may be finely balanced in the
double perovskite framework. Furthermore, the symmetry of the ground state mag-
netic structure implies significant Nd>T easy plane anisotropy, and an effective de-
coupling of the antiferromagnetic spin canting from the transition metal sublattice.
Between Toand Ty, Ndo NiMnOg shows anomalous behaviour in the frequency de-
pendent AC magnetic susceptibility that is characteristic of reentrant spin-glass-
like properties attributed to antisite disorder and competing interactions. Finally,
analysis of isothermal magnetization yielded magnetic entropy changes that sug-
gest Nda NiMnOg and related compounds have potential for magnetic refrigeration,
showing a peak in the magnetic entropy change of 2.25.J kgilel at Tc under
a 7 T field. The scaling behaviour of the magnetic entropy, paired with analy-
sis of other critical exponents, showed that the ferromagnetic transition at Tc is
consistent with a mean-field second-order phase transition. Taken together, our
results have provided crucial details on the magnetic properties of Nda NiMnOg,
and further consolidate the expectation that double perovskites may serve as model
systems for investigating competing magnetic interactions, magnetocaloric effects,

and re-entrant spin-glass behavior.
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4.1 Introduction

The ABOQOs perovskite oxides are one of the most versatile families of crys-
tal structures, and have been duly explored throughout the study of complex
magnetic materials [179]. The versatility emerges primarily due to patterns of
BOg octahedral tilts and rotations [18], typically described using Glazer notation
[17, 26, 179], that can accommodate size mismatches among A and B cations and
oxygen anions as quantified by the Goldschmidt tolerance factor. A vast range of
pervoskite materials have hence been synthesized with magnetic cations at both
the A and B site. Derived from this structural framework are the rare-earth (RE)
double perovskites (DPs), with general chemical formula REyBB'Og. Here, three
distinct crystallographic sites are now capable of accommodating different mag-
netic ion species, where the B and B’ sites are usually occupied by transition
metal ions [22, 24, 25].

In the presence of typical a~a~¢T octahedral tilting, disorder among, say, B3*
and B’3T cations maintains orthorhombic Pnma symmetry. However, rock-salt
ordering of, say, B>t and Bt cations driven by electrostatic forces lowers the
crystal symmetry to monoclinic P2;/n. Notably, many such ordered DP com-
pounds exhibit ferromagnetism (FM), which arises due to exchange interactions

between the B2 and B ions [180]. This scenario is distinct from the ternary
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ABOg3 parent compounds which are typically antiferromagnetic (AFM) due to ex-
change. In some DPs, antisite disorder (ASD) of B and B’ cations can introduce
vastly more complex magnetic states [181, 182]. For example, in the nominally
ordered DP LasNiMnOg, both FM and AFM orders coexist. The FM coupling
is attributed to Ni2+(tgge§) — 02— Mnt* (t%geg) exchange, while AFM coupling
is associated with the Ni2™/3* — 0 —Ni?*/3* and Mn**/** — O — Mn3/4F ex-
change induced by the ASD, which together lead to a spin- or cluster-glass state
below 70 K [183]. Unveiling the complex interplay between these exchange inter-
actions, and how they couple to local structural distortions leading to phenomena
such as magnetocrystalline anisotropy and multiferroicity [184], is quintessential
for designing multifunctional materials.

It was recently shown that replacing La’™ with magnetic RE3T ions such as
Nd**, i.e. NdyNiMnOg, can dramatically modify the magneto-structural phase
diagram. NdaNiMnOg crystallizes in a nominally B?>T and B/*T cation ordered
monoclinic P21 /n crystal structure. We note that both computational and ex-
perimental evidence have confirmed the presence of Ni%* and Mn** ions, and re-
futed the possibility of mixed valence states providing clarity on the compound’s
magnetic dynamics [157, 185]. Introducing Nd** into the structure results in a
reduced Ni— O — Mn bond angle, weakening the ferromagnetic exchange and low-
ering T¢ to ~ 200K [186, 187]. A long-range ordered ferromagnetic structure has
been proposed below T' < T [188]. A second magnetic transition near ~ 100K
was reported, and assigned to valence state fluctuations (e.g. Ni*T/Mn**") [188]
that may be attributed to ASD-induced frustration resulting in cluster-glass be-
havior [159]. Furthermore, interactions between the Nd** and transition metal
sublattices are expected to become significant at temperatures below 50 K [187].
Indeed, this magnetic interplay has been highlighted by the low temperature or-
dering of the Nd moments relative to the Ni — Mn magnetic structure, as indicated
by neutron diffraction studies [189].

In this system, we report a detailed study of the structural and magnetic
properties of NdaNiMnOg using DC and AC magnetometry combined with neu-
tron powder diffraction. Our findings confirm the presence of Ni?T and Mn**
cations, with no evidence of Ni** or Mn3*T. We show that magnetic ordering
develops below T ~ 198K, with neutron diffraction confirming FM Ni-Mn ex-
change coupling [157]. Just below 100K, anomalies in the AC magnetization

suggest reentrant spin-glass behavior, which may be attributed to frustration be-
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tween sublattice interactions in the presence of ASD, as evidenced by our mixed
occupancy structural refinements. We have discovered a subtle kink in the AC
susceptibility near Ty = 22K consistent with a second magnetic phase transi-
tion, which occurs concomitantly with the previously reported downturn in DC
magnetization at low temperature [159, 187, 188]. Analysis of neutron diffraction
data measured at 1.5 K demonstrates the onset of complex, non-collinear mag-
netic order of Nd®* ions that contrasts previous studies [157]. Here, we find that
the non-collinear order naturally arises from a competition between FM coupling
of Nd3* and transition metal ions (f-d exchange), and AFM coupling of Nd3*
ions (f-f exchange). Further, we note that spin-orbit coupling within the Nd 4 f
manifold and weak Dzyaloshinskii-Moriya interactions may contribute additional
complexity in the presence of non-collinear spin arrangements. Finally, critical
behavior analysis and magnetocaloric studies underscore the multifunctionality

of Nd9NiMnOg, reinforcing its potential in magnetic applications.

4.2 Experiment

A polycrystalline sample of NdoNiMnOg was synthesized by a modified sol-gel
route, using glycine (CoH5NO3) as a chelating agent. In a sequential process, 2
g of CoH5NO9 was slowly added to a 2 M starting solution containing a stoichio-
metric amount of Nd(NO3)3.6H20, Ni(NO3)2.6H20, and Mn(CH2)COz2)2.4H20,
with high purity (Aldrich, 99.97%) in a proportion of 2:1:1(Nd:Ni:Mn). The pre-
pared sample solutions were kept at 200°C for 24 h on a hot plate for evaporation
and xerogel formation. Subsequently, all the swollen xerogels were ground and
pre-calcined at 1000°C for 12 hours to remove all organic solvent substrates. The
resulting powder was successively pulverized and pressed at 80 MPa to form a
dense pellet. The final calcination was carried out at 1200°C for 24 hours to
help obtain the pure DP phase. The sample’s formation and phase purity were
initially analyzed at room temperature (RT) by x-ray diffraction (XRD) using
a Rigaku DMAX Ultima+ diffractometer with monochromatic Cu-Ka radiation,
operating at 40 kV and 40 mA. Data were collected over a 26 range of 5° to 90°
with a step size of 0.02° in 20 and a counting time of 20 s per step. The instru-
ment was configured with a fixed divergence slit of 1/4°, an anti-scattering slit

of 1/2°, and a sample mask of 10 mm. DC magnetometry measurements were
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conducted using a superconducting quantum interference device (SQUID) mag-
netometer (MPMS-3, Quantum Design) within the temperature range of 2-300
K, with a maximum applied magnetic field (H) of £70kOe. Demagnetization
protocols were employed to ensure minimal bias from any trapped flux within
the superconducting magnet. AC magnetometry measurements were performed
using a Quantum Design Physical Properties Measurement System (PPMS) at
ISIS Neutron and Muon Source, UK, with excitation fields of 0.5, 1, and 2 Oe,
on cooling in zero DC field from 300 to 2 K. The measurement was repeated for
11, 110, 320, and 540 Hz excitation frequencies.

Neutron powder diffraction (NPD) measurements were conducted using the
WISH diffractometer [190] at ISIS Neutron and Muon Source, UK. A 1.5485 g
sample was loaded into a 6 mm diameter vanadium can, and mounted within
a ‘He cryostat. High-counting-statistics measurements, each lasting 60 minutes,
were conducted in the paramagnetic phase at 230 K and in the magnetic phases
at 100 K (high temperature) and 1.5 K (low temperature). Subsequent crystal
and magnetic structure refinements were performed using the FULLPROF suite
[191]. Symmetry analysis were performed using the ISOTROPY software suite
[102], including the ISODISTORT tool [192].

4.3 Results and Discussion

4.3.1 Crystal Structure

The cation ordered monoclinic (P21 /n) DP crystal structure is shown in Figure
IV.1, where Nd atoms occupy general positions (4e), while Ni and Mn are dis-
tributed across two symmetry inequivalent sublattices (2a and 2b, respectively).
Three symmetry inequivalent oxygen sublattices (O1, O2, and O3) are located on
general positions (4e). This structural model was refined against NPD data mea-
sured within the paramagnetic phase (at 230 K). Excellent agreement between the
model and data were achieved (see Figure IV.2a), and the refined structural pa-
rameters are summarised in Table IV.1, which include lattice parameters, atomic
positions, isotropic thermal factors, bond valence sum (BVS), selected bond dis-
tances and bond angles, and refinement reliability factors. We note that the

absence of discernible impurity peaks up to the limits of instrumental sensitivity
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confirmed that our NdaNiMnOg sample was phase-pure.

(a) A-site (b) B-site

(c)

Figure IV.1: The cation ordered crystal structure of NdoNiMnOg (monoclinic P27 /n) presented
as a single unit cell. (a) The A-site with Nd atoms is depicted in red. (b) The B- and B’-
sites are shown, with Ni and Mn atoms represented in blue and green, respectively. (c) and
(d) Projections of the crystal structure along the a-axis illustrating the (Nd)Og cuboctahedral
coordinations and the (Ni,Mn)Og tilted octahedral coordinations, respectively. The oxygen
anions are represented by grey spheres.
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(a) 230 K
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(b) 100 K

Intensity(10° a.u.)

(c) 1.5 K
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Figure IV.2: Neutron powder diffraction data measured in 3 magnetic phases; a) paramagnetic
(230 K), b) first ordered (100 K) and c) ground state (1.5 K). Data are shown as red points, the
fitted patterns as black lines, and the difference curve I s — Icalc as blue lines at the bottom
of the panes. The top and bottom row of green tick marks in each pane indicate the position
of nuclear and magnetic Bragg peaks, respectively.
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Table IV.1: Structural parameters of the NdoNiMnOg sample obtained through Rietveld re-
finement from NPD data at 230 K.The lattice parameters were determined to be a = 5.4078(1)
A, b =54767(1) A, and ¢ = 7.6648(2) A, with 8 = 90.0277(4) ° and a unit cell volume
of V. = 227.007(1) A 3 Bond valence sums (BVS) were calculated using the parameters,
Ro(Nd3t) = 2.66, Ro(Ni?t) = 2.17, Ro(Mn**)= 1.753, and B = 0.37, where the bond valence,
BV =exp((R, — R)/B). N.B. For the BVS, the majority cation is used for mixed occupancy
sites.

Structural parameters
Atom  Frac. Coord. Ui (x1072A2) BVS (le])  Oce.

Nd z = 0.0097(6) 0.98(1) +3.27 Nd
y = 0.5445(3)
z = 0.7495(4)
Ni r=y=2=0 1.06(1) +1.94 91%Ni
9% Mn
Mn z=0.5 1.06(1) +3.59  91%Mn
9% Ni
01 x = 0.0787(5) 1.26(7) - O
y = 0.0167(4)
z = 0.2575(6)
02 r = 0.2165(5) 0.42(1) - O
y = 0.2967(6)
z =-0.0420(9) -
03 xz = 0.2030(6) 1.42(2) - O
y = 0.2823(6) -
z = 0.5404(10)
Bond angles
(O1-Ni-O1) 180.0(0)
(O1-Ni-02) 89.9(3),90.1(3)
(O1-Ni-03) 89.5(3), 90.5(3)
(O1-Mn-O1) 180.0(0)
(O1-Mn-02) 89.3(3), 90.7(3)
(O1-Mn-03) 89.5(3), 90.5(3)
(Ni-O1-Mn) 154.38(2)
(Ni-O2-Mn) 153.9(4)
(Ni-O3-Mn) 154.5(4)
Bond lengths
Ni-O1 2.021(5)
Ni-O2 2.029(4)
Ni-O3 2.024(4)
Mn-O1 1.909(5)
Mn-O2 1.922(4)
Mn-O3 1.921(4)
Reliability factors
% 11
Rp(%) 4.55
wp (%) 3.04
RBrage 3.82

The degree of long-range cation ordering between Ni and Mn sites was refined



Chapter IV. Characterization of the magnetic phase transitions in double
perovskite NdoNiMnOg 129

against the NPD data, revealing 9% ASD (Table IV.1). The refined lattice param-
cters; a = 5.40779(1) A, b = 5.47668(1)A, ¢ = 7.66482(2) A, with 3 = 90.02769(4)°
and a unit cell volume of V' = 227.007(1) A 3 corroborates those previously pub-
lished [157, 182, 183, 189]. The bond valence sum (BVS) analysis is consistent
with the expected valences of Nd3*, Ni**, and Mn*t. Local crystal structure
analysis reveals significant bond length and angle variations, indicating a highly
distorted crystalline structure within the ordered NdaNiMnOg system. The Ni-O
bond lengths are significantly longer than the Mn-O bond lengths, consistent with
well-established cation order (and the calculated BVS), and the Ni-O-Mn bond
angles indicate a significant departure from 180° due to octahedral tilting, result-
ing in complex magnetic exchange pathways [159, 193]. Using refined lattice pa-
rameters, the octahedral rotation angles: 6 (octahedra tilt about the pseudocubic
(110), axis), ¢ (octahedral rotation about the pseudocubic (001),, axis), ® (com-
bine tilt about the three-fold (111), axes), and © (octahedra distortion from aver-
age bonds) were calculated to quantify deviations from the ideal cubic perovskite
configuration [194]. The angles were estimated as follows: 6 = cos™!(a/b) ~9.10°,
¢ = cos 1 (v2a/c) ~ 3.82°, ® = cos~!(v/2a?/bc) = cos~!(cosycos ) =~ 9.86°, and
© =[180— (Ni— O —Mn)]/2 ~ 12.87°.

4.3.2 DC magnetometry

The DC magnetic susceptibility x, measured as a function of temperature, is
presented in Figure IV.3a. Both field-cooled-cooling (FCC) and zero-field-cooled
(ZFC) data exhibit a sharp increase in susceptibility on cooling below = 200
K, likely signaling the onset of ferromagnetic or ferrimagnetic (FiM) long-range
magnetic order. On further cooling, a downturn in the susceptibility can be
seen below ~ 50 K. These observations are consistent with previous reports [182,
183, 187, 193]. Below ~ 200 K, the FCC and ZFC curves bifurcate, indicating
a small degree of irreversibility due to spin freezing or blocking associated with
magnetic anisotropy. The inset to Figure IV.3a shows x(7T') measured at higher
fields (H =5 and 10 kOe), where broadening of the transition and suppression of

bifurcation are evident.
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Figure IV.3: a) Temperature dependence of the DC magnetic susceptibility of NdeNiMnOg
The inset shows a

measured under ZFC and FCC conditions in an applied field of 1 kOe.
comparison of M-T curves (ZFC/FCC) at different Hy. fields. (b) The inverse susceptibility

(x~'=H/M)) as a function of temperature (7). The black line shows the paramagnetic region’s
best fit using the Curie-Weiss law.

Figure IV.3b shows the linear region of the inverse susceptibility x~! vs T
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(above T( in the region of 215 —300 K), suggesting paramagnetic behavior well-
described by the Curie-Weiss law:

—_— 161

where C' is the Curie-Weiss constant. Fitting to this linear region gave a positive
Curie-Weiss temperature of fcw ~ 206(2) K, consistent with unfrustrated and
dominant FM interactions. The calculated effective magnetic moment (peg) was
found to be 4.69(1) ug/ f.u. which is in excellent agreement with the theoretical
value of = 4.80 up/ f.u. (considering spin only moments, where g, =2, S =1 and
S = % for Ni?* and Mn**, respectively), hence confirming the oxidation states
obtained by BVS analysis, above. The inset derivative dM /dT highlights the first
transition, where a pronounced dip is observed at T ~ 198 K, marking the onset
of FM/FiM ordering. Furthermore, the field dependence in peak position (H =5
and 10 kOe) is noticeable, where the position of T( shifts to a higher temperature

with increasing field.

T T T T T T T T
6 B —— 2 K NNNNN =
4 | _
2 L _
=)
G
Eaﬁo 0
E -
2Lk -
A4 T=100K
4 = = Linear Fit
- r Mg = 3.366(1) pg/f.u B
-6 | 0 20 20 ) 80
H (kOe)
L | . 1 . L . 1 . L 1 . 1
-80 -60 -40 -20 0 20 40 60 80

H (kOe)

Figure IV.4: Isothermal M (H) curves conducted at different temperatures under applied fields
up to £70 kOe. The inset shows the linear extrapolation of saturated magnetization at 100 K.
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Figure IV.4 shows isothermal M (H) measurements performed at various tem-
peratures. At T'= 300K, the field dependent magnetization is linear, as expected
for the paramagnetic (PM) state. Upon cooling below the FM transition at T,
the magnetization increased with an ’S’-like shape without any sign of hysteresis
(see, e.g. data measured at T'=100K), but with remarkably rapid switching typ-
ically characteristic of a FiM or weak FM. The linear fit of the high-field region
at T'=100K (see inset of Figure 1V.4) yielded Mg = 3.366(1) ug/ f.u., which is
lower than the theoretically calculated value likely due to thermal fluctuations.
Upon cooling to 2 K, the isothermal magnetization adopts a subtle double hys-
teresis loop, which may be indicative of frustrated interactions arising from the
interplay of rare-earth and transition metal sublattices [195, 196]. A complete
set of isothermal magnetization measurements are given in 4.3.6, which are used
to show that the critical exponents that characterise phase transition at T are

consistent with mean-field behaviour.

4.3.3 AC magnetometry

The temperature-dependence of the real, x'(T), and imaginary, x” (T, compo-
nents of the ac magnetic susceptibility is shown in Figure IV.5. Both components
show a sharp maximum at T ~ 200 K, which does not shift in temperature upon
changing the excitation frequency; characteristic of a phase transition to long-
range magnetic order [159, 197, 198]. The real component is frequency indepen-
dent at all temperatures, and shows a drop in susceptibility below 50 K resembling
the features observed in the FCC-ZFC DC magnetization (Figure IV.3). To the
contrary, below Tc, x”(T) shows a strong frequency dependence, with a broad
maxima in the temperature range of 50 — 100 K shifting to higher temperatures
as the frequency is increased. The magnitude of these shifts is consistent with
re-entrant glassy behavior of spin clusters reported in other materials [199-201].
True reentrance occurs when FM long-range order vanishes at lower tempera-
tures, and is replaced by a spin-glass state stabilized by disorder and competing
interactions. However, our neutron powder diffraction results discussed below
clearly show a large degree of long-range order is maintained down to the lowest
measured temperatures. This discrepancy can be reconciled by the suggestion

that at re-entrance, a randomly canted ferromagnetic state may be realized at



Chapter IV. Characterization of the magnetic phase transitions in double
perovskite NdoNiMnOg 133

low temperature, rather than a pure spin-glass phase [201]. At low temperature,
X"(T) shows a sharp, frequency-independent anomaly at Ty ~ 22 K (see inset to
Figure IV.5Db), consistent with a second, low temperature magnetic phase transi-
tion. We note that x/(T") was independent of the amplitude of the excitation field,
while x”(T") showed a small uniform increase between T¢; and Ty on increasing

the excitation from 0.5 to 2 Oe.
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Figure IV.5: The real (a) and imaginary (b) parts of the AC magnetic susceptibility of
Nd2NiMnOg, measured as a function of temperature at different frequencies under Hy. =
2 Oe. The inset shows an expanded view of Tyso.
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4.3.4 Neutron powder diffraction

Notable changes in the NPD data were observed as the sample tempera-
ture decreased, consistent with the magnetic susceptibility anomalies described
above. Below Tc = 198 K, magnetic peaks emerged that could be indexed as
{112},{110}, and {100} relative to the P2;/n crystal structure (see Figure IV.2b).
The magnetic peak widths were comparable to those of the nuclear reflections,
indicating the onset of well-established long-range magnetic order. Furthermore,
as the magnetic peaks coincided with the nuclear Bragg positions, the respective
magnetic structure must have a I'-point propagation vector, k = (0,0,0).

Magnetic symmetry analysis was performed using 1ISODISTORT. Table IV.2 de-
fines symmetry-adapted modes for each magnetic sublattice, labeled F;, A;, C;,
and Gj, in terms of relative signs of the magnetic moment components at each
site. Linear combinations of these modes that transform by single irreducible
representations are shown towards the bottom of Table IV.2, where the polarisa-
tion (spin direction) of the mode is noted in subscript relative to the monoclinic
b-axis. Only two irreducible representations (I'f and I'J) enter into the decom-
position of the magnetic representation for Ni and Mn sites, while four irreps
(I'f and I'y) appear in the decomposition for Nd. We focus first on I'{" and
'y magnetic structure solutions under the robust assumption that the magnetic
transition metal ions play a central role in the stability of long-range magnetic
order. Symmetry adapted modes of the former symmetry (I']) involve a FM F
mode aligned parallel to the monoclinic b-axis, supplemented by an AFM A-type
mode perpendicular to b. Modes of the latter symmetry (F;’) are similar, but
with the F mode perpendicular to the monoclinic b-axis and an A-type mode
parallel to b. These magnetic structures correspond to the magnetic space groups

P21 /n.1(14.75) and P2} /n/(14.79), respectively.
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Table IV.2: Magnetic modes that span the four symmetry-equivalent A-site Nd (4e) ions and
the two symmetry-equivalent B-sites (2a for Ni, 2b for Mn) within a single P2;/n unit cell.
We define four modes for the I'-point propagation vector, k = (0,0,0): F;, A;,C;, and G; along
with their components, which describe the relative alignment of magnetic moments across the
symmetry-related atomic sites. The subscript ¢ represents the directional component of the
magnetic moment relative to the monoclinic b-axis.

Frac. coords. Mag. modes
A Site x Y z I Aj; C; G
Ndl 0 % + + o+ 4+
N2 § 0 S
N3 o 1 e
Nd4 3 0 i + - 4+ -
B site
Nil 0 0 0 + +
N2 3 33+ -
Mnl 0 0 3 + 4+
Mn2 L+ 2 0 9+ -
Irrep. Nd Ni Mn
Iy Fj,AL  F AL Fj, AL
ry A FL A FL A FL
Iy G, CL
Iy ), G

Two magnetic structure models that included magnetic moments on the A, B
and B’ sites, and transforming by I'f” and T'J respectively, were tested against the
NPD data measured at T'= 100K. Rietveld refinements achieved a reasonably
good fit for both models, however, detailed examination conclusively identified
that the mI'J magnetic structure model (space group P2} /n/( No. 14.79, basis
= [1,0,0],]0,1,0],[0,0,1], origin =[0,0,0]) was found to reproduce the observed
magnetic intensities precisely. The initial, fully general model included nine free
mode amplitudes, but we could readily exclude Nd moments from the T'= 100K
which refined to values close to zero within their standard uncertainty. The ab-
sence of Nd magnetic moments at this temperature is consistent with the typical
behavior of A-site rare-earth ions in perovskite manganites, which are known to
order at lower temperatures due to weak f —d interactions [202]. Subsequent
refinements also excluded the B and B’ site A-type mode amplitude, as the
fit to the data was insensitive to this subtle staggered magnetization along the

b-axis, hence the F' modes were constrained to be collinear within the ac plane.
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The final refinement yielded excellent agreement factors (R =4.56%,wR = 3.98%,
Rinag = 1.47%) with just three free parameters, confirming the reliability of the
model. Magnetic moments for 1.75(1) pup/Ni*T and 2.18(1) pup/Mn**, with a
polar angle 6 = 143.56(2)° were found (as detailed in IV.3). The refinement result
is shown in Figure IV.6b, and the magnetic structure is depicted in Figure IV.6a,

which is fully consistent with dominant d-d exchange interactions between Ni?*

and Mn** ions.

Table IV.3: Magnetic structure parameters refined at 100 K and 1.5 K. The moment directions
are defined in spherical coordinates [7, 8] m, = mcos(¢)sin(0)||a, and m, = msin(¢)sin(0)||b
and m, = mcosf||c*, such that ¢ =0 constrains moments to the ac-plane. In this case m =
[mg,0,m,] represents the polarization of magnetic modes F|, and A, .

| 100K | 15 K
ml'g (FL) | mI{ (Ay) mIy (FL)

Ni
m (1up) 1.75(1) - 1.89(1)
0 (°) 143.56(2) — 103.08(2)
Mn
m (1p) 2.18(1) - 2.45(1)
0 (°) 143.56(2) - 103.08(2)
Nd
m (1p) — +0.68(4)  —0.91(2)
0 (°) - 193.08(2)  103.08(2)
R (%) 4.56 4.87
wR (%) 3.98 4.42
Ritag (%) 1.47 2.29
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Figure IV.6: Refined magnetic structures of NdoNiMnOg: (a) mI'J Structure at 100 K, (b)
mI'{ + mTyJ structure at 1.5 K, and (c) decomposition of F| and A; Nd moment components
within the ac plane. Nd, Ni, and Mn atoms are represented in red, blue, and green, respectively,
with the crystallographic unit cell outlined in grey.

At 1.5 K additional magnetic reflections ({100} and {010}) appeared in the
neutron diffraction data, concomitant with a redistribution of intensity in the
magnetic peaks discussed above. These observations are consistent with a low
temperature transition at Ty = 22 K (see Fig IV.5) to a ground state magnetic

structure that is distinct from that refined at 100 K. The magnetic structure
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maintains the I'-point propagation vector (k = (0,0,0)) in the ground state, and
returning to our general I' magnetic structure model, we found that the observed
changes in the NPD data could be partly accounted for by a rotation of the Ni
and Mn FM moments within the ac plane, plus an additional F'| mode located
on the Nd sublattice (I'; ), but with moments aligned antiparallel relative to the
Ni and Mn sublattices, clearly indicating that AFM f-d exchange interactions
become significant at low temperature.

A complete description of the 1.5 K NPD data required an additional Nd
A | mode that transforms under I'], resulting in a non-collinear magnetic struc-
ture with moments constrained to the ac-plane. The admixture of I'f and T'J
modes lowers the symmetry of this structure to P1.1 (No. 2.4), with a ba-
sis defined by [1,0,0],[0,1,0],[0,0,1], and origin at [0,0,0]. The final refinement
yielded excellent agreement between observed and calculated profiles with factors
(R=4.87%,wR =4.42%, Ryag = 2.29%), confirming the reliability of the model.
For the /| modes, magnetic moments of 1.89(1) up/Ni*, 2.45(1) ug/Mn** and
-0.91(2) pp/Nd3*, with a polar angle § = 103.08(2)°, were found. The additional
A} mode is associated with an Nd magnetic moment component of 0.68(4) up
with a polar spin angle of # = 193.03(2)° in the ac plane (perpendicular to the FM
Nd moments). The refinement result is shown in Figure IV.2¢, and the magnetic
structure is depicted in Figures [V.6b and IV.6c. These findings contradict the
previously reported ground state magnetic structure [189]. However, the above
non-collinear ordering of Nd moments can be naturally understood in terms of
competing antiferromagnetic f-d and f-f exchange interactions. The former in-
troduces antiparallel alignment of the Nd F' mode (yellow arrows in figure IV.6c¢)
with respect to the transition metal moments, while the latter introduces an
orthogonal, superposed Nd A mode (black arrows in figure IV.6¢). At the mean-
field level, the canting angle will then depend on the relative strength of the f-d
and f-f exchange. We note that the Nd A mode must break symmetry to lie
within the ac plane, as opposed to alignment along the b-axis allowed within the
['; magnetic symmetry. This symmetry breaking may be driven by significant
easy-plane anisotropy of the Nd®* ions, and interestingly, effectively decouples

the Nd A mode from the transition metal ferromagnetic structure.
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4.3.5 Magnetocaloric Effect

The net change in magnetic entropy (—ASjs) can be quantitatively estimated
using isothermal magnetization M(H) data, providing insight into the magne-
tocaloric effect (MCE) and associated magnetic transitions. As shown in Figure
IV.7a, the M (H) curves measured over the field range of 0 —7 T at temperatures
from 2 — 300K demonstrate a sharp increase at low fields, followed by a linear rise
without approaching saturation at high fields. The finite change in total mag-
netic entropy of a system due to a change in temperature (AT) and magnetic

field (AH) is expressed as

ASyr = SM(H—FAH,T—{—AT) —SM(H,T)
H+AH
_/ OM(H.T+AT)|
H or g

T+AT Ot (H. T
+/ Mdj” (162)
T T

To aid analysis of discrete magnetization data the above equation can be approx-

imated as [203, 204]

(M(T)—M(T+ AT))

H, (163)

where M(T) and M(T + AT) represent values of the isothermal magnetization
measured at temperatures T and T+ AT, at an applied field of H. Note that in
this case we have taken the change in field AH to be relative to zero [205]). Figure
IV.7b shows the temperature dependence of —AS), for different fields. ASjs
exhibits a broad peak centered at T decreasing symmetrically on both sides
as expected for a second-order FM-PM phase transition, and below T < 50K
anomalous behavior occurs likely due to the ordering of Nd?* rare-earth ions

[180).
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Figure IV.7: (a) Isothermal 15! quadrant M(H) curves conducted at 7' =2 —300 K with an
interval of AT =5 K. (b) Thermal profile of field-induced magnetic entropy change, —ASyy,
estimated from isothermal magnetization curves from T = 2 — 300 K, under various applied

magnetic fields. Inset shows the plot of normalized ( AAS}S:%I) versus reduced temperature 6.
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The peak in —ASy/(T) at T¢ increases with increasing field, and shifts to
higher temperatures. At H =7 T, a maximum entropy change of —ASY** =
2.25J kg_lK_1 is observed, which is smaller than some values reported for Ni/Mn-
based double perovskites [185, 206] but somewhat larger than previous measure-
ments on the Nd system [180]. We note that —ASY* follows a power law
dependence on field, —AST** oc H", with n =0.667(1) as shown in Figure IV.8a.
This value agrees strongly with the mean-field ferromagnetic value of n = 2/3
[207—-209].

The MCE at T¢ was further examined using a normalizing universal scaling
law. First, values of —ASy(T') for a given applied field were scaled by a factor

ASy JAST, and second, the temperatures were scaled to a reduced tempera-

ture O+ defined as follows [208]:

Tmaz—T
g —_—me— - oy 164
TCold - Tmax e ( )
T —Thax
0, =——— T>T, 165
-+ THOt — Tmax 9 max ( )

where T}p,q, denotes the temperature at —AST*, and Tooq and Ty are the

temperatures of two reference points (below and above T¢) at full-width-half-
maximum of the peak in —AS);. As highlighted in the inset of Figure IV.7b,
the rescaled curves collapse onto a single unified curve; behaviour typical of a

second-order FM phase transition.
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Figure IV.8: (a) Field dependence of maximum magnetic entropy change (—ASY;**) fit by a
power law (solid red line). (b) Relative cooling power (RCP), with a power law fit (solid black
line)

The relative cooling power (RCP) parameter is typically used to evaluate the

cooling efficiency of candidate MCE materials. The RCP can be determined from
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the —ASy(T) curves using the equation [210, 211]
RCP = |AST| - ATpw ar, (166)

where ATrwam = Tot — Tooig- The RCP value as a function of the magnetic
field H is displayed in Figure IV.8b, which shows a monotonic increase with AH
from ~ 13 Jkg 'K~! at 1 T to ~ 157 Jkg 'K~ at 7 T. The field dependence
could be well fit by the power law RCP ~ H™, with m = 1.12(3). These values
of RCP are comparable to or exceed those of other oxide-based magnetocaloric
materials but remain below the benchmarks for room-temperature refrigeration
(typically > 300 Jkg 'K~! < 5T) [212, 213]. However, the strong field depen-
dence suggests that NdoNiMnOg and related compounds could be promising for
cryogenic cooling application, where moderate RCP values (~ 50 — 200 Jkg_lK*1
< 5T) are sufficient [204, 207, 214]. Further optimization, such as chemical substi-
tution and/or nano-structuring may enhance their performance towards practical

refrigerants.

4.3.6 Critical Point Exponents

The critical behavior of magnetic systems near a second-order phase transition
is characterized by a set of interrelated critical exponents: 3,7, and ¢, which are

defined as follows:

M(T) x (Tc-T)°, T<Tg, (167)
xo! o« (T—Tg), T>T¢ (168)
M « H3, T=Tg (169)

Mean-field theories predict critical exponents of §=1/2, y =1, and § =3. In
this case, Arrott plots (M? vs H/M), which measure the critical exponent 4,
are expected to consist of a set of parallel straight line isotherms close to T¢.
The Arrott plot for NdaNiMnOg within the temperature range of 184 —212 K
is shown in Figure IV.9a, and clearly adheres to the mean-field value of § = 3.
We note that the low-field regions have been excluded, where strong curvature
and deviations from linearity arise due to demagnetization effects and higher-

order contributions. The value of T = 197(7) K was determined by identifying
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the isotherm that intersects the origin. Figure IV.9b shows the temperature
dependence of the spontaneous magnetization, M (T'), and the inverse magnetic
susceptibility, x ! (T'), obtained by extrapolating the isotherms discussed above.
Fitting Equations 167 and 168 to the T'< T and T' > T regions yield Ty values
of 196.88(1) K and 198.03(1) K, respectively, and provide excellent agreement

with the data for mean-field values of the critical exponents.
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Figure IV.9: (a) Arrot plot of isotherms with § =3. (b) Temperature dependence of the
spontaneous magnetization Mg(T) (left) and the inverse initial magnetic susceptibility x 1(T)

(right), obtained from the field region of H < 1.5 T extrapolation of the Arrott plot with 8 =1/2
and y=1.

Furthermore, the critical behavior of NdoNiMnOg was examined using Kouvel-
Fisher (KF) analysis [215] with mean-field critical exponents (5 = 0.5, v = 1.0,

0 =3.0). The KF relations for spontaneous magnetization Mg(T') and inverse
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susceptibility xq L(T) are given by:

Ms(T) T-To
iMg/dT B

(170)

X' (T) _T-T¢
dxg'/dT

(171)

Figure IV.10a shows linear fits from Kouvel-Fisher analysis yielding consistent
Curie temperatures (T = 196.88(1) K from magnetization, T = 198.06(6) K
from susceptibility), with less than 2% discrepancy confirming mean-field behav-
ior. The critical isotherm analysis in FigurelV.10b at T = 198 K demonstrates
mean-field scaling through [216-218]: (i) the obtained slope 0.333(3) matching
1/6 for 6 = 3.0, and (ii) excellent data collapse (R% > 0.99). Together with Widom
scaling (6 =14~/ for 5 =0.5, v =1.0), these results establish NdoNiMnOg as a
model mean-field system with dominant long-range interactions, contrasting with
defect-affected perovskites [211, 214, 219]. To verify the reliability of the critical
exponents and T, we employ the scaling theory of magnetic phase transitions.
Near the critical region, the magnetization follows the scaling relation [216, 218]:

M(H,e)=e"fs (;ﬁ) (172)

where ¢ = |T' —T¢|/Tc, and fi (T >T¢) and f— (T < T¢) are regular analytic
functions. Defining the renormalized magnetization m = M|e|~? and field h =

Hle|~(B7) | Equation (172) reduces to:
m = fy(h) (173)

Figure IV.10c presents the scaled magnetization m = M|e|~? versus scaled field
h = Hle|~?, showing complete data collapse onto distinct branches for T' < T
(ordered phase) and T' > T (disordered phase) [219] in both linear and logarith-
mic (inset) representations. This scaling behavior is further confirmed through
two independent tests: (i) the m? versus h/m plot in Figure IV.10d main panel,
and (i) the universal scaling plot of MH~'/% versus eH~/(%9) in Figure IV.10
inset. The perfect data collapse in all representations, with 7o (¢ = 0) precisely
located at the origin of the scaled coordinates, provides rigorous validation of

both the critical exponents with a transition temperature T = 198.06(6) K.



Chapter IV. Characterization of the magnetic phase transitions in double

perovskite NdoNiMnOg 147
o € Mgt @18 35 "©
Linear Fit T=198K
sl 4> Data 116 30F :
—— Linear Fit s 14
o B=05 ;
— -10} TC = 196.88(1) K § o S 251
|_5 (1K, 12 o o>
< o =]
%.15] 1°%  E2o0
= lg X o ~2
) ko) o
= 20} = 9 ES
% 6 vy 157 5
= o5t 5=30 1. = = 8o
T =198.06(6) K S 10 =,
30k 12 = log-log scaling
-2
35 L L L L L L L 0 05§ 0 1 2 3 4 5 6 7
188 192 196 200 204 208 212 HEer*® 10°( kOe)
0.0 : . :
Tempearture (K) 100 150 200
Hle[®? 10%( kOe)
T T T T T T T . : .
b L d) |
20 Q@ T.=198K ® 40 @
—— Power Fit 35l
25} o 30}
—
a 9@ T.=198K o 59 10
220 —— Fitting 525 U0 103
=1 E 0 2 4 6 8 10
g 220 ;
L5 <
= s
10 log-log scale € 10l
5 35 40 45 50 1 5
log H (kOe) 0.
0 A A . . . X . .
0 10 20 30 40 50 60 70 80 50 100 150 200 250 300
H (kOe) h/m (kOe)

Figure IV.10: (a) Kouvel-Fisher plots of Mg /(dMg/dT)~! (left) and X()_l/(dxal/dT)_l (right)
for NdaNiMnOg, with solid lines representing linear fits. (b) Critical isotherm M (H) measured
at To =198 K. Inset: log-log plot of the same data with the fitted slope corresponding to 1/4.
(¢) Scaling plots of renormalized magnetization m versus renormalized field h below and above
Tc, demonstrating data collapse onto two distinct branches. Inset: the same plots in log-log
scale. (d) Plots of m? versus h/m for NdoNiMnOg. Inset: rescaled M(H) curves plotted as
MH~/9 versus e H~1/(8%) further confirming scaling behavior.

4.3.7 Phonon Dynamics

The low-temperature (20 K) Raman spectrum of NdaNiMnQOg, shown in Fig-
ure V.11, exhibits four well-resolved phonon modes at Aé = 497.61(38) cm ™!,
Al =514.19(13) em™!, By = 635.35(58) em ™!, and AJ = 655.53(9) cm ™!, as de-
termined by Gaussian-Lorentzian (G-L) deconvolution. The absence of spectral
weight near 377 cm ™!, a characteristic of rare-earth oxide (e.g., NdoO3) impurities
[220, 221], confirms phase purity. The 2D Raman intensity map (Figure IV.11,
below) demonstrates the persistence of these modes across 20-300 K, with no
abrupt shifts or splitting, unequivocally ruling out structural phase transitions.
This thermal stability is further corroborated by the full temperature-dependent
dataset provided in the Appendix 2.1, mirroring the behavior of isostructural
LagCoMnOg [222] and LagNiMnOg [222, 223]. The A, modes (497-655 cm™1)

are assigned to symmetric stretching vibrations of the (Ni/Mn)Og octahedra,
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while the B, mode (635 cm™1) arises from antisymmetric bending motions of
oxygen atoms [223-225]. The narrow linewidth of A}]H (Aw = 0.9 cm™!) suggests
minimal anharmonicity, whereas the broader By mode (Aw ~ 5.8 cm™!) may re-
flect coupling to spin fluctuations or local disorder[226]. These assignments align
with group-theoretical predictions for P2;/n, which anticipate 24 Raman-active
modes (12A, + 12B,) from translational/librational (T/L) modes (< 400 cm™1)
and octahedral distortions (v1,v2,v5) [17, 18, 220, 224, 227]. The reduced mode
count in NNMO compared to theory likely stems from overlapping peaks or se-
lective resonance enhancement [228], contrasting with Gd-substituted YCMO,
where smaller A-site cations (Y3, Gd3*+) amplify octahedral tilting and activate
additional modes [221].
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Figure IV.11: Raman mode analysis and temperature evolution in NdoNiMnOg. (Top) Raman
spectrum at 20 K fitted with Gaussian-Lorentzian (G-L) profiles, highlighting the decomposition
into individual phonon modes: Aé, Agl , Bé— , and Aél I Experimental data are shown in cyan,
and the total fit is indicated by the blue curve. (Bottom) Temperature-dependent Raman
intensity map (false-color contour plot) showing the evolution of phonon modes in the 400-
750 ecm ™! range, with mode sharpening and intensity enhancement upon cooling.

To quantify spin-phonon coupling effects, we first establish the intrinsic lat-
tice contribution through anharmonic phonon renormalization described by the

Balkanski model[229, 230]:

2
(0)/2kBT _ 1

Wanh (T) =w(0) — A |1+ i (174)

where w(0) represents the zero-temperature frequency and A the anharmonic cou-
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pling constant. Systematic deviations from this behavior below magnetic transi-
tions reveal significant spin-phonon coupling. Interestingly, NdasNiMnOg reveals
three distinct regimes of spin-lattice interaction (Figure II1.5). The A; mode
(w(0) =504.0940.05 cm™~!) shows anomalous hardening (6w = +2.08 cm™!) be-
low the ferromagnetic transition in 77 ~ 200 K, which persists until the glass
cluster freezes in Ty ~ 80 K. This reverses below 30 K with a sharp jump at
the Nd*' ordering temperature (20 K). The AIgI mode exhibits even stronger
coupling (dw = 3.62(48) cm™1), requiring a modified Balkanski model (wy =
524.38 £ 0.48 cm™!, C' = 2.5540.49) to capture the magnetic effects. These
effects are 20-30% stronger than in LagNiMnOg [222, 224, 231], consistent with
enhanced magnetoelastic coupling from the smaller Nd** ionic radius (1.27 A vs
1.36 A) [232]. In contrast, the Agl mode shows subtler behavior, with a gradual
softening (wg = 656.88 £0.07 em™!) below approximately 180 K. Phonon life-
time analysis reveals complementary evidence of spin-phonon coupling through

linewidth modifications:

Pan(T) =T(0) + B |1+ - (175)

(0)/2kpT _ 1
The A}] mode shows a striking 2.32 em ™! linewidth increase below 711, exceeding
predictions from both linear and anharmonic models. The A})I mode displays
a characteristic V-shaped I'(T') profile with 3.94 cm™! deviation, while Agl ex-
hibits a 2.97 em™! broadening below 160 K with distinct temperature depen-
dence. These observations demonstrate mode-specific coupling: (i) A; primarily
responds to Ni/Mn ferromagnetism, (ii) AIgI sensitively probes cluster-glass dy-

a3t ordering. The quan-

namics, and (iii) Agl shows selective decoupling from N
titative agreement with first-principles predictions for similar systems [233, 234]
validates the proposed coupling mechanisms, establishing NdoNiMnOg as an ideal

platform for studying hierarchical spin-lattice interactions.
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Figure IV.12: Temperature dependence of phonon frequencies (w) and linewidths (T") for three
A; modes in NdaNiMnOg. Panels (a-c) show WAL fitted with Klemens and Balkanski models;
deviations below T ~ 200 K and T¢ ~ 50-100 K indicate spin-phonon coupling. Panels (d-f)
show I'y,, with anomalous broadening at magnetic transitions, confirming strong spin-lattice
interactions.

The temperature evolution of phonon renormalization in NNMO reveals a com-
plex hierarchy of spin-phonon interactions that conventional mean-field theories
cannot fully describe. The observed frequency shifts 6w, (T") = wWobs(T) — wWann (1)
for the three Raman-active modes follow the fundamental spin-phonon coupling
relation [235]:

M(T)

2
Aw(T) = \(S; - S;) ~ A [M] , (176)

where \ represents the mode-specific coupling strength. Below the ferromagnetic

transition at 77 = 200 K, the A; mode (A = 1.12 cm™!) shows an immediate
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deviation from the [M(T)]? scaling, indicating its acute sensitivity to local spin
disorder and antisite defects. In contrast, the Ag mode (A =0.99 cm~!) main-
tains nearly perfect overlap with [M(T)]? down to 50 K, representing one of the
clearest experimental demonstrations of mean-field spin-phonon coupling in dou-
ble perovskites. The A;H stretching mode exhibits the most dramatic behavior,
with both the strongest coupling (A = —2.43 cm~!) and the most pronounced
deviation from mean-field scaling. Its immediate non-overlap below 200 K re-
veals dominant coupling to Ni-Mn spin fluctuations rather than long-range order,
while the large negative A suggests a significant phonon softening mechanism
likely involving magnetostrictive effects in the Ni-O-Mn bonds [231, 232, 236]..
In the reentrant cluster-glass regime (100-22 K), the modes show fundamentally
different responses to magnetic frustration. While A; and Agl unexpectedly
reconverge with [M(T)]? below 100 K, suggesting a temperature-dependent re-
covery of spin-lattice coherence, Ag maintains its scaling until abruptly diverging
at 50 K. Below the Nd** ordering temperature of 22 K, all modes show universal
anomalies but with important distinctions: the strongly negative X\ of A;H leads to
strong softening, while the positive A modes (A}] and A}]I) harden conventionally.
These observations demonstrate that different phonon modes in NNMO probe
distinct aspects of the spin correlation function (S;-S;) across various length
scales. The Ag mode’s persistent mean-field scaling implies it responds primarily
to long-range order, while A; and A;H are sensitive to short-range correlations
and defect-induced frustration. This complex behavior establishes NNMO as a
model system for studying competing spin-phonon coupling mechanisms, with
important implications for understanding magnetoelectric effects in related mul-

tiferroic materials.
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Figure IV.13: Temperature evolution of phonon frequency renormalization dw(T") = weps(T') —
Wanh (T') (green diamonds, left axis) and normalized square of magnetization [M(T)/Mmax)?
(black triangles, right axis) for three A; Raman modes in NdoNiMnOg. Panels (a)-(c) show
A;, A;I, and A;H modes, respectively. Good agreement is observed in the FM region (77 < 200
K), while deviation below 50 K signals competing AFM interactions and rare-earth sublattice
effects.

4.4 Conclusion

In summary, we have shown that our polycrystalline sample of the double per-
ovskite Nd2NiMnOg adopts a monoclinic crystal structure (space group P2;/n),
which hosts nearly complete B-site ordering of Ni** and Mn** cations (antisite
disorder was found to be 9%). This cation ordering was established directly by
neutron powder diffraction, and confirmed through bond valence sum analysis
and consideration of local distortions of the perovskite structure. Magnetome-
try and neutron powder diffraction measurements revealed two magnetic phase
transitions. The first at Tc= 198K corresponded to ferromagnetic ordering of

the Ni*?t and Mn** sublattices, which was consistent with dominant ferromag-
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netic d-d exchange confirmed by Curie-Weiss analysis of the paramagnetic sus-
ceptibility that yielded a positive Curie-Weiss constant (fcw ~ 206 K). Scaling
analysis revealed that the critical phenomena at T adhered to mean-field be-
haviour characteristic of a second-order phase transition. Yet, below T AC
susceptibility measurements revealed frequency-dependent behaviour consistent
with a re-entrant spin-glass-like state. The second transition occurred on further
cooling below Tnx= 22K, and was characterised by the additional non-collinear
ordering of Nd3t moments driven by antiferromagnetic f-d exchange, and frus-
trated by competing antiferromagnetic f-f exchange. Symmetry analysis of this
ground state magnetic structure points towards significant easy plane anisotropy
of the Nd®* jons. The magneto-caloric effect was characterized by determin-
ing a significant magnetic entropy change (—ASys) at T, where the maximum
change was found to be 2.25 Jkg 'K~1 under an applied field of 7 T. The respec-
tive relative cooling power was found to increase linearly with the field, stressing
the potential for double perovskites such as NdaNiMnOg to be used in magnetic
refrigeration applications. Also, NdaNiMnOg reveals distinct, mode-dependent
spin-phonon coupling across its magnetic transitions, demonstrating hierarchi-
cal magneto-structural interactions. Overall, these results underpin NdoNiMnOg
as a model system for investigating the effects of multiple competing magnetic
sublattices, significant magneto-caloric effects, and possible reentrant spin-glass

behavior in complex oxides.
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Spin-Orbit Coupling and Exchange In-
terplay in NdQNiMnO.25II’O'7506: A 3d-
5d-4f Magnetism Paradigm

Through combined neutron diffraction, magnetometry, and Raman spectroscopy,
we demonstrate that Ir substitution transforms the double perovskite Ndy NiMnOg
into a spin-orbit-driven cluster-glass system, NdyNiMngoslr9.7506. The com-
pound adopts a monoclinic P21 /n structure, exhibiting significant antisite dis-
order between Ni/Nd and Ni/Mn sites. Below Ty = 140 K, long-range ferro-
magnetic order sets in via 3d —5d [Ni#*-(Mn** /Ii** )] exchange interactions,
though this transition is suppressed by nearly 58 K relative to the parent phase
due to the influence of 5d spin-orbit coupling and B-site disorder. Temperature-
resolved neutron diffraction reveals a progressive evolution of the magnetic struc-
ture. At 100 K, Ni** moments align collinearly along the b-azis with a magnitude
of 1.31(11) pup, while the Mn/Ir sublattice remains only partially ordered 0.69 pp.
Further cooling to 40 K leads to enhanced Ni** moments reaching 1.572(9) pup,
concurrently with a notable decrease in Mn/Ir moment to 0.43 upg, evidencing
increasing frustration within the mized 3d-5d sublattice. At 1.5 K, neutron re-
finements resolve a coherent magnetic ground state that contrasts with phase-
separated behavior seen in analogues such as NdyNilrOg. The data show b-azis
ferromagnetism arising from N2t and N&*t alignment, while Nd&®t moments ad-
ditionally exhibit antiferromagnetic canting in the ac-plane. This state simulta-
neously reconciles previously reported inconsistencies in the effective moment size
of Ir** ions and reveals a pronounced collapse of the Mn/Ir sublattice moment
compared to Ndy NiMnOg. The magnetic structure of Nd>t below Tg = 23 K is
consistent with a non-collinear configuration, distinct from those found in related
systems, and arises from competing anisotropies: Ir*t-induced strong single-ion
anisotropy that pins collinearity of Nt spins along b, while Nd®T balances f-f
exchange with f-d coupling. The resulting compromise gives rise to a magnetically

frustrated state that retains frequency-dependent susceptibility and reduced rare-
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earth moment values (1.18 up), indicative of reentrant-cluster-glassy dynamics.
In addition to the magnetic complexity, Raman spectroscopy reveals a substantial
spin-phonon coupling strength and broad anomalies in the heat capacity, further
underscoring the correlated nature of disorder in this system. These combined ob-
servations establish that Ir substitution simultaneously enhances 3d-4f coupling
through parallel Ni/Nd alignment and suppresses overall B-site magnetization
through spin-orbit-driven frustration, highlighting a compelling strategy for tun-
ing emergent quantum states in 3d-5d-4f ozides and providing direct insight into
the microscopic origin of exotic magnetic behavior in spin-orbit coupled double

perovskites.
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5.1 Introduction

The AsBB’Og double perovskite family has emerged as a rich platform for
exploring complex magnetic phenomena due to its inherent structural flexibil-
ity and the interplay between charge, spin, and lattice degrees of freedom [237,
238]. These materials exhibit a wide range of properties,; including ferromag-
netism (FM), antiferromagnetism (AFM), ferrimagnetism (FiM), magnetocaloric
effects(MCE), and multiferroicity, making them ideal for fundamental studies
and potential technological applications [186, 239, 240]. The magnetic behav-

ior in double perovskites is primarily governed by the nature of superexchange
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(B—0O—DB’) and super-superexchange (B— O —B’— O — B) interactions, which
are highly sensitive to the choice of cations occupying the A, B, and B’ sites
[53, 116]. While most studies have focused on systems with one or two magnetic
ions, recent interest has shifted toward hetero-tri-spin systems (3d — 5d — 4f),
where the coexistence of multiple magnetic sublattices introduces additional com-
plexity due to competing exchange pathways [49, 154, 241]. The incorporation of
Ir** (5d°) cations in double perovskites has emerged as a rich platform for inves-
tigating competing quantum interactions in correlated electron systems. Three
key energy scales govern the electronic and magnetic behavior: the large spin-
orbit coupling (A = 0.4-0.5 eV), which splits the ¢9, manifold into Jeg = 1/2 and
Jof = 3/2 states; the cubic crystal field splitting (Acp =~ 3-4 €V); and the inter-
mediate on-site Coulomb repulsion (U = 2-3 eV) [242, 243]. The delicate balance
among these three energy scales leads to several remarkable phenomena that are
unique to 5d-based systems. One of the most prominent consequences is the for-
mation of a Jeg = 1/2 ground state, initially proposed for SralrO4 [242], which
gives rise to a pseudospin-1/2 moment capable of supporting exotic quantum
phases. However, in double perovskite architectures, this picture becomes signif-
icantly more complex due to multiple competing effects. Structural distortions
tend to mix Jeg states and break the ideal octahedral symmetry. Simultaneously,
strong hybridization between Ir 5d orbitals and neighboring 3d cations alters the
electronic structure, while the presence of both B-O-B’ and B-O-B’-O-B exchange
paths introduces competition between magnetic interactions. A representative ex-
ample is LagColrOg, where XMCD and neutron diffraction studies have shown a
canted ferrimagnetic state below T &~ 95 K [244]. In this system, high-spin Co?*
(S =3/2) couples antiferromagnetically to Ir** through 180° superexchange. De-
spite the expected 1 pp moment for a pure Jeg = 1/2 state, the observed It
magnetic moment is only about 0.3 pp, reflecting strong covalency and hybridiza-
tion effects. Moreover, below T ~ 30 K, the system exhibits reentrant spin-glass
behavior, attributed to the frustration of the Co/Ir magnetic sublattice and the
impact of antisite disorder [245]. Similarly, NdaNiMnOg exhibits FM ordering be-
tween Ni?t and Mn**t at 200 K, followed by AFM coupling with Nd3*+ at 50 K,
highlighting the role of 3d — 4f couplings [157, 246, 247]. Despite these advances,
3d-5d-4f double perovskites remain underexplored, particularly those with Ni%*
and Ir'* on the B/B’ sites and a magnetic rare-earth ion (e.g., Nd3*) on the A-

site. The magnetic properties of LnaNilrOg double perovskites have been exten-
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sively characterized through neutron diffraction studies, revealing complex behav-
ior that varies significantly with the rare-earth ion [154, 248, 249]. For LagNilrOg,
which contains only 3d (Ni?**) and 5d (Ir**) magnetic ions, both Ferreira et al.
[154] and Ritter et al. [248] identified a magnetic propagation vector k = (3, 1,0)
below Ty ~ 80 K. However, their refined models differ significantly in moment
sizes, with Ritter’s high-resolution study reporting notably reduced values (Ni%*:
1.53(5) pp; Ir**t: 0.17(3) pp). This discrepancy underscores the experimental
difficulty in resolving the small Ir moment, particularly in the presence of Ir’s
strong neutron absorption. In PraNilrOg, even more pronounced differences be-
tween proposed magnetic models emerge[154, 249], while NdaNilrOg displays the

most complex magnetic behavior in the series. High-statistics neutron diffraction

measurements have revealed three magnetic transitions and a coexistence of both
k=0and k= (%, %, 0) phases below 15K [248]. We explore NdaNiMng 251rg.750s,
where partial substitution of Mn* for Ir** creates a unique bridge between 3d-
3d superexchange and 3d-5d spin-orbit-coupled interactions. This strategic dop-
ing introduces competing magnetic mechanisms through: (i) the replacement of
strong Ni-Mn ferromagnetic superexchange with SOC-mediated Ni-Ir pathways,
(ii) structural distortions including b-axis elongation and octahedral tilting, and
(iii) modification of Ni/Mn-O-Ir bond angles into the 148°-150° range, beyond
which the Goodenough-Kanamori rules lose predictive power [53, 116]. Despite
this complexity, the Nd?*+ sublattice remains magnetically active, and the struc-
tural evolution observed here is consistent with trends seen in fully Ir-substituted
analogs IV. Neutron diffraction confirms a k = (0,0,0) ground state comprising
ferromagnetic ordering within the Ni/Mn/Ir sublattice, accompanied by anti-
ferromagnetically aligned Nd®+ moments. However, a deeper comparison with
NdyNiMnOg reveals critical modifications driven by Ir substitution. The Ni2T
moments remain strictly aligned along the b-axis (F'||), indicating that Ir induces
significant single-ion anisotropy (SIA) that overcomes the easy-plane tendency ob-
served in the parent compound. Concurrently, the ordered moment of the Mn/Ir
sublattice is sharply reduced (2.18 ug — 0.38 up), signaling increased magnetic
frustration from Ir’s spin-orbit entangled 5d electrons. The Nd3* sublattice de-
velops a well-defined Ff magnetic mode, characterized by b-axis ferromagnetism
and ac-plane canting (A L), in contrast to the symmetry-broken noncollinear or-
der observed in NdoNiMnQOg. AC susceptibility measurements conducted below

Tng =~ 23 K further corroborate this complexity, revealing persistent frequency-
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dependent broadening that implies incomplete Nd ordering. This disorder likely
stems from competing interactions among Nd’s single-ion b-axis anisotropy, f-f
exchange favoring antiparallel canting in the ac-plane, and random local fields
from the frustrated Mn/Ir network. The refined Nd** moment of 1.18up at
1.5 K, well below its free-ion value, supports this interpretation. Unlike prior
studies that relied primarily on neutron diffraction [154, 248, 249|, we adopt a
multimodal approach integrating DC/AC magnetometry, Raman spectroscopy,
and specific heat measurements [250]. Raman data reveals strong spin-phonon
coupling, as evidenced by phonon renormalization below the magnetic transition,
which complements the magnetic symmetry resolved via diffraction. AC suscep-
tibility exposes reentrant-spin-cluster-like dynamics superimposed on long-range
ferromagnetic order, a hallmark of disorder and frustration due to mixed B-site
occupancy (Ni/Mn/Ir). Heat capacity anomalies further verify the presence of
a magnetic phase transition, Shocktty anomalies from the Nd3*, supporting the
overall picture of a highly tunable, competing-interaction-driven magnetic land-

scape.
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(a) A site (b) B site

]

Figure V.1: The crystal structure of NdaNiMng 25Irg.75Og in the P21 /n space group is presented
as a single unit cell. (a) The A-site with Nd atoms is depicted in brown. (b) The B-sites are
shown, with Ni/Mn atoms represented in blue and red, and Ir in green. (c) A projection of the
crystal structure along the a-axis illustrates the (Nd)Og cuboctahedral coordination. (d) The
(NiMn)Og octahedral tilt coordination is highlighted, with Ni/Mn and Ir octahedra shaded in
blue and green, respectively. The O?~ ions are represented by grey spheres.

5.2 Experiment

A target polycrystalline NdaNiMng 251rg. 7506 (NNMIO) was synthesized via
a modified sol-gel method employing glycerin as a chelating aid. A stoichio-
metric mixture of high-purity precursors Nd(NOs)s3-6H20, Ni(NOgz)s-6H20,
Mn(CH3COz2)2-4H20 and IrCly (Sigma-Aldrich, 99.97%) in a molar ratio of
2:1:0.25:0.75 (Nd:Ni:Mn:Ir) was dissolved in a 2 M aqueous solution. Glycerin
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(2 g) was added dropwise to homogenize the solution, which was then evaporated
at 200 °C for 24 h to form a xerogel. The dried gel was ground and pre-calcined at
1000 °C for 12 h (ramp rate: 5 °C/min) to remove organic residues. The powder
was pelletized under a uniaxial pressure of 80 MPa and sintered at 1200 °C for
48 h to yield phase-pure double-perovskite crystals. Phase purity was verified by
powder X-ray diffraction using a Rigaku diffractometer with Cu Ko radiation
(A =1.5406 A) at room temperature. Data were collected over a 26 range of
5% <20 <90° with a step size of 0.02° and a counting time of 20 s per step. The
instrument was configured with fixed slits (divergence slit: 1/4°; anti-scatter
slit: 1/2°) and a 10 mm mask. Temperature- and field-dependent magnetization
were measured using a SQUID magnetometer (MPMS-3, Quantum Design) in
the temperature range of 2-300 K under magnetic fields up to £70 kOe. To
mitigate artifacts caused by trapped magnetic flux, the superconducting magnet
was demagnetized by oscillating the field during coil quenching, followed by
thermal cycling to 300 K (above the critical temperature of the superconducting
coil) prior to each measurement. Frequency-dependent AC susceptibility was
measured using a PPMS (Quantum Design) at the ISIS Neutron and Muon
Source. Measurements were conducted on cooling from 300 K to 2 K under zero
applied DC field, with an AC field amplitude of 0.5-2 Oe and frequencies between
11 and 540 Hz. Raman spectra were acquired in quasi-backscattering geometry
using a 532 nm diode-pumped laser stabilized by a volume Bragg grating (VBG).
The beam was focused onto the sample using mirror-lens optics, with scattered
light collected through notch filters and analyzed by a triple-grating T64000
spectrometer (1800 mm™! gratings, LNa-cooled CCD). Sample pellets (sintered
at 1200°C for 24 hr) were mounted on a cold finger in a closed-cycle cryostat
(20 K base temperature), with temperature controlled via a CERNOX sensor
(Lakeshore C340). Spectra were calibrated using a silicon reference, with the
spectrometer centered at 470 cm ™! for Stokes signal detection. High-resolution
neutron powder diffraction data were collected using the WISH diffractometer
[190] at the ISIS Neutron and Muon Source. A 1.7 g powder sample was
loaded into a 6 mm diameter cylindrical vanadium can and cooled using a “He
closed-cycle refrigerator. In the paramagnetic (PM) state, data were recorded
at 200 K for approximately 2 h to establish the nuclear structure baseline. To
capture magnetic ordering, high-statistics datasets were collected at 100, 40, and

1.5 K, each with a counting time of approximately 3 h. Rietveld refinements of
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both crystal and magnetic structures were performed using the FULLPROF suite
[191]. Symmetry analysis to determine allowed magnetic modes was conducted

using the ISOTROPY software suite [102] and ISODISTORT [192].

Table V.1: Structural parameters of NdoNiMng 25Irg.750¢ obtained from Rietveld refinement of
NPD data at 200 K. Lattice parameters are a = 5.40481(3) A, b=15.64717(3) A, c=17.71597(3) A,
3 =90.04178(2)°, and unit cell volume V = 235.506(2) A3. Bond valence sums (BVS) were
calculated using Ro(Nd®*T) = 2.12, Ro(Ni**) = 1.65, Ro(Mn*") =1.91, and B = 0.37. The
bond valence is defined as BV = exp (y). For mixed-occupancy sites, the majority cation

is used in BVS calculations.

Atom Frac. Coord.  Ujso(x1072 A%2) BVS(le])  Occupation

Nd z = 0.0187(9) 1.124(6) +3.27  91%Nd, 9%Ni
y = 0.5635(4)
2= 0.7633(7)
Ni/Mn z=y=2=0 0.528(4) +2.84 78% Ni, %22 Mn
Ir z2=0.5 0.528(4) +3.62 Ir
01 = = 0.0904(6) 7.439(5) ; 0
y = 0.0272(7)
2 = 0.2468(2)
02 = 0.1922(14) 7.439(5) . 0
y = 0.2716(13)
2= —0.0589(9)
03 = 0.2039(14) 7.439(5) - 0
y = 0.3191(10)
2 = 0.5334(10)
Bond Length (A) Bond Angles (°)

Ni/Mn—02  1.908(8)  (O1—Ni/Mn—02) 88.1(3), 91.9(3)

A
Ni/Mn—O1  1.972(14) (O1—Ni/Mn—O01)  180.00(0)
)
Ni/Mn—03  1.916(8)  (O1—Ni/Mn—03) 88.0(3), 92.0(3)

Ir—-01 2.020(14) (O1—-1Ir—01) 180.00(0)
Ir— 02 2.153(8) (01 —-1Ir—02) 86.4(3), 93.6(3)
Ir— 03 2.128(7) (01 —-1Ir—03) 85.8(3), 94.2(3)
(Ir— O1 — Ni/Mn) 150.26(2)
(Ir — O2 — Ni/Mn) 148.4(4)
(Ir — O3 — Ni/Mn) 150.2(4)
Refinement Parameters
% 125  Rp (%) 385
wRp (%) 289 Rpage (%) 5.58
Frac. (%) 96.93(2)
= 'Ng3+ T To2- (177)

T2+ T s
V2 (w +rpat+ +T027>
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Figure V.2: Neutron powder diffraction data measured in 4 magnetic phases; a) paramagnetic
(230 K), b) first ordered (100 K), ¢) ordering at 40 K, and d) ground state (1.5 K). Data are
shown as red points, the fitted patterns as black lines, and the difference curve I ps — Icalc as
blue lines at the bottom of the panes. The top and bottom row of green tick marks in each

pane indicate the position of nuclear and magnetic Bragg peaks, respectively.
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5.3 Results and Discussion

5.3.1 Cystal Structure

The polycrystalline NdaNiMng o51rg 7506 crystallizes in the monoclinic P21 /n
space group (No. 14), as confirmed by NPD data. This structural model remains
stable across the entire measured temperature range (1.5 - 300 K), with no evi-
dence of phase transitions. High-resolution NPD data collected at 100, 40, and
1.5 K confirm the persistence of the monoclinic symmetry into the magnetically
ordered regime. The crystal structure features Nd®* ions occupying the A-site
4e Wyckoff positions, forming distorted cuboctahedral (Nd)Og coordination poly-
hedra [Figure V.1(a,c)]. The B-site exhibits a partially ordered arrangement of
transition metals, with Ni2* /Mn** (78:22 ratio) predominantly occupying the 2a
(0,0,0) position and Ir** residing at the 2b (0,0, %) site. Notably, approximately
9% antisite disorder occurs, where Ni substitutes at Nd positions (Table V.1).
Three distinct oxygen sites (O1 - O3) occupy general 4e positions, completing
the corner-sharing (Ni/Mn)Og and IrOg octahedral system characteristic of dou-
ble perovskites [Figure V.1(b,d)]. The Ir-O bonds display significant anisotropy
(2.020 - 2.153 A), reflecting strong octahedral distortion, while Ni/Mn-O bonds
are more symmetric (1.908 - 1.972 A), and octahedral tilting (Ir-O-Ni/Mn an-
gles ~ 148°-150°). The calculated Goldschmidt tolerance factor (¢, =0.93) con-
firms the monoclinic distortion, in line with observed bond-length asymmetries.
Bond valence sums:+3.27 (Nd), +3.62 (Ir), and +2.84 (Ni/Mn), support the
expected oxidation states and indicate partial charge delocalization [49]. The
refined lattice parameters at 200 K (a = 5.40481(3) A, b = 5.64717(3) A, ¢ =
7.71597(3) A, B =90.04178(2)°) reveal three significant structural modifications
compared to the parent NdaNiMnOg compound (a = 5.4078(1) A, b=5.4767(1) A,
c=T7.6648(2) A, 8 =190.0277(4)°). First, the a-axis shows a slight contraction
(Aa = —0.06%), while the c-axis expands more substantially (Ac=+0.67%), re-
flecting the competing effects of Ir** substitution, its larger ionic radius (0.625 A
for Ir*t vs. 0.530 A for Mn** in octahedral coordination) would normally pro-
mote expansion, but this is partially counterbalanced by enhanced metal-oxygen
covalency, comparable to trends in NdaNilrOg [248]. Most strikingly, the b-axis
undergoes a pronounced 3.11% expansion, significantly altering the axial ratio

from b/a =1.0127 in the parent compound to 1.0448 in the Ir-doped system. The
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monoclinic angle 8 increases slightly by 0.014°, indicating subtle but measurable
changes in the octahedral tilting pattern. These modifications closely resemble
those observed in the LngNilrOg series (Ln = La, Nd, Eu, Gd) [49, 251, 252],
confirming that partial Ir substitution drives the system toward the structural
characteristics of the full iridate analogs. The anisotropic response highlights
how selective orbital hybridization, particularly the enhanced m-bonding between
Ir 5d and O 2p orbitals, can preferentially affect specific crystallographic direc-
tions in these complex oxides. A minor polymorph §-IrCls impurity phase (~3%)
was identified in the NPD data and included in the refinement [see Appendix
3.1 for structural parameters|. The S-IrCls impurity (~3%) persists due to ki-
netic stabilization during high-temperature calcination (800-1200°C), where rapid
perovskite formation traps metastable orthorhombic(Fddd) -IrCls (versus the
thermodynamically favored a-IrCls below 500°C). This is exacerbated by chlorine
entrapment at grain boundaries and oxygen-deficient conditions [253, 254]. The
excellent agreement factors (Rp = 3.85%, wP = 2.89%, Rprags = 5.58%) confirm
the reliability of the structural model (Table V.1). No other impurities were de-
tected, indicating high phase purity( 97%) aside from this trace contamination,

Figure V.2a.

5.3.2 DC Magnetometry

The magnetic behavior of NdaNiMng o5lrg.750¢ reveals a complex interplay
of competing interactions, as evidenced by temperature-dependent susceptibil-
ity measurements (Figure V.3a). Under 100 Oe, the FC/ZFC bifurcation at
176 K signals spin freezing, characteristic of systems with significant magnetic
anisotropy [5]. The susceptibility exhibits multiple anomalies: a sharp rise near
150 K followed by dips at 115 K and 45 K, culminating in a final rise below
25 K. This structured behavior suggests a rich magnetic phase diagram, with the
150-115 K region likely marking long-range order establishment. Field-dependent
studies (inset) demonstrate how higher fields (1-10 kOe) suppress these features,
revealing the delicate balance between ferromagnetic alignment and competing

interactions [255].
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Figure V.3: a) Temperature dependence of the DC magnetic susceptibility of
NdsNiMng o5Irg. 750 measured under ZFC and FCC conditions in an applied field of 0.1 kOe.
The inset shows a comparison of M-T curves (ZFC/FCC) at different Hy. fields(1-10 kOe).
(b) The inverse susceptibility (x~! = H/M) as a function of temperature (T'), inset shown for
1-10 kOe fields. The black line shows the paramagnetic region’s best fit using the Curie-Weiss
law.

The transition temperature (T ~ 140 K at 100 Oe) decreases systematically
with applied field (135 K at 1 kOe, 128 K at 5 kOe, and 125 K at 10 kOe), demon-
strating field-induced suppression of magnetic order [256]. The persistence of a
25 K anomaly across all fields suggests a strong ordering, likely involving the Nd3+
sublattice coupling. Curie-Weiss analysis yields Ocw =~ +56(1) K (Figure V.3b),

confirming dominant ferromagnetic interactions, with higher-field measurements
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showing consistent Ocw values (+54 to +55 K). The effective moments (6.01-
6.28 up) agree well with the theoretical estimate of 6.34 up, calculated from
individual contributions of Nd3* (3.62 ug), Ni** (2.83 ug), Mn** (3.87 ugp), and
Ir** (1.73 pp). The transition-metal-only contribution (3.75 ug) highlights the
significant role of Nd®* in the total moment. These results align with other Ir-
based double perovskites like RoNilrOg (R = La, Pr, Nd) (3.30-6.10 up) [257] and
NdyNilrOg (6.2 pp) [248]. The reduced Ir** moment reflects strong spin-orbit
coupling effects, potentially inducing Jog = 1/2 behavior as observed in other
iridates [258, 259].

The field dependence magnetization data M(H) [Figure V.4] at 2 K, 100 K,
and 300 K reveal a progressive evolution of magnetic behavior that aligns with
the insights from the inverse susceptibility (x~!) analysis. At 2 K, the M-H
curve shows a maximum magnetization of 3.01 ug/f.u. at 70 kOe, though it is
unsaturated even at high fields. The linear high-field fit [inset] gives an effective
saturation moment Mg &~ 2.01 pp/f.u., much lower than both the Curie-Weiss
effective moment (peg =~ 6.01-6.28 pp) and the theoretical spin-only calculated
moment (ug?flc ~ 6.34 up). This stark contrast underscores the impact of antisite
disorder evidenced in our mixed-occupation refinements Table V.1, which in-
troduces magnetic frustration, spin canting, and noncollinear spin arrangements,
limiting the net field-aligned moment despite the presence of strong ferromagnetic
exchange (evident from Ocw =~ +56 K). At 100 K, the M-H moment decreases to
1.19 up/f.u. at 70 kOe, consistent with the reduced long-range order approaching
the Curie temperature (~ 140-150 K from M-T analysis). The system displays
lower coercivity (0.16 kOe) and remanent magnetization (0.58 upg/f.u.), indicating
weakened but still present ferromagnetic interactions. At 300 K, the magnetiza-
tion is negligible, consistent with the fully paramagnetic phase as predicted by

Curie-Weiss behavior.
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Figure V.4: Isothermal M(H) curves conducted at different temperatures under an applied
field of £70 kOe. Inset shows the linear extrapolation of saturated magnetization.

5.3.3 AC magnetometry

AC susceptibility measurements (Figure V.5) expose the complex magnetic
hierarchy in NdoNiMng o511 7506, where B-site disorder orchestrates competing
interactions across distinct temperature regimes. The high-temperature anomaly
at 168 K, appearing as frequency-independent shoulders in both y’ and x”, signals
the formation of short-range magnetic correlations or ferromagnetic clusters above
the ordering temperature, a direct consequence of B-site disorder that creates
spatially inhomogeneous exchange pathways [112, 260]. The sharp, dispersionless
peak at Ty = 140 K confirms long-range ferromagnetic order within the transition-
metal sublattice, with the frequency independence ruling out glassy behavior at
this stage and instead reflecting strong Ni?*-(Mn** /Ir**) exchange [257]. Be-
low this ordering temperature, the system enters a reentrant spin-glass phase

characterized by broad, frequency-dependent peaks in x” centered at Ty ~ 80-
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Figure V.5: The real (a) and imaginary (b) parts of the AC magnetic susceptibility of
NdsNiMng o5Irg. 7506, measured as a function of temperature at different frequencies under
Hg. = 2 Oe. The inset shows an expanded view of T'.

Quantitative analysis yields a Mydosh parameter m = 0.0205 from the Tt shift
between 1 Hz and 1 kHz, firmly establishing cluster-glass behavior (0.005 < m <
0.08) [5]. This glassy regime emerges from the competition between ferromag-
netic Ni?T-Mn** /Ir** exchange and antiferromagnetic interactions induced by
antisite disorder, creating frozen magnetic clusters within the ferromagnetic ma-
trix [261]. The low-temperature transition at Txq = 23 K, marked by sharp

enhancements in both susceptibility components, reflects the ordering of Nd3+
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moments through f—d coupling to the transition-metal network [248]. The coex-
istence of long-range order and glassy dynamics finds theoretical grounding in the
Sherrington-Kirkpatrick [262] and Gabay-Toulouse [127] models, which describe
such frustrated systems where disorder prevents conventional magnetic ground

states [see Appendix 3.2 for a complementary analysis].

5.3.4 Specific Heat

Figure V.6 shows the temperature dependence of the specific heat divided by
temperature (C/T') for NdaNiMng 251rg.7506, measured at zero field (0 T) and
under an applied field of 4 T in the temperature range of 2-300 K. The main
features include a pronounced downturn approximately 15 K, characteristic of
a Schottky-like anomaly, and a broad hump centered around ~135 K, indica-
tive of an onset of ferromagnetic correlations within the Ni/Mn/Ir sublattices.
At higher temperatures, the specific heat decays smoothly, dominated by the
phononic (lattice) contribution. The broad hump is consistent with the forma-
tion of ferromagnetic clusters within the Griffiths phase (GP) region above the
Curie temperature (Tx). The inset of Figure V.6 highlights the evolution of the
low-temperature peak under varying magnetic fields from 0 to 10 T, revealing
a clear field dependence of the Schottky anomaly. Also, a sharper upturn near
~ 5 K in the C,,/T vs. T curves for all fields indicates the onset of Nd*+ magnetic
ordering at low temperatures. This behavior aligns with similar findings in other
antisite disordered systems, such as ProMnNiOg, where magnetic inhomogeneities
and cluster-glass behavior are reported to coexist below the magnetic ordering

temperature [200].
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Figure V.6: Temperature dependence of C},/T" vs. T for NdaNiMng 251rg.7506 measured under
0 T (black) and 4 T (red) magnetic fields. The inset displays expanded low-temperature (2-15 K)
Cp/T data under various fields (up to 10 T), showing systematic suppression and broadening
of the Schottky anomaly with increasing field.

For detailed analysis of the low-temperature thermodynamic behavior, we fo-
cused on the zero-field data (H =0 T), which best captures the intrinsic lattice
and crystal field effects without magnetic field perturbations. As a first step, the

low-temperature specific heat is fitted using the standard polynomial expression:
Cp(T) =~T + BsT? + B;T? (178)

Figure II1.3 (a)[Appendix 3.4] presents the total specific heat C},(T") of NNMIO
measured in zero magnetic field up to 300 K. The black circles denote the exper-
imental data, while the blue curve represents the fitted lattice contribution based
on a Debye-type phonon model. A noticeable deviation between the total C}, and
the lattice fit emerges below ~ 150 K, indicating the presence of additional mag-
netic contributions. This becomes more evident in the red curve, which shows the
extracted magnetic specific heat Cpag(7). Zooming in to the low-temperature
regime (2-20 K), a detailed examination of the C, /T versus T plots reveals a slope
change around 15 K [Figurelll.3(b), Appendix 3.4 |, characteristic of a Schottky
anomaly, arising from the Zeeman splitting of the Nd3* ion’s *I /2 ground state

multiplet. Unlike the sharp anomalies commonly seen in structurally parents
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perovskites such as NdMnO3[263] PrMnOg3 [264], the anomaly in this system
is broader and more gradual, reflecting the impact of local site disorder and a
distribution of Nd-O environments. As shown in Appendix 3.4 Figurelll.3(b),
the Schottky fit (dashed line) qualitatively reproduces the peak in Cyag(T), al-
though a slight underestimation of the entropy near the peak is evident, likely
due to a spread in crystal field levels caused by local structural disorder. To
quantitatively capture the thermal behavior below 50 K, the specific heat data
at H =0 T was modeled using a full expression incorporating both lattice and

Schottky contributions [see Appendix 3.4, FigurelIl.3(c)] [200, 265]:
Cp(T) =T + B3T? + BsT” + Csehottky (T) (179)

The first term, 7', typically associated with electronic excitations in metals,
is instead interpreted here as a signature of low-energy magnetic excitations
due to spin disorder or glassy dynamics, corroborated by the large value v =
75.37mJ /mol - K2, higher than [200, 266]. The B3T? term arises from the Debye
model of lattice vibrations, with B3 = 6.86 x 10~*J/mol - K*. This yields a Debye

temperature:

1274 R\ Y?
0 = ~141.5K 180
b ( 5Bs ) (180)

The low Debye temperature (Op) suggests soft phonon modes, likely arising
from lattice strain and bonding asymmetry induced by Ni/Mn/Ir substitution.
Crucially, the model requires a BsT® term (B = —1.49 x 107 J/mol-K9) to accu-
rately capture deviations from ideal Debye behavior, accounting for anharmonic
effects and optical phonon contributions above ~10 K. Omitting this term pro-
duces significant misfits, underscoring its essential role in describing the system’s

complex lattice dynamics. The Schottky contribution was modeled using:

n N2 exp(l:
Op%RZwi(A’){ b () (181)

i=1 kp 1+exp (%)}2

where A represents the crystal field splitting and w is a degeneracy-weighted
factor. Fitting yields A =10.95+0.14K and w = 5.33 £0.11, values consistent
with a singlet-singlet transition. The excellent agreement between the full model
and the experimental data in Figure I11.3(c) confirms that both lattice and crys-

tal field effects significantly contribute to the low-temperature specific heat of
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NNMIO. This interpretation is consistent with previous studies in analogous Nd-
based perovskites that exhibit broadened Schottky features due to exchange fields
and local symmetry fluctuations[267]. To quantify the magnetic contribution, the
total entropy change due to magnetic excitations was computed by integrating

the magnetic heat capacity Cyag over temperature:

Cmag

ASmag = / dT = 77.37J /mol - K (182)

Such a substantial entropy release supports the activation of multiple CEF lev-
els and reinforces the role of Nd3*-based excitations in the observed thermal

anomalies.

5.3.5 Raman Spectroscopy

Temperature-dependent Raman spectra of NdaoNiMng 251 7506 (Figure I11.2
Appendix 3.3), acquired from 20-290 K (AT =5 K for 20-100 K; AT =10 K
above 100 K), reveal well-defined phonon modes (450-750 cm™~!) with system-
atic variations in intensity, linewidth, and frequency. Below 50 K, sharp peaks
dominate the 600-720 cm™! region, corresponding to (Ni/Mn/Ir)Og octahedral
stretching vibrations. The observed phonon behavior reflects the material’s struc-
tural evolution from ideal Fm3m symmetry (with four Raman-active modes:
A1g+ Ey+2Fy,) to reduced P21/n symmetry due to significant B-site cation
mismatch (Ni?+, Mn**, Ir**+ vs. Nd3*) [225]. This symmetry reduction theoret-
ically activates 24 Raman modes (124, + 12B,), though only seven are experi-
mentally resolved at 20 K through Gaussian-Lorentzian fitting (Figure V.7): Bg]
(466 cm™1), AL (505 cm™!), Bil (581 ecm 1), A (604 cm™!), Bi (646 cm™ 1),
A}JH (687 cm™1), and AIgV (740 cm™1). DFT calculations and similar systems
[225, 233, 268] confirm these assignments, with bending modes (below 600 cm™!)
showing minimal thermal variation and stretching modes (above 600 cm ™) dis-
playing strong temperature dependence. The Ir-induced distortion produces two
distinct peaks (646 and 687 cm™!) where comparable systems typically show one
broad feature[231, 269]. The B;H mode (646 cm™!) exhibits significant soften-
ing (6-8 cm~!) and broadening, demonstrating strong spin-phonon coupling via
Ni** /Mn**-O-Ir** exchange, while the A" mode (687 cm™!) shows anomalous

hardening.
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Figure V.7: Raman spectrum of NdsNiMng o5Irg 7506 at 20 K, highlighting phonon mode
decomposition. The experimental data (black asterisks) are fitted using a combination of
Gaussian-Lorentzian (G-L) functions (solid red curve). Individual vibrational modes are la-
beled and shaded according to symmetry: B;_IH (gray, blue, cyan), AIQ_IV (green, magenta,
violet, orange). The multi-mode structure is consistent with the P2; /n symmetry of the mon-
oclinic double perovskite phase. Strong and well-resolved features confirm B-site ordering and
low-temperature lattice coherence.

To probe the interplay between magnetic ordering and lattice dynamics, we
focus on the A; (505 cm 1), B;H (646 cm™!), and Agl (687 cm~!) modes, which
exhibit distinct responses to spin-lattice interactions. To quantitatively analyze
the temperature-dependent phonon behavior, we modeled the Raman shifts and
linewidths using anharmonic coupling theory, accounting for three-phonon inter-

actions through both Klemens approaches [230]:

3 3
wan(T) = wo+Ci [1+ em_J L0 l1+ s B o 1)2] , (183)

2 3 3
r I=Ki |1+ —— |+ K9 |1 184
FwiM (1) 1[+6m_1}+ 2[+6y_1+(6y_1)217 (184)

where x = QZZOT and y = :’EMTOT represent the phonon occupation factors. C1, Co,

K1, and K5 are the anharmonic coupling constants for frequency and linewidth,
respectively. For modes exhibiting linear trends, a simplified linear temperature
dependence was adopted:

w(T) =wo+aT, (185)

where « is the thermal coefficient of frequency shift. Temperature-dependent
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Raman measurements uncover striking evidence of strong spin-phonon coupling
with all observed modes (A}], B;II, and Aéﬂ) exhibiting pronounced deviations
from conventional anharmonic behavior that correlate with magnetic transitions.
The A; mode (Figure V.8a) shows a remarkable 2.5 cm™! hardening below
180 K, peaking near 140 K, coinciding with the onset of long-range magnetic
order. This anomalous stiffening, well described by two distinct linear regimes
(= —0.041 cm™!/K above 130 K and o = +0.027 cm™!/K below), directly re-
flects exchange striction effects as the spin system orders [41, 270]. The B;H
mode (Figure V.8b) reveals even more complex behavior, with anomalous soft-
ening between 170-230 K followed by stabilization and eventual stiffening be-
low 130 K, indicating the evolution from ferromagnetic clusters to long-range
order[271]. Most remarkably, the A;H mode (Figure V.8¢c) displays a saturation
plateau below 130 K and subsequent softening below 50 K, indicating complete
spin correlation and possible spin-driven phonon renormalization. These concur-
rent anomalies across all modes demonstrate a global lattice response to magnetic
ordering, analogous to effects observed in LagNiMnOyg (exchange striction) [225]
and SraIrOy (spin-orbit-entangled magnetism) [272]. While similar phonon hard-
ening has been reported in RCrOgz systems [273], the precise mechanism-whether
direct spin-phonon coupling or magnetostriction-mediated effects-requires further

investigation.
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Figure V.8: Temperature evolution of phonon frequencies w(7") and full-width at half-maximum
linewidths I'(T') for the A;, B;H, and A;H Raman modes of NdaNiMng 251rg.750¢. Panels (a-c)
show the frequency shifts, while panels (d-f) present the corresponding linewidth broadening
as a function of temperature. Experimental data (blue diamonds) are fitted using Klemens-
type anharmonic models (solid orange curves). In panel (a), a linear thermal model (dashed red
line) is also shown for comparison. The shaded regions denote different magnetic regimes: white
(paramagnetic), blue (spin-glass-like), and green (FM ordering), highlighting the spin-lattice
coupling anomalies, particularly in B;H and A;H modes.

The temperature evolution of phonon linewidths reveals distinct signatures
of spin-lattice coupling across different vibrational modes. The A; mode (Fig-
ure V.8d) displays a pronounced minimum in FWHM near 115 K, with the
linewidth suppression below 140 K (wp = 17.28 £1.52 cm™!, K; = 32.87+£1.88)
signaling enhanced phonon coherence due to long-range magnetic ordering of
the Ni?* /Mn** /Ir** sublattices. This behavior contrasts sharply with the con-
ventional anharmonic expectation (wp =44.1240.31 em™ !, K7 =0.00740.009 at
high T"), mirroring effects observed in LagNiMnOg, LagCoMnOg and YoCoMnOg,
where magnetic ordering induces phonon lifetime renormalization [221, 225, 274,
275]. The subsequent linewidth broadening above 140 K reflects increased scatter-
ing from spin fluctuations and spin-orbit-coupled states of Ir** (5d%), analogous

to phenomena reported in SrolrO4 and BagYirOg [268, 272, 276]. The B;H mode
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(Figure V.8e) shows markedly different behavior, with monotonic broadening up
to 170 K (deviating from Klemens model predictions with wg = 56.77 £4.59 cm ™!,
K71 =—-0.2940.52) that stems from three factors: (1) static disorder from B-site
cation mixing, (2) magnetostrictive strain effects, and (3) spin-orbit-enhanced
electron-phonon coupling. The peak near 170 K coincides with the development
of short-range magnetic correlations, while the high-T" decrease indicates weak-
ening spin-lattice interactions in the paramagnetic regime. In contrast, the A;H
mode (Figure V.8f) follows ideal anharmonic behavior (wo = 33.61+2.24 cm ™!,
K1 =(0.7540.12) x 1077, K5 = 12.70+0.36) across the entire temperature range,
demonstrating its decoupling from magnetic degrees of freedom. The minor de-
viations near magnetic transitions may arise from weak magnetostrictive effects
or/and potentially thermally activated electron-phonon coupling [234, 277]. In
magnetic oxides, phonons are sensitive probes of underlying spin correlations.
Sushkov et al. [278] showed in ZnCryOy4 that phonon frequency shifts above and
below the spin-Peierls transition closely track the nearest-neighbor spin correla-
tion function (S;-S;) measured independently via magnetic specific heat, demon-
strating a direct link between lattice vibrations and magnetism. Adapting their

approach, one can express the coupled phonon frequency as:
w(T) :Cd0+)\<Si'Sj>, (186)

where wq is the baseline phonon frequency in the absence of spin-lattice inter-
action, and A quantifies the spin-phonon coupling strength. The spin-phonon
coupling constant (\) was calculated using the Sushkov formalism [278], which

relates A to the exchange coupling (J) and phonon frequency (wp) via

- k%a®J 2z 4 2z 3kpOcw

h k=1— =— =— 187
, WHere 3 “ @ ’ 2Sef (Seft +1) (187)

~ hmwo
Here, z = 6 is the coordination number, ap = 0.529 A is the Bohr radius, and
Set = 0.866 represents the effective spin from Ni?*-Mn** /Ir** mixing. Using
Ocw = 55.5 K (from Curie-Weiss analysis) and the A; phonon mode (wy =
505.6 cm™1), we obtain .JJ = 4-0.46 meV and A =2.1 cm~!. Similar calculations for
the B;H (wp = 648.5 cm™1) and Aéﬂ (wo = 687.9 cm™1) modes yield A = 1.6 cm ™!
and A = 1.5 cm™!, respectively. These results are consistent with prior studies

on other geometrically frustrated systems and 3d-5d perovskite sytems, such as

ZnCroOy4 (A = 3-6 cm™!) [278], Sr2Co04[279], NaOsO3 [280], and EusZnlrOg
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[268], but show systematically weaker coupling due to Ir** dilution, emphasiz-
ing the impact of spin-orbit interaction in moderating spin-lattice coupling. To
investigate spin-lattice interactions in NNMIO, we analyzed the temperature de-
pendence of phonon frequency shifts, 0w(T") = wobs(T') —wWanh (T'), where wops(T) is
the measured phonon frequency and w,n,(7') is the anharmonic baseline. Accord-
ing to the model proposed by Granado et al. [235], this shift is proportional to
the spin-spin correlation function, which under mean-field approximation scales

with the square of the normalized magnetization:

2
M (T>] , (188)

Sw(T) =\ l .

where A is the spin-phonon coupling constant, M (T') is the magnetization at tem-
perature T', and M,y is the saturation magnetization in the ordered state. Figure
V.9 compares §w(T) (blue diamonds, left axis) with [M(T)/Mmpax)? (green trian-
gles, right axis) for three Raman-active modes: (a) Al (b) BJT, and (c) AL
In all modes, a strong temperature dependence of dw(T') is evident near the mag-
netic transition at T =~ 140 K.In panels (a) and (b), the phonon frequency shifts
closely track the evolution of the magnetization, indicating a strong spin-phonon
coupling. The Aé mode exhibits a smooth increase in 0w(7") below T¢, saturating
in tandem with [M(T)/Mpax]?. The Béf T mode shows a sharper anomaly, with
dw(T') peaking between 100-120 K. In contrast, the Aé” mode [panel (c)] shows
delayed and nonlinear behavior, with dw(7T") becoming strongly negative only
below ~100 K. This divergence suggests that the high-frequency mode is influ-
enced by additional structural or exchange effects. The partial mismatch between
Sw(T) and [M(T)/Mpax)? likely results from the coexistence of multiple magnetic
phases, ferromagnetic, FM cluster observed in the GP-phase, and possible spin-
glass regions, typical in B-site disordered perovskites. These competing interac-
tions, varying in both sign and magnitude, renormalize phonon modes differently.
Similar behavior has been reported in YoCoMnOg, LaoCoMnOg, ProCoFeOg, and
Srg.¢Bag4MnO3 [225, 233, 281].
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Figure V.9: Temperature dependence of phonon renormalization dw(T") = wWobs(T) — wWanh(T)
(left axis, blue diamonds) and normalized magnetization squared [M(T)/Mpax]? (right
axis, green triangles) for (a) Aé, (b) Bé”, and (c) Aé” Raman-active modes in
NdoNiMng 25Irg.7506. The close correspondence between the two quantities near the ferromag-
netic transition temperature (T¢ =~ 140 K) indicates strong spin-phonon oupling. Deviations at
lower temperatures are attributed to competing magnetic interactions and site disorder.
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5.3.6 Neutron powder diffraction

Concomitant with changes in the magnetometry data, pronounced evolution
in the neutron powder diffraction patterns was observed upon cooling. Below
the onset of magnetic ordering (Tx ~ 140K), additional magnetic reflections ap-
peared, which could be indexed relative to the monoclinic parent space group
P21 /n, specifically on the (100), (010), and (111) families of reflections. This
behavior is fully consistent with the development of long-range magnetic order at
the I'-point (k = (0,0,0)), indicative of a commensurate magnetic ground state.
To rigorously isolate the magnetic scattering, refinements were performed on dif-
ference patterns obtained by subtracting the paramagnetic phase at 200 K from
the datasets collected at 100 K , 40 K , and 1.5 K. This subtraction procedure
effectively removes nuclear Bragg contributions and incoherent backgrounds, al-
lowing direct modeling of the magnetic scattering. However, as is common with
difference refinements, data in the d-spacing regions between 3.7 A and 4.0 A,
as well as above 6.7 A, were excluded due to residual instrumental artifacts,
parasitic backgrounds, and deteriorated signal-to-noise ratios. Excluding these
regions was critical to stabilizing the refinement. Magnetic symmetry analysis,
performed using ISODISTORT, combined with structure factor calculations for
the three cation sublattices (Ni, Mn/Ir, and Nd), revealed characteristic magnetic
reflection conditions of the monoclinic system: specifically, h0l reflections where
h+1=2n, and 0k0 reflections where k = 2. These selection rules are fully con-
sistent with the parent compound NdsNiMnOg, whose magnetic symmetry was
previously analyzed and presented in IV.2.

At T =100K, we tested two magnetic structure models against neutron NPD
data, both incorporating magnetic moments on the A, B, and B’ sites and trans-
forming according to the irreducible representations I'{ and T'j. After detailed
analysis, the I'{ magnetic structure in the P21 /n.1(14.75) space group was un-
ambiguously identified as the model that best reproduces the observed magnetic
intensities. The basis vectors for this model were defined as [1,0,0], [0,1,0], and
[0,0,1], with the origin at [0,0,0] and compatible with FM F' mode aligned paral-
lel to the monoclinic b-axis, augmented by an AFM A-type mode perpendicular
to b. The refinement results indicate a second-order magnetic transition at Ty,
with the Ni?T sublattice ordering ferromagnetically along the b-axis and no de-

tectable canting into the ac-plane. This configuration transforms according to
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the irreducible representation mI'{", which is fully consistent with the symmetry
constraints of the monoclinic P2;/n structure. Magnetic structure factor calcu-
lations further validate this model, showing non-vanishing intensity exclusively
at reflections satisfying the condition hOl with h+1 = 2n. In contrast, reflec-
tions such as (010), (100), and (111) remain systematically weak or absent due to
symmetry-induced cancellations. To enhance refinement stability and minimize
correlations with the nuclear structure, the Nil and Ni2 magnetic sublattices were
constrained to have identical moment magnitudes. The refinement converged to
a magnetic moment of 1.31(11) up per Ni ion, with strict alignment along 6 = 90°
and ¢ = 90° (parallel to the b-axis). While the Mn/Ir sublattice contribution
was not explicitly refined, its effects were evaluated post hoc using representative
reflections such as (101), (101), and (011), whose intensity is sensitive to the in-
terference between Ni and Mn/Ir sublattices. The analysis assumed a simplified

model with magnetic structure factors:

F, x —(m1+mo)+ (mg+my),
(101) o< —(m1 +m2) + (m3 +ma) (189)

Flo1ry o< —(my 4+ ma) 4 (m3 +ma),

o1 o m2 +m3 — 2mims,
(101) o (190)
_[(011) o<m1+m3—2m1m3.

under the assumptions |m1| = |ma| = [myi| and [m3| = |m4| = [myry|, with an an-
tialigned configuration defined as mj = myj — mym. Using the refined Ni moment
myi = 1.31 ug and assuming the fully saturated value my; = 2up, the analysis
yields an effective Mn/Ir moment of approximately 0.69 up with a total free-ion
moment of mp = 1.32ug. This partial compensation explains the suppression
of (011) and enhancement of (010) intensities, with the residual Mn/Ir moment
indicating incomplete ordering due to frustration in the mixed Mn** /Ir**+ sublat-
tice. Despite this suppression, the final refinement achieved excellent statistical
agreement (Rp =1.45%, Rwp = 1.80%, Rexp = 1.72%, Rpag = 1.10%, with model
shown in Figure V.2b, consistent with dominant d-d exchange interactions. Upon
cooling to 40K, the diffraction pattern reveals subtle but significant changes in
the magnetic scattering. While the intensities of the (010) and (101) reflec-
tions remain nearly constant, the (011) reflection exhibits a marked increase,
signaling an evolution in the magnetic ground state. Symmetry analysis confirms

that the propagation vector k = 0 is retained, with the magnetic structure still
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transforming under the mI'{ representation. Refinement of the magnetic signal
(40K —200K) shows that the Ni?* sublattice maintains its collinear ferromagnetic
alignment along the b-axis, with the ordered moment increasing to 1.572(9) up
(0 =90°, ¢ =90°). Structure factor analysis, following the same interference
model as at 100K, yields a Mn/Ir moment of approximately 0.43 up, a reduction
from 0.69up at 100K with a total free-ion moment of mp = 1.63 ug. Residual
discrepancies persist in low index reflections (100), (010), and (111), which are
attributable to microstructural disorder arising from the large ionic radius and
mass contrast between Mn?* and Ir?*. These effects introduce diffuse scattering
and peak broadening not fully captured by the magnetic model. The refinement
achieves excellent agreement (R, = 1.92%, Rwp = 2.39%, Rexp = 2.01%, Rpag =
2.39%)[model shown Figure V.2c], supporting the mI'{ -type ferromagnetic order
dominated by Ni**, with a diminishing yet non-negligible Mn/Ir contribution,
consistent with dominant d-d exchange interactions

At 1.5K, NdoNiMng 251rg.750¢ achieves its fully ordered ground state described
by the I'f (F ||, A L) representation with propagation vector k = (0,0,0). The
magnetic structure features three interacting sublattices: (i) Ni** ions exhibit
perfect collinear ferromagnetism along the b-axis with m = —1.616(96) up; (ii)
the Mn/Ir sublattice shows alignment yielding a net moment of —0.384(8) up
through the relation m = myxj — myp, 15 and (iii) Nd** ions order coherently
with m = 1.182(26) up per site, displaying simultaneous ferromagnetic b-axis
alignment [—1.052(26) up] and A-type antiferromagnetic canting in the ac-plane
[£0.373(9) up (along a) and £0.393(9) up (along c)]. This configuration pro-
duces a total magnetic moment of 1.66 ug per formula unit while maintaining
k = (0,0,0) periodicity. The competing F' || (b-axis) and A L (ac-plane) interac-
tions explain the characteristic reflection modulation, notably the suppression
of (011) through Nd interference effects and enhancement of (102)/(012) via
interplane correlations. High-quality refinements (R, = 1.53%, Ry, = 1.82%,
Rinag = 3.90%) validate this model, where the residual intensity in (100) and
(111) arises from the Mn / Ir disorder within the symmetry. The refinement
results are presented in Figure V.2d, and the corresponding magnetic structure
is illustrated in Figure V.10. The systematic moment reduction in the Mn/Ir
sublattice (myp, 1 = 0.69up at 100 K — 0.43up at 40 K — 0.38up at 1.5 K)
reveals progressive relief of bd-electron frustration with cooling. This behavior

contrasts sharply with related iridates that require multiple k-vectors for mag-
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netic structure description, whereas our system maintains both '] symmetry and
a propagation vector k = (0,0,0) across all temperatures. The conserved order
parameter indicates a unified magnetic ground state distinct from the phase-
separated scenarios reported in analogous compounds, the observed non-collinear
arrangement emerges from competing anisotropies: Ir**-mediated effects: Strong
single-ion anisotropy enforces strict collinearity of Ni** spins along the b-axis.
Nd3* contributions: Balanced f-f exchange and f-d coupling induce canting in
the ac-plane. This dual-anisotropy mechanism explains both the robust b-axis
alignment of the transition-metal moments and the temperature-dependent mo-

ment reduction in the 5d sublattice.

Figure V.10: Refined magnetic structure of Nd2NiMng o5Irg.7506 at 1.5K, corresponding to
the mFIr (F)+AL) irreducible representation. The left panel shows the three-dimensional view,
while the right panel displays the projection along the a-axis. Magnetic moments are primarily
aligned along the b-axis (F) H) with an additional A-type antiferromagnetic component within
the ac-plane (A ) for the Nd sublattice. Nd, Ni, and Ir atoms are represented by maroon, blue,
and green spheres, respectively. The crystallographic unit cell is outlined in black. Cartesian
axes (a, b, ¢) are indicated for clarity.

Our study of NdaNiMng 251rg.750¢ represents a significant improvement over
previous investigations of Ir-based double perovskites, particularly NdsNilrOg
[154, 248]. While earlier works either lacked complete sublattice resolution or
required coexisting magnetic phases (k = (0,0,0) and k = (%,%,O)) to explain
low-temperature behavior, our system achieves three key breakthroughs. First,
we resolve the full magnetic structure within a single I'f (Fj, A1) model across
all temperatures, eliminating the need for phase coexistence as proposed for
NdaNilrOg [248]. This unified approach provides a more consistent description

of the magnetic ordering. Second, our work significantly improves upon pre-
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vious moment refinements. While Ref.[154] could only determine Ni (1.71up)
and Ir (0.32pp) moments at 40 K (Rmag = 25.7), we simultaneously refine Ni
(—1.616 ug), Mn/Ir (—0.38up), and Nd (—1.18 ug) moments at 1.5 K with su-
perior agreement (Rmag = 3.9). Third, we identify previously unresolved fea-
tures of the magnetic structure. Unlike the b-axis-confined moments proposed in
Ref. [154], we observe Nd3* canting in the ac-plane (£0.38 up) coexisting with b-
axis ferromagnetism. Our Mn/Ir substitution also clarifies the debate about Ir**
moments, demonstrating intermediate values (0.38-0.69 up) that reconcile earlier
conflicting reports of 0.32up [154] and 1.02up [248]. These advances gain par-
ticular importance when compared to isostructural NdeZnlrOg [257], highlight-
ing the unique role 3d-5d-4f interactions. Meanwhile, the magnetic structures
of NdaNiMng 95Irg.750¢ and NdasNiMnOg reveal fundamental differences in their
3d-5d-4f interactions. Both systems order with k = (0,0,0), but the Ir-doped com-
pound exhibits three key modifications. The Ni?* moments maintain strict b-axis
alignment (FH) rather than canting into the ac-plane, suggesting Ir-induced single-
ion anisotropy (SIA) competes with the native Ni/Mn easy-plane anisotropy. The
Mn/Ir sublattice moment reduces dramatically (2.18 up — 0.38 up), indicating
strong frustration from Ir’s spin-orbit-coupled 5d states. Furthermore, Nd?* or-
dering develops a coherent Ff’ mode with b-axis ferromagnetism plus ac-plane
canting (A ), contrasting with NdoNiMnOg’s symmetry-breaking non-collinear
structure. The DC and AC susceptibility data below Tng ~ 23 K exhibit per-
sistent frequency-dependent broadening, indicating that partial Nd disorder sur-
vives even in the magnetically ordered state. This behavior likely arises from
competing interactions: (1) Nd’s single-ion easy-axis anisotropy, which favors b-
axis alignment; (2) f-f exchange (A-mode) that stabilizes antiparallel ac-plane
canting; and (3) disordered local fields originating from the frustrated Mn/Ir sub-
lattice. The refined Nd moments (1.18 up at 1.5 K) remain significantly reduced
compared to free-ion values, further corroborating this picture of incomplete or-
dering. Notably, Ir substitution introduces a dual effect: while it suppresses
magnetization on the B-site (Mn/Ir), it simultaneously enhances 3d-4f coupling,
as evidenced by the strong b-axis alignment of both Ni and Nd moments. This
suggests that Ir mediates longer-range Nd-Ni exchange interactions, which par-
tially mitigate the local disorder effects. The resulting ground state stabilizes the
['] symmetry despite competing anisotropies, demonstrating a novel pathway to

engineer coherent 3d-5d-4 f magnetism in frustrated systems.
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5.4 Conclusion

Through a multimodal experimental approach, we establish that Ir substitu-
tion in NdaoNiMng 251197506 creates a spin-orbit-driven cluster-glass system with
emergent quantum behaviors. The compound’s monoclinic P2;/n structure, fea-
turing significant antisite disorder, hosts a complex magnetic landscape where
long-range ferromagnetic order (T = 140 K) mediated by 3d-5d exchange co-
exists with pronounced frustration. Neutron diffraction reveals a temperature-
dependent hierarchy of interactions: collinear Ni?* ordering (1.31(11)up along
b) dominates at 100 K, while the Mn/Ir sublattice remains only partially or-
dered (0.69up). By 1.5 K, the system evolves into a coherent yet frustrated
ground state-Ni*t and Nd3* align ferromagnetically along b, while Nd3* simul-
taneously exhibits ac-plane canting (1.18 up), a direct consequence of compet-
ing anisotropies: Ir%* spin-orbit-coupling-driven collinearity versus Nd?* f-d ex-
change. This non-collinear configuration resolves longstanding discrepancies in
Ir** moment sizes and demonstrates a 58 K suppression of Ty relative to the
parent compound, underscoring the destabilizing role of 5d spin-orbit coupling
and disorder. Crucially, the system avoids the phase separation observed in ana-
logues like NdoNilrOg, instead forming a reentrant cluster-glass state evidenced
by frequency-dependent susceptibility and reduced moments. Complementary
Raman and heat capacity measurements confirm strong spin-phonon coupling
and correlated disorder effects. Our work delineates a materials design paradigm
where 5d substitution simultaneously enhances 3d-4f coupling via parallel Ni/Nd
alignment and introduces SOC-driven frustration. This dual mechanism offers a
pathway to engineer exotic complex 3d-bd-4 f perovskites and reveals microscopic
interplay between competing interactions in spin-orbit coupled oxides, with broad

implications for manipulating emergent phenomena in complex materials.



*+ CHAPTER VI x

Magnetostructural Coupling: Analysis
in NdSmNiMnQOg Double Perovskite

We present a comprehensive investigation of the double perovskite NdSmNiMnOg,
combining high-resolution synchrotron X-ray diffraction, magnetometry, XANES,
Raman spectroscopy, and DFT calculations to elucidate its structure-property re-
lationships. Rietveld refinement of synchrotron data reveals a well-ordered mon-
oclinic (P21/n) structure with rock-salt arrangement of N+ and Mn** cations,
characterized by significant octahedral distortions ((Ni-O-Mn) =~ 146°). Magnetic
measurements identify two distinct transitions: (i) a dominant ferromagnetic or-
dering at Ty = 175 K driven by Ni?T-O-Mn** superexchange, and (i) a low-
temperature ferrimagnetic state (Tyqg /Sm = 4 K) arising from competing interac-
tions between rare-earth moments (Nd>t/Sm3%) and the transition metal net-
work. XANES spectra provide definitive evidence for the Ni*+ (tgg eg) and Mn*t
@geg ) ozidation states, with edge positions and pre-peak intensities matching
reference compounds. The material exhibits strong magnetoelastic coupling, man-
ifested through: (1) anomalous phonon hardening in Raman spectra below Ty,
(2) distinct lattice parameter anomalies at magnetic transitions, and (3) DFT-
predicted magnetostriction effects. First-principles calculations reveal a ferrimag-
netic ground state with local moments of 1.6 ug (Ni) and 3.0 ug (Mn), stabilized
by cooperative Jahn-Teller distortions. Notably, spin-orbit coupling quenches
the Sm3T moment by 94% (4.93 ug — 0.3 up), while preserving an insulating
gap of 1.6-1.7 eV through Ni/Mn 3d-O 2p hybridization. These results establish
NdSmNiMnOg as a model for understanding how A-site disorder (Nd/Sm), B-site
ordering (Ni/Mn), and spin-lattice interactions collectively tune emergent proper-
ties in double perovskites. The observed interplay between electronic correlations,
orbital physics, and magnetostructural coupling provides a blueprint for designing

multifunctional oxides with tailored magnetic and electronic responses.
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6.1 Introduction

The novel properties of perovskites have been known for a while, particularly
the paramagnetic (PM) to ferromagnetic (FM) transition at Curie temperature
(T¢) and the attributed insulator-metal transition (T7,/) in the case of cobalt
and manganite [37]. Rare-earth based double perovskite (DP) oxides, denoted by
RE>BB’Og, where B and B’ span 3d, 4d, 5d, and 4f elements, and X represents O,
F, etc., manifest in three ordered variants: AA’BoOg, AA'BB’Og, or AA'BB’Og
[24, 25, 282]. Among these, AA'BB’Og¢ stands out for its ability to incorporate
diverse elements in both the AA’- and BB’-sites, offering a broad spectrum of
intriguing properties. These materials possess versatile characteristics that in-
clude catalytic activity, electronic and ionic conductivity, chemical stability, and
magnetic properties, promising applications in spintronics and magnetocalorics,
among others [206, 283-288]. The RE2BB’Og compounds have been observed
to adopt two distinct crystal structures: monoclinic P2;/n space group and or-
thorhombic Pbnm structure, and are synthesis dependent. In the monoclinic
structure, layers of B2t and B4 ions alternate periodically, whereas in the or-
thorhombic structure, B3T and B/3* ions are randomly distributed throughout
the lattice. Notably, most ordered double perovskite compounds exhibit ferro-
magnetism, which arises from the super-exchange (SE) interactions between the
ordered B>t and B/** ions. However, even in the ordered state, a certain frac-
tion of B and B’ cations exchange their positions within the crystal lattice, a
phenomenon referred to as antisite disorder (ASD) in these materials [182]. Par-
ticularly, LagBB'Og (B = Co, Ni, and B’ = Mn) are the most studied ordered
DPs, which illustrate FM semiconducting properties with a T close to room tem-
perature (T¢ ~ 220 K for LaaCoMnOg and T ~ 280 K for LagNiMnOg). AFM

and FM ordering generally coexist in these oxides, where the AFM coupling is
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associated with the negative Co?t-0-Co2t, Ni2t/3+-0-Ni2t/3+ and Mn**+/3+-0-
Mn#t/3+ SE interaction induced by the ASD, while the FM coupling is attributed
to the positive long-range Co?*/ Ni** (t§,¢2)-O* Mn** (#3,¢)) SE interaction
[289-291].

Arguably, there has been a great controversy in recent literature about the
origin of FM in Ni/Mn based DPs. Initially, Goodenough et al. [292] reported
FM transition with a Ty around 280 K, attributing it to Ni?T-O?7-Mn?*+ ex-
change interactions. Subsequently, Blasse [293] proposed that the FM ordering
in LNMO arises from Ni?*-O?~-Mn** SE interactions. Das et al. [186] in their
theoretical investigations, employed first-principle calculations to further sup-
port the notion of Ni?T-0?~-Mn** SE-mediated FM in LNMO. The valency of
Ni/Mn cations and the magnetization (M) of LNMO have been extensively dis-
cussed in the literature. However, a recent study employing X-ray absorption
spectroscopy (XAS) by Choudhary et al. [234] elucidated the valence states of
Ni/Mn ions in LNMO. They identified Ni?* and Mn?* valence states in a spe-
cific LNMO sample, with a predominant FM interaction below 270 K attributed
to Ni2t-O?~-Mn** SE coupling. Additionally, the ASD mechanism contributes
to Ni2t-0%7-Ni** and Mn?T-O?~-Mn**t AFM couplings alongside the dominant
FM interaction due to Ni?T-O?~-Mn** coupling. Following these findings, nu-
merous reports on Ni/Mn-based DPs have favored either one of these interactions
[158, 293-299]. Also, anomalous phonon softening at magnetic transition tem-
peratures is attributed to phonon renormalization due to magnetic spin ordering,
suggesting a direct spin-phonon coupling (SPC) effect. Particularly, Sharma et al.
[300] reported a magnetically-driven ferroelectric transition in YoCoMnQOg. This
rare-earth double perovskite exhibits a ferromagnetic ordering at T ~ 80 K,
subsequently leading to the emergence of ferroelectricity. This phenomenon is at-
tributed to spin-phonon coupling, a mechanism that has been extensively investi-
gated in RE DPs (RE2BB’Og): LagNiMnOg [300], TheNiMnOg [301], ProaNiMnOg
[275], Y2NiMnOg [301], Laj_;Mn;_,O3 [235], RFeO3 (R = Nd, Tb, Eu and
Gd)[302] etc., due to its role in governing the magnetodielectric response. Addi-
tionally, YoCoMnQOg has demonstrated intriguing phenomena such as disorder-
induced exchange bias and multicaloric effects [303, 304], further highlighting its
multifunctional nature. However, magnetostriction may also influence phonon
behavior indirectly by coupling spins and phonons. YoCoMnOQOg [305] is the sole

identified DP system potentially exhibiting magnetostriction, which could me-
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diate observed SPC effects, yet direct evidence is lacking. A key experimental
approach for probing such coupling, particularly in systems where the interaction
strength is weak, is Raman spectroscopy [225, 273, 306, 307]. This technique
directly identifies the underlying mechanism of spin-phonon interactions, distin-
guishing whether they arise intrinsically from the spin-lattice interactions or are
mediated via magnetostriction effects.

Hence, investigating thermal variations of lattice parameters and Raman fre-
quencies near magnetic transitions can elucidate the role of magnetostriction in
driving SPC in DP systems. The investigation of LagNiMnOg in both bulk and
thin-film configurations has been extensively documented; however, the study
of other rare-earth-based double perovskites (RE2NiMnOg) remains relatively
unexplored, particularly in the context of AA’BB'Og¢-type structures. To date,
no reported work has focused on the NdASmNiMnOg system. Interestingly, the
substitution of Sm3t for Nd3*, and vice versa, is driven by crystal stability,
electronic band modifications, and magnetoelectric coupling [116, 308]. The A-
site cations (Nd3*, Sm3*) strongly influence the B-site (Ni/Mn) sublattice, af-
fecting magnetic and transport behavior [309]. Structural stability is governed
by the Goldschmidt tolerance factor tg, where ionic radius differences between
Nd3* (1.109 A) and Sm3* (1.079 A) modify Ni-O-Mn bond angles, orbital hy-
bridization, and superexchange interactions [26, 310]. Sm doping induces chem-
ical pressure, enhancing octahedral tilting and lattice distortions, which mod-
ulate electronic bandwidth and charge transport. Magnetism arises from com-
peting ferromagnetic 180° (Ni?*-O-Mn**) and antiferromagnetic (Ni3+-O-Mn3+)
superexchange, governed by the Goodenough-Kanamori-Anderson (GKA) rules
[42, 53, 116, 311]. Furthermore, Sm substitution introduces A-site disorder, lead-
ing to charge fluctuations, altered Ni/Mn valence states, and double-exchange
modifications . This disorder can induce spin frustration and phase competition,
potentially resulting in glassy magnetic states, as observed in related perovskites
[41, 312].

We present a comprehensive investigation of the novel rare-earth double
perovskite NdSmNiMnOg, driven by the intricate magnetic phenomena and
unresolved controversies characteristic of this class of materials. By integrating
state-of-the-art experimental techniques with first-principles theoretical mod-
eling, we establish fundamental structure-property correlations that dictate

its emergent physical behavior. High-resolution synchrotron X-ray diffraction,
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combined with Rietveld refinement, precisely determines the crystallographic
structure and cationic ordering, while X-ray Absorption Near Edge Structure
(XANES) spectroscopy provides critical insights into the local electronic
structure and valence states of the transition metal ions. Additionally, DC
magnetometry measurements unveil complex magnetic interactions, and Raman
spectroscopy probes spin-phonon coupling mechanisms, elucidating the role of
lattice dynamics in the observed magnetism. These experimental findings are
further corroborated by rigorous density functional theory (DFT) calculations,
which unravel the microscopic origins of electronic structure, magnetic exchange
interactions, and stable ground-state configurations. Our holistic approach
uncovers the intricate interplay between A-site disorder (Nd3*/Sm3*) and
B-site cation ordering (Ni?T/Mn*t), revealing their profound influence on
the correlated electronic and magnetic properties of this unexplored double
perovskite system. This study not only advances our understanding of rare-earth
perovskites but also paves the way for the rational design of novel multifunctional

materials with tunable quantum properties.

6.2 Experimental Procedures

6.2.1 Synthesis

The polycrystalline double perovskite NdSmNiMnOg was prepared by a mod-
ified sol-gel method, using glycine as chelating agent. In a sequential synthesis
process, 2 g of glycine was slowly added to a 2 M starting solution containing
Nd(NO3)3-6H20, Sm(NO3)3-6H20, Ni(NO3)2-6H20, and (CH3COO)2Mn-4H50,
all with high purity (Aldrich, 99.97%) in a ratio of 1:1:1:1 (Nd:Sm:Ni:Mn). The
prepared sample solutions were kept at 200°C for 24 h on a hot plate for evapo-
ration and xerogel formation. Finally, all the swollen xerogels were ground and
pre-calcined at 1000°C for 12 h to remove all organic solvent residues. Further-
more, these samples were subjected to successive pulverization and pressed at a
pressure of 80 MPa. The final calcination was carried out in an oven with ambient

atmosphere at 1200°C for 48 h to form the pure double perovskite phase.
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6.2.2 Characterization

Synchrotron X-ray diffraction (SXRD) data were collected at the EMA beam-
line of the Brazilian Synchrotron Light Laboratory (LNLS) using a high-flux
monochromatic X-ray beam with an incident wavelength of A = 0.4959 A opti-
mized for high-resolution structural analysis. The NdSmNiMnOg samples were
encapsulated in 0.5 mm diameter quartz-glass capillaries and measured continu-
ously to mitigate preferential orientation effects. This capillary size was selected
to minimize absorption effects, ensuring a total zm? below 0.1 x 0.1 ym?. High-
resolution powder diffraction patterns were recorded over a 26 range of 1-30° in
continuous scanning mode, covering a broad temperature range from 4 K to 275 K.
A stabilization period of 15-20 minutes was maintained at each temperature step
to ensure thermal equilibrium before data acquisition, thereby enhancing the re-
liability of the collected diffraction profiles. Phase identification was performed
by comparing the experimental SXRD patterns to standards from the Interna-
tional Centre for Diffraction Data (ICDD) database using the X'Pert Highscore
software (PANalytical). Rietveld refinement [176] of the entire patterns was car-
ried out using the FullProf software [313], based on the space group and unit
cell parameters found during indexing. The pseudo-Voigt function modified by
Thompson-Cox-Hastings [314] was used to fit parameters such as a scale factor,
zero shift, fourth-order polynomial background, lattice parameters, peak shapes
and widths, thermal factors, asymmetry parameters, and site occupancies. All pa-
rameters were refined by interactive least squares [315] to minimize the difference
between the experimental and calculated profiles. Magnetic measurements were
performed using a superconducting quantum interference device (SQUID) mag-
netometer (MPMS-3, Quantum Design) within the temperature range of 2-300 K,
with a maximum applied magnetic field of 70 kOe. To ensure minimal bias from
trapped flux within the superconducting magnet, demagnetization protocols were
employed, oscillating the magnetic field during the decrease process. The cham-
ber temperature was routinely brought to 300 K, exceeding the superconducting
coils’ critical temperature, before starting new experiments. Helium was used
to cool the coils before performing temperature-dependent magnetization (M-T)
and isothermal magnetization (M-H) measurements. Raman spectroscopy mea-
surements were performed using a Jobin Yvon Horiba T64000 triple spectrometer

equipped with an Na-cooled charge-coupled device (CCD) detection system. The
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spectrometer was coupled to an Olympus microscope with a 20x magnification
lens, a focal length of 20.5 mm, and a numerical aperture (NA) of 0.35. Excitation
was provided by a laser source with a wavelength of 514 nm and a power of approx-
imately 2.3 mW. Raman spectra were recorded in the 200-1600 cm ™! range, with
a spectral resolution of 2 cm™!. Low-temperature measurements were conducted
using a Janis CCS-150 closed-loop helium cryostat controlled by a Lakeshore 335
temperature controller, with an accuracy of approximately 0.1 K. XANES mea-
surements were performed at the Extreme Methods of Analysis (EMA) beamline
[316] of the Sirius synchrotron. The X-ray source is a 22 mm period Kyma undu-
lator, delivering photons in the 5.7 keV (3rd harmonic) to 35 keV (15th harmonic)
energy range. The X-ray beam was monochromatized using an LNg-cooled high-
resolution double-crystal monochromator (DCM) with silicon (111) crystals [173].
An achromatic set of Kirkpatrick-Baez (K-B) mirrors focused the beam to a spot
size of 10 x 10 um? at the sample. The Ni K-edge and Mn K-edge spectra were
collected at the 3rd harmonic using the DCM [111] setting in transmission mode.
The incident (Ip) and transmitted (/;) beam intensities were measured using ion
chambers with appropriate gases for this energy range. The absorption spectra
were calculated using the Beer-Lambert law, ABS = ut =In (%), where p is the
absorption coefficient and ¢ is the sample thickness. Three spectra were collected
for each sample, normalized to the absorption edge jump, and then averaged to

produce the final results.

6.2.3 DFT Calculations

First-principles DFT calculations [317, 318] were performed to investigate
the electronic structure and magnetic properties of NdSmNiMnOg. Calcula-
tions were carried out using the Full-Potential Linearized Augmented Plane Wave
(FP-LAPW) method [319] implemented in the WIEN2k code [320]. Exchange-
correlation effects were treated with the PBEsol functional, including an on-site
Hubbard U correction (Usg = U — J) following Anisimov et al. [321]. The effective
U.g values were set to 4.0 eV for Ni and Mn d-electrons, 3.0 eV for Nd, and 6.2 eV
for Sm ions. Spin-orbit coupling (SOC) was included within the GGA+U+SOC
approximation [322]. Brillouin zone integration was performed using a 6 x 6 X 6

Monkhorst-Pack k-point grid. Atomic sphere radii (RMT) were set to 2.15 a.u.
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for Nd/Sm, 1.80 a.u. for Ni, 1.90 a.u. for Mn, and 1.55 a.u. for O. Inside the
atomic spheres, wave functions were expanded up to lynax = 10. The plane-wave
cutoff parameter was set as kpax = 6.0/ Ry (O). The Fourier expansion cutoff for
the charge density was Gpax = 16. The valence electron configurations considered
were Nd (4f%6s2), Sm (4f96s?), Ni (3d®4s?), Mn (3d°4s?), and O (2s°2p?). Self-
consistent iterations were continued until the total energy convergence reached
less than 10~° Ry, charge density differences were below 107> e/bohr3, and atomic
forces were minimized to within 2 mRy/bohr.

Table VI.1: Structural parameters of NdASmNiMnOg in the P2;/n space group (#14), refined

from NPD data. Ui, values are given in 102 A? units. Bond valence sums (BVS) are in |e|.
For mixed-occupancy sites, the majority cation is used in BVS calculations.

Atom Frac. Coord. Ui (x1073 A2) BVS (le|) Occupation
Nd/Sm 2= 0.0074(3) 3.53(2) 12.95 ] +3.37 Nd/Sm

y = 0.5495(7)

2 = 0.7554(8)
Mn r=y=2z=0 1.19(5) +3.94 74% Mn, 26% Ni
Ni =05 1.19(5) 42.05 74% Ni, 26% Mn
01 = = 0.0933(7) 1.27(2) - 0

y = 0.0160(6)

2 =0.2513(2)
02 = 0.1664(10) 0.43(1) - 0

y = 0.3123(10)
2= —0.0509(12)
03 z = 0.2747(14) 1.42(2) - 0
y = 0.27475(15)
2 =0.5708(11)

Bond Length (A) Bond Angles (°)

Mn - O1 1.97(2) (O1-Mn-O1)  180(0)
Mn - 02 1.97(7) (01-Mn-02) 89(3), 91(3)
Mn - 03 1.81(8) (O1-Mn-03) 82(10), 98(3)
(Mn-0O)  1.92(6) (O1-Ni-O1)  180(0)
Ni- Ol 1.97(2) (O1-Ni-02) 88(3), 92(8)
Ni- 02 2.11(7) (O1-Ni-03) 87(3), 93(3)
Ni- 03 2.18(8) (Ni-O1-Mn)  149(3)
(Ni-O)  2.09(5) (Ni-O2-Mn)  142(4)
(Ni-O3-Mn)  147(5)




Chapter VI. Magnetostructural Coupling: Analysis in NdSmNiMnOg Double
Perovskite 194

Parameter 4K 175 K 275 K
R, (%) 1.91 248 2.21
wR, (%) 2.96 3.87 3.46
Rexp (%) 8.27  8.66 8.84
RBragg (%) 332 3.96 3.24
Y2 0.13 0.20  0.16

6.3 Results and Discussion

6.3.1 Crystal Structure

The temperature-dependent SXRD measurements conducted in the 4-300 K
range [as shown in Appendix 4.0.1 Figure IV.1] confirm that the SXRD data refine
well with the P2;/n symmetry model, indicating no global structural transition
down to 4 K [see Figure VI.2(a-c)]. The goodness of fit, expressed by R,, wR),
Rexp, RBragg, and x2, confirms a good agreement between the refined and ex-
perimental SXRD patterns. The obtained Rietveld parameters and correspond-
ing Wyckoff positions are summarized in Table VI.1, with lattice parameters:
a=5.3746(6) A, b=154858(6) A, ¢=7.6292(9) A, 5 =090.01699(4)°, V =
224.936(4) A3, Double perovskites typically exhibit octahedral cation ordering
and an a~a~b" octahedral tilting pattern, analogous to the GdFeOs-type struc-
ture (Pnma, a~b*a~), which is the most prevalent tilt system in both ordered
and conventional ABOg perovskites [17, 23]. In this structure, octahedral cations
occupy fixed Wyckoff positions: B [Ni (2a) (0, 1/2, 0)] and B’ [Mn (2b) (1/2, 0,
0)], while the A-site (Nd/Sm) cations and three distinct oxygen anions reside at
general 4e (x,y,z) positions [see Figure VI.1(a-b)]. Notably, interchanging the
Wyckoff positions of Ni and Mn renders the system invariant. This configuration
results from the interplay of the Goldschmidt tolerance factor and cooperative oc-
tahedral tilting, collectively stabilizing the P2;/n symmetry by optimizing ionic
packing and minimizing lattice energy [17, 323]. Figures VI.1(c-d) illustrate the
Nd/Sm coordination with eight oxygen atoms forming a cuboctahedral geome-
try, while Ni/Mn are coordinated with six oxygen atoms forming octahedral units.
This structural model was generated using VESTA software [324] at 275 K. The
Goldschmidt tolerance factor (tg) for NdASmNiMnOg (NSNMO) is calculated us-

ing:
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Figure VI.1: Crystal structure of NdSmNiMnOg in the monoclinic P21 /n space group shown
as a single unit cell. (a) The A-site cations Nd and Sm are represented in cyan and black,
respectively. (b) The B-site transition metals Ni and Mn are shown in blue and royal. (c)
Projection along the a-axis highlights the (Nd/Sm)Og cuboctahedral coordination. (d) The
(NiMn)Og octahedral tilt system is emphasized, with NiOg and MnOg units shaded in royal
and blue. Oxygen anions (O%~) are shown as grey spheres.

(191)
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24 /3+ and

where ionic radii are taken from Shannon’s tables [39]. Considering Ni
Mn3+/4+ in VI coordination, the calculated t¢ values of 0.834 (low spin) and 0.862
(high spin) fall within the expected range, supporting a monoclinic (P2;/n) or
orthorhombic (Pnma) symmetry due to octahedral tilting and cation size mis-
match. Local crystal structure analysis reveals non-equivalent bond lengths and
bond angles with Mn-O1 = Mn-O2 # Mn-0O3, Ni-O1 # Ni-O2 # Ni-O3, and
Ni-O-Mn bond angles # 180°, indicating a distorted crystalline structure within
the ordered NSNMO system. Structural refinement yields average bond lengths
of Ni-O = 2.09(5) A and Mn-O = 1.92(6) A, with an average bond angle of
Ni-O-Mn = 146(5)°. These values align with those reported for other dou-
ble perovskites [158, 159, 193, 198]. Assessing distortion in perovskite struc-
tures involves calculating octahedral tilt angles (v, ¢, ®) relative to an ideal
cubic structure. These are defined as:y = cos™! (%) , p=cos ! (@) , ¢ =
cos™! (*@%2) = cos(cosycosy). Applying these equations to the refined lattice
parameters yields:y =11.56°, ¢ =4.94°, & =12.45° These angles quantify the

extent of octahedral tilting in NSNMO. Furthermore, the octahedral distortion
180— (Ni—O—Mn)
2

is characterized by:0 = yielding © = 17.00°, indicating significant
distortion from the ideal cubic framework, consistent with other reported double
perovskites [195]. Such structural distortions are often correlated with emerging
magnetic competition and frustration effects in these materials, suggesting simi-
lar phenomena in the NSNMO system. The valence state analysis was performed

using the bond valence sum (BVS) method:

(192)

BV =exp <RO_Ri>

B
where Ro(Nd*") = 2.02, Ro(Sm>") = 2.07, Ry(Ni*") = 1.654, Ro(Mn'") =1.753,
and B = 0.37. R; represents the experimentally obtained bond lengths for
Nd/Sm-O, Ni-O, and Mn-O. The BVS analysis yields valence states of Nd3* =
2.95, Sm3tT = 3.31, Ni?* = 2.05, and Mn** = 3.94, confirming their expected
oxidation states and the structural stability of the NSNMO crystal.
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Figure VI.2: Synchrotron X-ray diffraction data in selected phases: (a) paramagnetic phase
(275 K), (b) ordered phase (175 K), and (¢) 4 K. Experimental data are shown as red points,
the fitted pattern as black lines, and the difference curve (Iohs — Icale) as a blue line at the
bottom of each panel. The top and bottom rows of green tick marks indicate the positions of
nuclear and magnetic Bragg peaks, respectively.
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6.3.2 XANES

The temperature-dependent Ni and Mn K-edge XANES spectra of
NdSmNiMnOg reveal fundamental differences in the electronic and struc-
tural responses of the two transition metal sites. The Ni K-edge spectra
(Figure VI.3a) exhibit an absorption edge at 8352 eV, confirming the Ni%*
oxidation state, consistent with reports across the RNiMnOg series [325, 326].
The pre-edge feature at 8339 eV (Pg.nj) gains intensity at lower temperatures,
suggesting enhanced 1s —3d transitions through increased 3d-4p orbital mixing
due to progressive octahedral distortion. This is accompanied by broadening of
the white-line feature (8355-8365 €V), indicative of growing static disorder and
modified Ni-O hybridization at reduced temperatures, phenomena previously
observed in related systems like LagNiMnOg [157, 327, 328]. In striking contrast,
the Mn K-edge spectra (Figure VI.3b) demonstrate exceptional thermal stability,
with the main edge fixed at 6560 eV (characteristic of Mn*) and pre-edge
features at 6544 ¢V (Fr) and 6549-6551 eV (Fy) maintaining constant intensity
across the entire temperature range [329]. This temperature invariance confirms
the structural rigidity of MnOg octahedra and robust Mn-O hybridization, in
agreement with studies showing that Mn?t serves as a structural anchor in
RNMO systems [297]. The absence of spectral evolution contrasts sharply with
the temperature-sensitive Ni site, highlighting the distinct roles of these cations
in the perovskite framework. The complementary behaviors of Ni and Mn sites
provide crucial insights into the material’s functional properties. While the
Mn** sublattice maintains structural integrity, the Ni?T site exhibits a thermal
response through modified local symmetry and electronic structure. This
differential response may underlie the compound’s magnetoelectric coupling, as
the flexible NiOg octahedra could mediate interactions between the rigid Mn
sublattice and rare-earth ions [330, 331]. These findings reinforce the picture
of RNMO systems as materials where structural and electronic functionality
emerges from the interplay between stable (Mn*t) and responsive (Ni%t)

sublattices, consistent with BVS calculations.
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Figure VI.3: Temperature-dependent Ni and Mn K-edge XANES spectra of NdSmNiMnOg
from 4-300 K. (a) Ni K-edge spectra show an absorption edge at ~8352 eV (Ni®T) and a
pre-edge feature Pgr.ni at ~8339 eV. The increased white-line intensity and peak broadening
at lower temperatures indicate enhanced local distortion around Ni. (b) Mn K-edge spectra
display a stable edge at ~6560 eV (Mn**) with consistent pre-edge features P; (~6544 eV) and
Ppp (~6549-6551 €V), suggesting a temperature-invariant MnOg octahedral environment and
robust Mn—O hybridization.
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6.3.3 Magnetic Properties

The DC temperature-dependent magnetization (M-T') of the NdSmNiMnOg
sample under Zero-Field Cooling (ZFC) and Field-Cooled Cooling (FCC) con-
ditions was measured with an applied field of Hg. = 100 Oe, as shown in Fig-
ure VI.4(a). Upon cooling, a sharp increase in magnetization appears around
T ~ 180 K in both ZFC and FCC curves, indicating a ferromagnetic/ferrimagnetic
to paramagnetic (FM/FiM-PM) transition. Below this, the FCC curve shows
near-saturation behavior followed by a downturn anomaly near 7" ~ 50 K, sug-
gesting dynamic domain effects originating from coexisting FM and AFM regions.
This behavior is likely driven by anti-site disorder (ASD) and/or rare-earth (RE)
moment ordering [195, 286, 288]. The bifurcation in the ZFC curve at low tem-
peratures points to an inhomogeneous or magnetocrystalline anisotropic state,
consistent with similar behaviors in related materials [332, 333]. The inset of
Figure V1.4(a) compares M-T' curves at different Hy. fields, showing that the ir-
reversibility temperature Ti.-defined by the deviation between Mpcc and Mypc-
reduces with increasing field and vanishes at 10 kOe. This confirms the presence
of magnetic heterogeneity. During FCC, the external field aligns FM spins, while
ZFC allows random orientation due to local anisotropy fields. The lower mag-
netization in ZFC arises from insufficient field strength (< 10 kOe) to overcome
these local anisotropy barriers. As the field increases, this anisotropy is overcome,
leading to the alignment of FM clusters and elimination of ZFC-FCC separation,
consistent with behavior observed in other double perovskites [195, 332, 334].
These magnetic features arise from the coexistence of various exchange pathways,
such as, Ni?* /Mn?T-O-Ni?* /Mn**| Ni3* /Mn3+t-O-Ni3T /Mn3+, Ni?*/Mn*+-O-
Nd?**t /Sm3*, and Nd3*/Sm3+-O-Nd3*+ /Sm3*+. The inverse susceptibility (1/x)
vs. T curve shown in Figure 3(b) displays Curie-Weiss-like behavior in the high-
temperature paramagnetic region. Fitting the data from 190-245 K using the
Curie-Weiss law, y = %, yields a Weiss temperature fcw = 168.90(2) K and
Curie constant C' = 0.00641(3). The corresponding effective magnetic moments
are fiobs = 5.52(1) pg/fu. (1 kOe) and 1.59(2) pp/f.u. (10 kOe)[see Appendix
4.0.3, Figure IV.2]. The suppression in pops may be attributed to spin fluctua-
tions, disorder, or low-to-high spin transitions in NiZt/3+-O-Mn3*/4* linkages.
Additionally, canted or AFM alignment of Nd?*/Sm3* moments may lead to a

field-dependent evolution toward a collinear state, effectively reducing the mea-
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sured moment [335, 336]. The positive Weiss temperatures (dcw = 168-171.92 K)
up to 10 kOe indicate robust ferromagnetic interactions within the Ni-O-Mn
sublattice [182]. The expected theoretical effective moment assuming a spin-
only configuration is given by: uzal = ,uQN 3+ jsm3+ T ,uiﬁﬂ s34 T ,ui/[n?, /4 4 where
pnas+ /sm3+ = 9g\/J(J+1) and pinge+, pyma+ = gry/S(S+1). Using this expres-
sion, we estimate fica ~ 6.07 pup and 4.83 up, respectively. The transition temper-
ature was confirmed via the first derivative of Mzpc(T") [dM/dT, inset of Figure
VIL.4(b)], which shows a magnetic ordering temperature Ty =~ 170 K-lower than
that reported for NdaNiMnOg [158, 185]. To further investigate the magnetic
state, isothermal magnetization M (H) curves were recorded at various temper-
atures [Figure VI.5(a)]. At T'=300 K, M(H) is linear, indicating paramagnetic
behavior. Below Ty, the magnetization rapidly increases, showing weak coerciv-
ity. However, even under high fields, M (H) does not fully saturate and retains a
linear high-field component, implying the presence of unsaturated spins or com-
peting AFM contributions. These results, combined with the downturn in M (T)
at low temperatures, support a ferrimagnetic ground state wherein Ni2* /Mn?+
ions (spin-only moment ~ 4.83 up) order ferromagnetically, while Nd3*/Sm3+
moments align antiferromagnetically or remain partially canted [183]. The sat-
uration magnetization (Mg) extracted from the M(H) isotherm at 2 K [inset
Figure VI.5(a)] was found to be Mg = 5.01(3) up, slightly lower than the the-
oretically estimated spin-orbit value (e = 6.07 pp). This agreement with ex-
perimentally observed values confirms that the dominant contribution to the FM
sublattice originates from super-exchange interactions between Ni2t-O%~-Mn**
even at the ground state. The linearly increasing component of the M (H) curves
is attributed in part to magnetic anisotropy within the polycrystalline matrix,
where some grains align with their hard axis along the direction of the applied
field [195]. Figure VI.5(b) presents the temperature dependence of Mg and co-
ercivity (Hg). Both parameters decrease markedly with increasing temperature,
consistent with thermal agitation that disrupts the polarization alignment [337].
However, Hc exhibits a discontinuity above T' > 200 K, likely due to domain wall
pinning caused by AFM defects and /or magnetocrystalline anisotropy within the
sublattices [183, 338].
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Figure VI.4: (a) Temperature dependence of magnetization curves measured after zero-field
cooling (ZFC) and field-cooled cooling (FCC) under an applied magnetic field of Hg. = 100 Oe
for NdSmNiMnOg. The inset shows a comparison of M-T curves (ZFC/FCC) at different
Hy. fields. (b) Inverse susceptibility (x~! = H/M) as a function of temperature measured
at Hgc =1 kOe. The black line represents the best fit to the Curie-Weiss (C-W) law in the
paramagnetic region. The inset displays the derivative dM/dT ! versus T, where the minimum
is associated with the critical temperature Ty at various Hy. fields.
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In general, the observed FM ordering in NSNMO arises from super-exchange
interactions between Ni*t and Mn** via oxygen anions, as predicted by the
Goodenough-Kanamori rules [53, 116]. The presence of octahedral distortions
leads to deviations in the ZNi-O-Mn bond angles from the ideal 180°, which in-
troduces antisymmetric Dzyaloshinskii-Moriya (DM) interactions [120, 339]. As
a result, the system adopts a canted antiferromagnetic (CAFM) ground state be-
low Tx. In octahedral coordination, Ni** (3d®: t§ e2) has a half-filled eq orbital,

299
while Mn** (3d3: 3 €Y) has half-filled t5, and empty e, states. Superexchange

29%9
occurs via virtual hopping of electrons:(i) from Ni-e4 to Mn-e,4 orbitals (promoting
FM alignment),(ii) and from Ni-e, to Mn-to, orbitals (favoring AFM coupling).
When the ZNi-O-Mn bond angle is near 180°, strong overlap between Ni-e, and
Mn-e, orbitals facilitates FM interactions. As the bond angle approaches 90°,
hopping between Ni-e, and Mn-t9, orbitals becomes dominant, favoring antipar-
allel spin alignment. Consequently, the degree of spin polarization between Ni-e,
and Mn-f9, orbitals increases as the bond angle decreases, while the Ni-e; to
Mn-e, overlap weakens [332, 340]. This complex interplay explains the observed
suppression of the Curie temperature (7¢) in NSNMO, as seen in the shift to
lower temperatures in M(7T') curves [inset Rigure VI.4(b)], and correlates with

the reduction in ZNi-O-Mn bond angles observed in the SXRD structural anal-
ysis (Table VIL.1).
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Figure VI.5: (a) Magnetic field dependence of magnetization (M—H) isotherms measured at
T =2,100, 200, and 300 K for NdSmNiMnQOg. The inset shows an expanded view of the low-field
region of the isotherms. (b) Derivative dM/dH as a function of H at selected temperatures.
The inset displays the Law of Approaching Saturation (LAS) fit to the high-field magnetization
data. (c¢) Temperature dependence of the saturation magnetization (Mg) and coercivity (Hc),
highlighting their evolution with temperature.



Chapter VI. Magnetostructural Coupling: Analysis in NdSmNiMnOg Double
Perovskite 204

6.3.4 Magnetoelastic Coupling

To explore the evolution of the crystal structure of NdSmNiMnOg with tem-
perature, particularly in the proximity of its critical temperature T, we ana-
lyzed the thermal variations of the refined lattice parameters a, b, and ¢, which
are governed purely by elastic degrees of freedom, as depicted in Figure VI.6(a-
c¢). Remarkably, all lattice parameters display conspicuous anomalies, exhibiting
abrupt features in the vicinity of Ty ~165-175 K and Tyq/gm ~ 50 K (transition
ascribed to rare-earth metals) [180, 207]. Between 4 and 50 K, the lattice param-
eters show a slight increase, followed by a decrease, then a pronounced increase
until a displaced peak maximum near Ty ~ 175 K. This provides definitive evi-
dence of magnetoelastic coupling, also known as the magnetostriction effect, in
the system. This is corroborated by the discontinuity observed in the thermal
expansion plots of the SXRD data, which are fitted using the following thermal

expansion equations [84, 341]:

Beld/T)
T)=ap{l+— 1
a(T) ao{ +{€(dm_1}}, (193)
Cele/T)
WT)=bpd1l4+— 194
&) 0{ +[e(e/:m_q}’ (154
Delf/T)
T)=cod 14— 1
o(T) co{ +[6(f/T)_1}}, (195)

where B, C', D, d, e, and f are adjustable fitting parameters. The fitted values
are summarized in Table IV.1. A single curve was insufficient to fit the lattice
parameters across the entire temperature range; however, satisfactory fits were
achieved by applying separate curves for the regions above and below Ty, as
shown in Figure VI.6. Throughout the entire temperature range studied, neither
peak splitting nor additional Bragg peaks were observed in the SXRD patterns,
confirming the absence of any global symmetry-breaking structural transition.
Nevertheless, spontaneous lattice distortions associated with magnetic ordering,
while preserving the global crystal symmetry, were evident. This spontaneous
magnetostriction effect can be quantitatively evaluated from SXRD data, offer-
ing considerable advantages over conventional strain-gauge or capacitive meth-

ods [341]. The calculated unit cell parameter variations are Aa/a = +0.127%,
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Ab/b = +0.128%, and Ac/c = +0.18%, revealing significant anisotropy in the
system. Above 180 K, all lattice parameters increase appreciably up to 300 K.
These anomalous thermal variations near T are attributed to structural distor-
tions induced by the magnetostriction effect [288], which arises from the coupling
between spin ordering and lattice dynamics. At 275 K, the Ni-O1 bond length
remains at 1.97 A, while Ni-O2 and Ni-O3 extend to 2.11 A and 2.18 A, re-
spectively. The bond angles (Ni-O1-Mn), (Ni-O2-Mn), and (Ni-O3-Mn) exhibit
substantial variations of 149, 142, and 147°, respectively. Similarly, for Mn, the
Mn-O1 and Mn-O2 bond lengths are both approximately 1.97 A, while Mn-O3
is slightly shorter at 1.81 A. The corresponding bond angles include (O1-Mn-
O1) = 180° (linear), and distorted angles of (O1-Mn-0O2) and (O1-Mn-O3), con-
firming anisotropic exchange interactions. These structural features are detailed
in Figures VI.7(a-i), IV.3(a-d). The average bond lengths (Ni-O) = 2.09(5) A
and (Mn-O) = 1.92(6) A suggest a distortion-driven charge redistribution mech-
anism, consistent with observations in other double perovskites where structural

anomalies are strongly correlated with spin reorientation phenomena [41].
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Figure VI.6: (a)-(c) Temperature variations of the unit-cell lattice parameters a, b, and ¢,
deduced from temperature-dependent synchrotron X-ray diffraction (SXRD) pattern analysis.
The solid red and blue lines represent the thermal expansion fits for the temperature regions
T <Tc and T > T¢, respectively. Notably, the thermal expansion behavior exhibits significant
anomalies near T due to the magnetostriction effect, indicating strong coupling between the
magnetic order and the lattice degrees of freedom.
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The thermal evolution of these bond parameters traced down to 4 K reveals
significant distortions in the NiOg and MnOg octahedra near the magnetic tran-
sition temperature, T, indicating a strong magnetostructural coupling driven by
spin-lattice interactions. The anomalies observed in the Mn-O and Ni-O bond
lengths, along with their associated angles near Ty, suggest a spontaneous lattice
distortion driven by the onset of magnetic order, as seen in the a, b, and ¢ lattice
parameters. The interplane interactions, particularly the Ni-O1-Mn (149(3)°),
Ni-O2-Mn (142(4)°), and Ni-O3-Mn (147(5)°) pathways, play a crucial role in
three-dimensional magnetic connectivity, implying a significant role in mediat-
ing inter-sublattice magnetic interactions. The observed anomalies in Ni-O and
Mn-O bond lengths near Ty further suggest charge delocalization-driven struc-
tural modifications akin to polaronic effects in doped manganites [342]. Thus,
the evolution of structural distortions in NdSmNiMnOg is intricately linked to
its magnetic ordering via magnetostructural coupling, with the Ni-O-Mn bond
angles and bond lengths serving as critical indicators of this phenomenon. The
Different magnetic states, PM, FM and coexisting FM + AFM, are delineated
in Figures VI.7(a-i), IV.3(a-d). Considering single-ion crystal field contributions
to the magnetoelastic response, two primary interactions are defined [41]: the
crystal electric field, which links the anisotropic electron charge density to the
lattice, and the spin-orbit interaction, which couples spin and orbital magnetic
moments, as evidenced in the Tyq/gy, phase. Beyond these fundamental contri-
butions, more intricate mechanisms can also induce significant magnetostriction,
including exchange-driven magnetostriction, where spin interactions modify the
lattice, and forced magnetostriction, resulting from external magnetic constraints

near 7y.
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Figure VI.7: Thermal variation of local structural parameters in NdSmNiMnOg extracted
from temperature-dependent synchrotron X-ray diffraction (SXRD) analysis: (a-c) Ni-O bond
lengths; (d-f) Mn-O bond lengths with inset showing Ni-Mn interatomic distances; (g-i) Ni-O-
Mn bond angles. Anomalies near the magnetic transition temperature Ty are visible across all
panels, signaling structural distortions in the NiOg and MnOg octahedra.

The Raman spectra recorded at room temperature reveal a prominent mode
at 654 cm ™!, with a broad peak situated at 508 cm™!, as shown in Figure VI.8.
A schematic interpretation assigns modes below 200 cm ™! to the displacement

I are attributed solely to the mo-

of rare-earth ions, while those above 300 cm™
tion of light oxygen ions. Phonon modes in the intermediate frequency range are
associated with both ion types. The primary modes at approximately 654 and
508 cm ™! are identified as the symmetry/breathing (A,) and asymmetry /bending
(Ag/Bgy) vibrations of the (Ni/Mn)Og octahedra, respectively, and are consis-
tent with findings in prior studies on Ni/Mn-based double perovskite systems
[274, 301, 343, 344]. The 654 em ™! symmetric mode encompasses both in-plane
and out-of-plane vibrations of the Ni/Mn-O bond, whereas in the 508 cm ™! asym-
metric stretching mode, O%~ ions oscillate perpendicularly to the Ni/Mn-O bond.
The broadening and asymmetry of the first-order strong A, and B, modes, par-
ticularly at 508 cm™!, arise from cation disorder, electronic correlations, and

structural distortions. Ni/Mn site disorder disrupts lattice periodicity, while

nearly identical Ni/Mn-O vibrational frequencies cause spectral overlap. Bond-
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length variations within (Ni/Mn)Og octahedra, influenced by local strain, further
shape the spectral envelope, as evidenced by the structural analysis. Additionally,
nanoscale domains with varying degrees of ordering and oxidation state fluctu-
ations of Ni and Mn contribute to the complexity of the Ni/Mn—O stretching
bands [274, 328, 345]. Several additional broad bands spanning the range of 840
1300 cm~! are evident. This high-frequency broadband can be deconstructed
into two distinct, relatively weak, and broad modes denoted at 840-1183 and
1300 cm™~!, akin to observations in [328]. The modes spanning 840-1183 cm ™!
correspond to overtones of the fundamental stretching modes (B, and Ay) or
multiple-phonon processes, as shown in Figure VI.8(a). The other prominent

! arises from multi-phonon and/or two-phonon

peak manifesting near ~1300 cm™
+ magnon (Ph-Mag) scattering processes [346-348]. In this summation pro-
cess, significant contributions primarily come from phonons and magnons with a
maximal density of states, specifically those with wave vectors approaching the

Brillouin zone boundary.
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Figure VI.8: (a) Raman spectrum of NdSmNiMnOg measured at room temperature showing
the dominant phonon modes. (b) Temperature-dependent Raman spectra collected between 10

and 300 K. The rightmost inset highlights the symmetric stretching mode (A,) near 654 em™1,

revealing subtle anomalies across the magnetic transition temperature.

To provide deeper insights into the impact of magnetic ordering arising from
phenomena such as spin-phonon coupling, electron-phonon coupling, and/or mag-
netostriction contributions, a series of Raman spectra was recorded over the
temperature range of 10-300 K, as illustrated with their enlarged spectral sec-
tion in Figure VI.8(b). The temperature-dependence of Raman-active Ag, By,
and Ph-Mag modes were chosen for analysis, whilst modes in the ranges of 200-
400 and 840-1183 cm™! were too weak to be monitored due to resolution limita-

tions. Meanwhile, the prominent factors influencing the progressive temperature-
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dependent shifts and linewidths in Raman frequencies include vibrational fre-
quencies associated with volumetric changes or thermal expansion, along with
the influence of anharmonic coupling on phonon branches. The determination of
the Raman shift is contingent upon the real part of the phonon self-energy as

349, 350):

wW(T) = wo+ AT+ AsT, (196)

where wy is the harmonic frequency of the optical mode, wy+ A2(0) is the Raman
shift as T"— 0K, and AT is the thermal-expansion contribution to the shift,

written as:

T
AT = wyexp (—370/0 a(T") dT') — wo, (197)

where g is the Griineisen parameter for the optical Raman mode and a(7T)
is the temperature-dependent linear thermal expansion coefficient. However, the
anharmonic phonon coupling term A7 is due to third-, fourth-, and higher-order

anharmonic terms in the Hamiltonian, and is modeled as:

2 1 3 1 13

(198)
3 exp SZ1exXp

where C'; and C9 are adjustable fitting parameters, and 1 +x9 =y1 +y2 +y3 =
]fg—OT, in which the first and second terms couple the optical phonon to two phonons
(three-phonon process) and higher-order phonons (four-phonon process), respec-
tively. Correspondingly, the temperature-dependent Raman linewidth can be

modeled as [229, 349, 350]:

F(T):Kl +K2

2 1
AP D

i—1 exXp

3 (1 )]
=i \exp(y) =1 (exply;) —1)°/ |
(199)
where the linewidth, I'(T"), represents the imaginary component of the self-energy
and characterizes the phonon damping rate. In this context, x; =y; = hwo/(kpT),
while K7 and K> are fitting parameters. The first term in the I'(7") equation cor-

responds to three-phonon processes (decay into two phonons). Conversely, the

second term is associated with four-phonon processes, representing phenomena
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where three phonons contribute to the decay. Notably, Balkanski et al. [351]
included decay into a four-phonon process, while Klemens [352] focused on a
pure three-phonon process, wherein the optical phonon decayed into two acous-
tic phonons of the same frequency, disregarding the thermal-expansion term. In
contrast, Tang et al.[349] incorporated all these modes in their experimental fit-
ting. In our fitting, we used both the Klemens and Balkanski models, setting
r=u1x1=hwy/(2kpT) and y = y1 = y2 = y3 = hwo/(3kpT) in the absence of signif-
icant structural changes. This approach accounts for three-phonon interactions,
where A and kp denote the reduced Planck’s constant and the Boltzmann con-
stant, respectively. The temperature dependence of the anharmonicity-induced
wavenumber shift w,n,(7') and the full width at half maximum T'pywpnv(7) are

given by Equations. (219), (220), and (221), and can be expressed as:

3 n 3
exp(y) =1 (exp(y) —1)°

wanh(T) = WO“‘OI [1 + +CZ [1 + ] ) (200)

ee]

3. 3
exp(y) =1 (exp(y) — 1)

2
FFWHM(T) =K [1+WH] + Ky |}+ ‘| , (201)

w(T) =wo+aT, (202)

w(T)=w1+aT, (203)

where C1, Cy, K1, and K5 are defined above, and o = g—% [353] is the temperature
coefficient of the Raman shift.

Figure 8(a-c) presents the temperature-dependent Raman excitation frequen-
cies for the Ay, By, and Ph-Mag modes, respectively. Remarkably, all phonon
modes exhibit anharmonic behavior as the dominant factor influencing their
trends. The Ay and By phonon modes follow standard cubic-anharmonicity be-
havior, showing significant hardening consistent with the typical anharmonic law.
However, they deviate from the expected theoretical anharmonic curve near the
PM-to-FM phase transition (T ~ 180K), as shown in Figure VI.9(a,b). This
anomalous behavior suggests the presence of short-range ordering (SRO) above

T, as also observed in magnetometry and SXRD analyses, identifying a PM-to-
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FM transition at Ty ~ 175 K. Such anomalies point toward strong spin-phonon
coupling in the ferromagnetic sublattice, leading to notable phonon deviations at
lower temperatures [354]. For T' < Ty, both modes show noticeable hardening
and softening down to about 150 K and 130 K, respectively. In our analysis, we
employed both the Klemens model and the Griineisen linear model. Fitting with
only the Klemens three-phonon process yields the dashed wine-colored curve in
Figure VI.9(a,b), with wp = 654.22cm ™! and C'~ —1.5x 107 cm™? for A4, and
wp = 514.81em™! and C ~ —2.5x 109 cm ™! for Bg. While this curve fits rea-
sonably well up to Ty ~ 175K, it becomes inadequate below Tx. We therefore
used the Griineisen linear model (solid black line in Figure VI.9(a,b) with ad-
justable parameters wg ~ 654.51cm™", a ~ 0.0015 cm_l/K, wi ~ 517.18 cm ™1,
and a7 =~ 0.026 cm~! /K. Notably, the deduced coupling constants were compara-
ble to other reported experimental and theoretical values [229, 338, 350]. These
observations suggest that factors beyond simple anharmonicity may influence the
wavenumber shift of the A, and By modes in this DP system—potentially a new
relaxation phenomenon caused by spin-phonon coupling [355]. Bhadram et al.
[273], studying spin—phonon coupling in RCrO3 compounds, reported phonon-
mode hardening below T. They attributed this to (i) direct spin—phonon cou-
pling and/or (ii) magnetostriction-induced coupling. Therefore, the observed
wavenumber shifts in the A, and By modes here could arise from both direct
spin—phonon coupling and magnetostriction, in addition to anharmonicity. Mean-
while, the Ph-Mag mode shows a deviation from anharmonic behavior below
the magnetic ordering temperature Ty, plateauing at low temperature ( Fig-
ure VI.9c). We fit this experimental data with both Klemens and Balkanski
(solid red line) models, yielding wgy ~ 1299.55 em™, C1~—8.39x10"%em ™!, and
Cor —1.83x 1073 cm~!. We also observed a GP phase between the FM and PM
states, with a noticeable change around Ty4/g,, ~ 50K, attributed to ordering
arising from antisite disorder (ASD). Raman modes, being highly sensitive to lat-
tice adjustments or disorder, capture these phenomena even when M(T') curves
do not show clear ASD-driven transitions. Iliev et al. [274] observed an additional
spin-phonon coupling emerging around 133 K, attributed to short-range AFM or-
dering from ASD, distinct from the long-range ferromagnetic ordering at 230 K.
Thus, below 180K, the anomalies observed in our system are likely associated
with ASD between Ni-Ni and Mn-Mn, which polarizes the Nd/Sm sublattice.

It is crucial to elaborate on the uncertainty regarding whether the spin-phonon
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coupling (SPC) in the system represents a direct interaction or is mediated by
magnetostriction. To clarify this, we conducted a dedicated analysis by plotting
the full width at half maximum (FWHM) of selected phonon modes, as illus-
trated in Figure VI.9(d-f). Traditionally, the FWHM of a relevant phonon mode
remains unaffected by subtle changes in lattice or volumetric parameters induced
by the magnetostriction effect. However, the FWHM is associated with the oc-
cupation probability of phonons (i.e., the Bose factor) and can therefore be influ-
enced by spin—phonon coupling, often exhibiting anomalies across magnetic tran-
sitions [307, 356, 357]. The observed behavior in NdSmNiMnOg [Figure VI.9(d,
f)] reveals a distinct and abrupt increase in the FWHM near its magnetic tran-
sition temperature, unequivocally ruling out any association with magnetostric-
tion. Conversely, the broadening of the FWHM in the Ph-Mag mode indicates a
decrease in phonon lifetime below T. This implies that the stability of phonons-
quantized vibrational modes of the lattice-diminishes as the magnetic transition
occurs. Therefore, we can assert with confidence that the anomaly observed across
the magnetic transition temperature in the FWHM shape parameters of the A,
and Ph-Mag phonon modes is solely induced by spin—phonon coupling. Any time
the phonon mode interacts with real electron states, the linewidth increases as
described by T'pwpnm (7T, consistent with prior reports [358]. For the quantitative
analysis, we considered the Klemens, Griineisen, and Balkanski models for fitting,
yielding the following extrapolated parameters:(I) For Ag mode: wp=29.88 cm ™!,
C1 ~0.013 ecm™! and (ii) For Ph-Mag mode: wo ~ 19.45 ecm™!, v~ 0.037 cm™1;
wo A 51.92 em™, C1 ~1.05 cm™!, and Cy ~ 0.065 cm~!. Notwithstanding, the
asymmetric mode By displayed a non-monotonous linewidth decrease with tem-
perature, as indicated by the Klemens (dashed wine-colored line) and Griineisen
(solid black line) fits in their respective regions of discontinuity [FigureVI.9(e)].
The anomalous fluctuations in I'pwn(7') for By at Ty, around 7'~ 100 K, and
at TNg/sm arise from competing spin, charge, and lattice interactions. At T,
the transition to the FM state modifies spin-phonon coupling, inducing phonon
hardening due to reduced spin disorder [235]. The intermediate disorder-induced
softening near 100 K is attributed to antisite disorder (ASD) [69, 304]. Simi-
larly, at T /gm, rare-earth (Nd3+/Sm37) exchange interactions alter crystal field
effects, further shifting phonon frequencies. Additionally, Ni?* /Mn** site mis-
placements create fluctuating AFM/FM clusters that enhance phonon scattering

and charge localization [359]. Concurrently, magnetoelastic coupling amplifies
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lattice distortions near these transitions, leading to intermittent phonon soften-
ing and hardening as the structure stabilizes. These observed features lead us to
conclude that the SPC in the B, asymmetric mode is triggered or mediated by
the magnetostriction effect in this double perovskite system. This represents the
first observation of such behavior in NdSmNiMnOg, aside from what has been
reported by Nanoto et al. [307] in CaMn7Oq3.

Recently, Granado et al. [306] formulated that, within the mean-field approxi-
mation, any magnetic material exhibiting long-range ordering promotes a renor-
malization of the phonon frequency, thereby enhancing the coupling between spins

and phonons. This is expressed as [341, 357, 359, 360]:

Awsph(T) = W(T) = wanh(T) = Ascph (Si ) = Asph S O(T) = Agpn'S* {]\]é(T)F :
Max

(204)
where, for nearest-neighbor spins localized at the ¢th and jth sites, the renormal-
ized phonon mode is directly proportional to the spin-spin correlation function
(Si-S;) (considering four neighboring B/B’-site cations in NSNMO). The con-
stant Ay, measures the spin-phonon coupling strength. The order parameter
is given as (7)) =1— (%)7, which is proportional to the normalized magnetic
moment {%2}2, where My1.x denotes the maximum magnetization value ob-
tained from M (7). Finally, Awg.p,(T) represents the phonon frequency difference
between the value predicted by the anharmonic model and the experimentally
observed phonon mode. Figure VI.10(a) displays a clear deviation between the
variation of the phonon mode and the normalized magnetic moment. The two
curves exhibit essentially similar trends, overlapping up to the vicinity of T
and obeying the mean-field approximation, but begin to diverge just below T .
This further elucidates the presence of strong interaction between the lattice dy-
namics and magnetic excitations via spin—phonon coupling in the system. The
unconventional behavior displayed by NdSmNiMnOg below Ty is similar to that
observed in other double perovskites [355, 357, 361, 362], and can be attributed
to competition between FM and AFM magnetic states arising from its frustrated
spin pattern (discussed earlier), due to competing magnetic exchange interactions
such as Ni**-O-Ni*+, Mn3+-O-Mn3*, Mn*t-O-Mn** (AFM), and Ni?t-O-Mn**
(FM), as highlighted in VI.10(a).
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Figure VI.9: (a-c) Temperature variation of selected phonon frequencies in NdSmNiMnOg. (d-
f) Temperature dependence of the FWHM of the respective phonon modes. The solid-wine,
solid-red, and solid-black curves correspond to fits using the Klemens, Balkanski, and Griineisen
models (cubic-anharmonic fits) in regions of discontinuity, respectively.

Finally, we analyzed the magnetostriction behavior induced by volumetric ex-
pansion. Here, we treated the unit cell volume using the thermal expansion
formalism, as seen in Figure VI.10(b). Typically, the thermal variation of a sys-
tem’s unit-cell volume or lattice parameters associated with thermal expansion

follows the Griineisen approximation [41, 359]:

| INKp <T>3/9£ 23 A
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Here, Vj is the volume constant at T'=0K, A is an adjustable fitting parameter,
N the number of atoms in the unit cell, By the isothermal bulk modulus, v the
Griineisen parameter, and 6p the Debye temperature. It is evident from Figure
VI.10(b) that over the entire temperature range (0-300 K), the unit cell volume
V could not be adequately fitted with the above equation using a single curve,
similar to the behavior seen in the other lattice parameters. Instead, a reason-
able fit was achieved by fitting two distinct temperature regions separately, i.e.,
above and below T¢, as demonstrated inFigure VI.10(b). The fitting yielded:
Vo =224.114+0.019 AS, A=0.0884+0.094 Pa~!, 6p =665.399 K which are
higher than the results reported by Pal et al. [341]. Similarly, the overall volume
variation was estimated as AV/V = 40.43% as the temperature increased from 4
to 300 K. The spontaneous volume magnetostriction, /\XIS(T), at a given tempera-
ture T', quantifies the magnetically induced lattice deformation by comparing the
system’s volume in magnetically ordered states (such as ferromagnetic, FM, and
antiferromagnetic, AFM) with that in a hypothetical paramagnetic (PM) state
at the same temperature. This is expressed as:

) = TP =T D) (206)

where Vpp(T') represents the actual volume in the FM state at temperature

T, while Vpy/(T) corresponds to the volume of the system in the hypothetical
PM state at the same 7. The temperature dependence of AV (T, as derived
from the V(T') versus T curve [see inset in Figure VI.10(b)], reveals a sharp
drop near T . This behavior closely follows the magnetization M (T') curve [see
Figure VI.10(a)], demonstrating a strong correlation between the magnetic and
lattice degrees of freedom. Such correlation aligns with spin-lattice coupling dy-
namics, where exchange interactions responsible for long-range magnetic ordering
induce lattice distortions via magnetoelastic effects. At T'= 4K, the estimated
A (T)~43x 1074, while at T = 275K, AV (T) ~ 4.25 x 10~%. These values are
comparable to those reported by Pal et al.[354], Poojitha et al.[363], and Kusz et
al.[359]. These observations suggest that the magnetostriction effect leads to al-
tered thermal expansion behavior of the lattice parameters below T (due to the
rise of various exchange interactions as strong magnetic correlations develop) and
concurrently results in substantial structural distortion of the lattice, as discussed

in earlier chapters.
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Figure VI.10: (a) Temperature variation of dw(T") and {%} versus T for the Ag stretching

mode. (b) Temperature variation of the unit-cell volume (V) as derived from temperature-
dependent synchrotron X-ray diffraction (SXRD) pattern analysis. The solid-blue and red-
dashed lines represent the thermal expansion fits of the curves in the regions T > T and
T < Ty, respectively. Due to the presence of a magnetostriction effect, the thermal expansion
behavior of V' shows a drastic change near Thy. The inset depicts the temperature variation of

volume magnetostriction.
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6.3.5 DFT

First-principles spin-polarized density functional theory (DFT) calculations
were performed to investigate the magnetic and electronic ground-state proper-
ties of the NdSmNiMnOg double perovskite. To assess the stability of different
spin configurations, multiple magnetic orderings were systematically evaluated,
explicitly accounting for cationic site ordering and the occupancy preferences
of Nd/Sm (A-site) and Ni/Mn (B-site) ions (see Figure VI.1). Monoclinic 20-
atom unit cells were modeled using experimentally derived lattice parameters
and atomic positions determined in this study. Among the tested configurations,
the rock-salt-type ferrimagnetic (FiM2) and ferromagnetic (FM2) orderings (Fig-
ure VI.11) yielded the lowest total energies, consistent with the crystallographic
structure resolved via Rietveld refinement. This refinement confirmed predomi-
nant occupation of Ni and Mn ions at distinct B and B’ sublattice sites (Figure
VI.1), reinforcing the structural basis for the computed magnetic states. Struc-
tural optimization was performed within the GGA(PBEsol)+U framework, with
Hubbard U corrections applied to Ni and Mn d-orbitals, as well as to Nd and Sm
f-states, to account for strong electron correlations. The calculations revealed
that the lattice parameters b= 5.486 A and ¢ = 7.629 A remained consistent
with experimental values, while the a-axis (a = 5.266 A) contracted slightly. This
resulted in equivalent unit-cell volumes (220.438 A3) for both FiM2 and FM2 con-
figurations, suggesting comparable structural stability. For simplicity, the most
stable FiM2 and FM2 cells will hereafter be referred to as FiM and FM, respec-
tively. GGA+U electronic band-structure calculations reveal a narrow energy
difference (~ 0.02 €V) between the ferrimagnetic (FiM) and ferromagnetic (FM)
ground states, indicating a low-energy pathway for interconversion between these
magnetic phases. The relative stability of each phase is governed by the exchange
interaction between Nd spins and the Ni-O-Mn ferromagnetic sublattice. In the
FiM configuration, Nd moments align parallel to each other but antiparallel to the
Ni and Mn spins, stabilizing a compensated magnetic structure. Conversely, the
FM phase arises from a spin-flip reorientation of Nd ions, which instead couple
ferromagnetically with the Ni and Mn sublattices. The FiM-to-FM transition is
mediated by local superexchange pathways within the Ni-O-Nd—O-Mn linkages,
where competing exchange interactions dictate the energetics of spin alignment.

The small energy barrier between the FiM and FM states underlines the material’s
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magnetic tunability, with modest fluctuations in temperature or external fields
likely enabling phase switching. This behavior aligns with the experimentally ob-
served interplay between A-site rare-earth magnetism and B-site transition-metal
ordering in NdSmNiMnOg double perovskites, highlighting the critical role of
cationic coordination geometry in stabilizing competing magnetic orders. Figure
VI.12(a,b) display the spin-polarized total density of states (TDOS) and partial
density of states (PDOS) computed using the GGA+U method for ferrimagnetic
(FiM) and ferromagnetic (FM) ground-state configurations. To elucidate the role
of Ni/Mn 3d and Nd/Sm 4f electronic states, spin—orbit coupling (SOC) was ex-
plicitly included in the calculations (denoted as GGA+U+SOC). The electronic
structure and magnetic properties of Ni, Mn, and Nd exhibit negligible sensitivity
to SOC. In contrast, the Sm 4 f bands undergo subtle modifications in energy and

occupation upon SOC inclusion, as shown in Figure VI.12(c,d).
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Figure VI.11: Monoclinic 20-atom crystal structures representing different magnetic configu-
rations in a unit cell containing Nd, Sm, Ni, Mn, and O. The images illustrate the simulated
spin orientations for ferrimagnetic (FiM1-FiM4) and ferromagnetic (FM1-FM4) arrangements.
Configurations involving Nd/Sm positional interchange are omitted due to identical total ener-
gies. Spin directions along the c-axis are indicated by black (1) and red () arrows.

The local magnetic moments of Nd (~2.93 up), Ni (~1.6 up), and Mn
(~3.0 pup) remained nearly identical across both FiM and FM configurations.
Strikingly, the Sm moment decreased substantially from ~4.93 pp (without
SOC) to ~0.3 up (with SOC), leading to significant reductions in the total
cell magnetic moments—from 26.0 ug to 15.9 pup (FM) and from 14.0 up to
4.7 pp (FiM). The difference in spin moment intensities at the Ni and Mn
octahedral sites gives rise to both short- and long-range magnetic interactions

within NdSmNiMnOg. The higher magnetic moment observed at the Mn



Chapter VI. Magnetostructural Coupling: Analysis in NdSmNiMnOg Double
Perovskite 220

site is attributed to its dominant longer-range interactions compared to Ni.
However, both experimental (Table VII.1) and computed (Ni-O) and (Mn-O)
bond lengths (2.02 A and 1.90 A, respectively) suggest the opposite trend.
This can be rationalized through electronic structure analysis: Ni*t (3d°)
exhibits closed-shell-like behavior, enhancing intra-atomic Coulomb repulsion
and suppressing Ni 3d-O 2p hybridization. In contrast, Mn** (3d3) facilitates
stronger Mn 3d-O 2p orbital mixing due to its reduced electron density, favoring
shorter bonds despite its higher magnetic moment. Furthermore, the calculated
density of states (DOS) for both FiM and FM profiles (Figure VI.12) indicates
that spin-orbit coupling (SOC) significantly impacts the Sm 4f electronic states.
When SOC is included, a distinct energy band splitting of the Sm 4 f manifold is
observed (Figure VI.12¢,d). This splitting results in a more balanced occupation
of spin-up and spin-down channels within the energy range of —2.0 eV to
—6.0 eV, thereby quenching the Sm moment to ~0.3 ug. In contrast, without
SOC, Sm exhibits intense spin-up polarization with limited dispersion (Figure
VI.12¢,d), yielding a nearly atomic moment of ~4.94 pp.The calculated bandgap
energies of approximately 1.7 eV (FiM) and 1.6 eV (FM) confirm the insulating
nature of NdSmNiMnOg. The bandgap exhibits negligible sensitivity to SOC,
retaining values of ~1.65 eV (FiM) and ~1.55 eV (FM) while preserving the
insulating behavior. Despite this, SOC induces partial alignment of spin-up and
spin-down bands near the Fermi level (Figure VI.12). Notably, the FiM and
FM band structures share nearly identical shapes, orbital characters, and energy
positions. The partial density of states (PDOS) at the valence band maximum
reveals contributions from hybridized O 2p, Ni 3d, and a prominent Nd 4 f peak.
Polarized Mn 3d bands predominantly occupy the spin-up valence manifold
within the —1.0 to —6.0 eV range. Exchange splitting between spin-unbalanced
Ni 3d bands, observed at —4.0 eV (spin-up) and —1.0 €V (spin-down), accounts
for their net magnetic moment. The conduction band minimum primarily
consists of Mn 3d states weakly hybridized with O 2p. Upon SOC inclusion,
Sm 4f states shift to lower energies and hybridize with Mn 3d, slightly reducing
the bandgap. Empty Nd 4f states appear as sharp spin-down (FiM) and spin-up
(FM) peaks near —3.0 eV, along with two prominent bands at —5.0 €V in their
respective spin channels. Additionally, two nearly overlapping spin-down bands

of Ni- and Mn-3d orbitals are located around 3 €V.
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Figure VI.12: Total density of states (TDOS) and partial density of states (PDOS) calculated
for ferrimagnetic (FiM) and ferromagnetic (FM) ground-state configurations. Panels (a) and
(b) show results obtained using the GGA+U method, while panels (c¢) and (d) include spin-
orbit coupling (SOC) within the GGA+U(SOC) framework. The vertical dashed line indicates
the Fermi level. The shaded yellow regions represent Sm-4f contributions, while the shaded
green regions highlight Nd-4 f states. Band gap values for each configuration are indicated in
the plots.

In an octahedral coordination complex, the electron distribution between the
tog and e, orbitals is governed by the interplay of crystal-field splitting and elec-
tron pairing energy. To clarify these effects in the presence of Jahn-Teller distor-
tion, we analyze the electronic band populations of the Ni and Mn 3d orbitals for
the GGA+U(4SOC) FiM ground state. Figures VI.13a,b present the computed
PDOS for Ni and Mn t9, and e4 orbital contributions. The Ni%t ion adopts an
intermediate-spin (IS) configuration (S = 1), characterized by a tggeg electronic
configuration. In contrast, the Mn?™ ion (3d3) exhibits a half-filled o, manifold
(t%geg, S =3/2) that is nominally Jahn-Teller inactive in an ideal octahedral
field. However, lattice distortions and interactions with neighboring ions (such
as Ni and O) can promote partial eg-orbital participation. Our calculations re-
veal evidence of orbital ordering in which the Ni and Mn e, manifold favors the
dy2_,2 orbital over the dyy ta; component in the Ni2t-O-Mn** ferromagnetic
interaction. This is evidenced by the fully occupied Ni dy2_ 2 €4 spin-down band

near —1.0 eV and the half-filled Ni d, t2, spin-down state near 3.0 eV (high-
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lighted in FigurerVI.13a). The lower panel (FigurerVI.13 b) shows a correspond-
ing preference in the Mn d-orbital manifold: the singly occupied d,2_,2 e, orbital
hybridizes with the d,, and d,, to, states in the spin-up valence band, while
the d,, orbital remains unoccupied, appearing at approximately 3.0 eV (spin-up)
and 5.0 eV (spin-down) in the conduction band. Insets in FigurerVI.13 illustrate
the computed electron distributions for Ni and Mn sites. This orbital ordering
is accompanied by a significant Jahn—Teller distortion. The reduced Ni-O-Mn
bond angle of approximately 152° decreases the crystal-field splitting energy and
influences the Ni/Mn e, orbital population. The Ni2t-O-Mn** exchange path-
way is mediated via O 2p orbitals, enabling a double-exchange mechanism. The
deviation from the ideal 180° bond angle is a hallmark of cooperative Jahn—Teller
distortions and orbital ordering, which together optimize orbital overlap and sta-
bilize the ferromagnetic sublattice formed by Ni?* and Mn**. This bond-angle
reduction to 152° reflects the structural compromise that lowers electronic en-
ergy while enhancing magnetic exchange efficiency. Such behavior has also been
reported in the related double perovskite LagNiMnOg[186, 364, where ferromag-
netic coupling between Mn?T and Ni** is known to be oxygen-mediated. Our
DFT results agree closely with experimental expectations, with computed local
moments of ~3.0 ug (Mn**) and ~1.6 up (Ni?*) matching well with reported
values [186, 364]. Moreover, the extra e, electron introduced in the Mn* state
activates new exchange pathways consistent with a double-exchange-like mech-
anism. This arises because the e;—e,4 overlap is present in the Ni?t (13,e3) <

2979
Mn*+ (t%ge;) interaction but absent in the ideal ¢3 e(g) scenario. This overlap

29
stabilizes the ferromagnetic Ni?t—~O-Mn?* interaction in agreement with exper-
imental observations. According to the classic Goodenough—Kanamori rules, a
180° Ni%* (IS) and Mn** (LS) superexchange would normally favor antiferromag-
netism. However, the observed bond-angle deviation and strong e, hybridization
instead promote ferromagnetic coupling via the double-exchange mechanism. No-
tably, Mn** in the t%ge}} configuration is susceptible to Jahn—Teller distortions,
which modify orbital overlaps, reduce crystal-field splitting, and further stabilize

the ferromagnetic Ni/Mn sublattice through cooperative e;—e, double-exchange

interactions driven by both orbital ordering and structural distortions.
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Figure VI.13: GGA+U(4SOC) partial density of spin states (PDOS) for Ni (top panel) and Mn
(bottom panel) d-states, decomposed into tog (day, dzz, dyz) and eg (d,2_,2, d,2) contributions.
The dashed vertical line denotes the Fermi energy (Er). Insets illustrate schematic electron
occupation in crystal-field-split d-orbitals.

6.4 Conclusion

In conclusion, we have identified the ferrimagnetic (FiM) state as the most
stable ground-state configuration of NdSmNiMnOg, thereby resolving key ques-
tions about its magnetic and structural properties. The FiM ordering originates

from the antiparallel alignment of Nd3* spins with the ferromagnetically coupled
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Ni2*t-Mn** sublattice, driven primarily by superexchange interactions. The small
calculated energy difference (~0.02 eV) between the FiM and ferromagnetic (FM)
states suggests a highly tunable system, in which external perturbations such as
temperature or applied magnetic fields could readily induce magnetic phase tran-
sitions. This magnetic flexibility, combined with the insulating nature of the
material, highlights its potential for spintronic and magnetocaloric applications.
Structurally, the monoclinic P2;/n symmetry with its characteristic octahedral
distortions ((Ni—O — Mn) ~ 146°) plays a crucial role in stabilizing the FiM
state. Magnetostriction effects are evident through pronounced anomalies in lat-
tice parameters near T ~ 175 K, indicating strong coupling between spin and
lattice degrees of freedom. Complementary Raman spectroscopy measurements
confirm this spin-lattice coupling, revealing anomalous phonon mode hardening
below T due to spin-phonon interactions. These experimental observations are
supported by our DFT calculations, which not only confirm the FiM ground state
but also provide detailed insight into the electronic structure. In particular, they
reveal the quenching of the Sm®* moment under spin-orbit coupling (SOC), as
well as the important role of orbital ordering and octahedra distortions within
the Ni?T-Mn?* sublattice in stabilizing the FM interactions. Additionally, the
presence of antisite disorder is predicted to introduce magnetic frustration effects.
The material’s insulating band gap (approximately 1.6-1.7 eV) remains robust un-
der SOC, with the valence band primarily composed of hybridized Ni/Mn 3d and
O 2p states. Overall, the interplay of A-site disorder, B-site ordering, spin—orbit
coupling, and spin—lattice interactions in NdSmNiMnOg offers a comprehensive
insight for understanding related double perovskites and guides the design of

multifunctional materials with tunable magnetic and electronic properties.



* CHAPTER VII %

MCE and Critical Behavior across the
Second-Order FM-PM Phase Transi-
tion in the DP NdSmNiMnOy

A key challenge remains to improve or discover magnetic solids with optimal
magnetocaloric effect (MCE) performance, providing a promising and environ-
mentally friendly cooling technology. Herein, we report the crystal structure,
magnetocaloric effect, and critical behavior of the double perovskite NdSmNiMn Og
synthesized by a modified sol-gel process. X-ray diffraction structural investiga-
tion reveals that NdSmNiMnOgcrystallizes in the monoclinic P21/n (14) space
group. Magnetocaloric analysis unveils a maximum magnetic entropy change
of —AST* = 2.38 Jkg VK=Y (at 0-7 T) near the ferromagnetic to paramag-
netic second-order phase transition at 180 K. Furthermore, the estimated relative
cooling power value increases from ~25 to ~182 Jkg~' K=' as the applied field
changes up to 0-7 T, suggesting a promising magnetic refrigerant material. The
critical behavior, investigated using techniques such as the modified Arrott plot,
the Kouvel-Fisher method, and critical isotherm analysis, reliably yields critical
exponents = 0.469, v = 0.978, and § = 3.09, in agreement with the scaling hy-
pothesis. Lastly, renormalization group theory analysis revealed a magnetic inter-

r=463 “which lies between the three-dimensional

action distance decaying as J(r) o«
(8D) Heisenberg and mean-field models, suggesting that the critical behavior of
NdSmNiMnOg can be attributed to the competition between long- and short-range

magnetic interactions.
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7.1 Introduction

The rare-earth (RE)-based double-perovskite oxides with general formula
REsBB’Og, where B and B’ are transition metal ions, are derived from the
canonical perovskite oxide ABOs [24, 25, 282]. The aristo-type or idealized
perovskite structure has a cubic symmetry with a Pm3m representative space
group, where the octahedral cation sublattice adopts a NaCl-like topology,
which is the most prevalent form of B-cation ordering in perovskites. This
1:1 rock-salt ordering of B-site cations doubles the unit cell of the undistorted
ABOs3 perovskite, transitioning its space group symmetry from Pm3m to
Fm3m [365, 366]. These systems typically adopt either an orthorhombic or
a monoclinic crystal structure. Both maintain patterns of octahedral tilts to
satisfy constraints imposed by the tolerance factor. The orthorhombic structure
contains chemical and charge disorder at the B sites, while in the monoclinic
case, B-site cations are ordered by both chemical species and charge (e.g.,
B2t and B'4+) [182]. Tts Glazer tilt system is typically described as a~a~b",
where the adjacent octahedra show antiphase tilting along the a- and b-axes
(a”) and in-phase tilting along the c-axis (b") [17, 287, 366, 367]. This tilt
configuration reduces symmetry, leading to monoclinic distortions caused by
antiphase tilts along the a- and b-axes. In contrast, the in-phase tilts along
the c-axis maintain partial coherence, contributing to the monoclinic symmetry
observed in this case. These combined distortions affect bond angles and lengths,
influencing the material’s magnetic, electronic, and structural properties [23].
Most ordered double perovskites exhibit ferromagnetism (FM), which arises
from superexchange (SE) interactions between the ordered B%* and B’ 4+ ions;
however, antisite disorder (ASD) of the B-site cations can profoundly impact
the magnetic state [182]. In the case of nominally cation-ordered LasNiMnOg,
antiferromagnetic (AFM) NiZF/3+-0-Ni?*/3* and Mn**/3T-0-Mn?*/3+ SE
interactions induced by ASD coexist and compete with FM coupling attributed

to Ni*T-0%~-Mn*" interactions [289-291]. Moreover, magnetic refrigeration
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(MR) harnesses magnetocaloric effects (MCEs) in magnetic materials, presenting
a promising, eco-friendly cooling technology. A key challenge remains the
enhancement or discovery of magnetic solids with optimal MCE performances
to bridge the gap between research discovery and practical implementation. For
example, GdoZnMnOg exhibits outstanding MCE performance with a magnetic
entropy change of —AS{™ ~ 25.2 Jkg™'K~! around 6.4 K under AH =0-7 T
[368]. Zhang et al. [210] also observed a remarkable reversible cryogenic MCE
in GdaTiMgOg, with —ASH* = 46.21 Jkg 'K~ and refrigerant capacity (RC)
of 300.27 Jkg=! at ~ 3.3 K under a magnetic field range of 0-7 T. These
values notably surpass those of many renowned cryogenic MC materials and
even outperform the commercial magnetic refrigerant gadolinium gallium garnet
(GGG). Although magnetic materials with first-order phase transitions typically
exhibit large AS)y, this effect is confined to a narrow temperature range near
the phase transition and is often accompanied by hysteresis, resulting in low
cooling power. To address these limitations, materials with second-order phase
transitions are preferred as magnetocaloric candidates. These materials lack
thermal hysteresis and exhibit smaller peak entropy changes (ASy™), but their
significant entropy variation over a broader temperature range provides higher
net cooling power [183, 369].

While bulk and thin film configurations of LasNiMnOg have been extensively
studied, exploration into other rare-earth double perovskites (RE2NiMnOg) re-
mains relatively limited, particularly AA'BB’Og. To the best of our knowledge, no
work has been performed on NdSmNiMnQOg. The substitution of Sm** for Nd**
in this compound is motivated by fundamental considerations such as crystal sta-
bility, modifications to the electronic band structure, and enhanced magnetoelec-
tric coupling [116, 308]. The A-site cation (Nd**,Sm>") significantly influences
the B-site (Ni/Mn) sublattice, directly impacting magnetic and transport prop-
erties [309]. Structural stability quantified by the Goldschmidt tolerance factor,
tq(Equation 207), defined as where r4 (Nd, Sm), rg (Ni, Mn), and rp are the
ionic radii of A-site cations, B-site cations, and oxygen, respectively [26]. The
slight ionic radius difference between Nd*™ (1.109 A) and Sm>" (1.079 A) alters
Ni-O-Mn bond angles, bond lengths, orbital hybridization, and superexchange
interactions [310]. Sm doping induces chemical pressure, enhancing octahedral
tilting and lattice distortions, which modify the electronic bandwidth and charge

transport. Also, magnetic interactions arise from competing FM and AFM SE,
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governed by the Goodenough—Kanamori-Anderson (GKA) rules [42, 53, 116].
The primary exchange pathways are FM 180° (N12+—O—Mn4+) and AFM (Ni*t-
O-Mn**) [181]. Furthermore, Sm substitution induces A-site disorder, leading
to local charge fluctuations and modified Ni/Mn valence states, which impact
double-exchange mechanisms [41]. This disorder can introduce spin frustration
and phase competition, potentially resulting in glassy magnetic states, as ob-
served in related perovskites [312]. Additionally, the magnetocaloric effect (MCE)
in double perovskites depends on magnetic entropy changes (ASyp), optimized by
tuning the Curie temperature (T) via Sm-induced lattice distortions, enhanc-

2 Mntt interactions,

ing entropy-driven magnetic phase transitions through Ni
and introducing anisotropic exchange interactions for improved refrigerant capac-
ity [208, 370, 371]. Finally, the mixed valence states (Ni**/3+ and Mn**/4*) en-
hance spin polarization, making NdSmNiMnOg a promising candidate. Hereafter,
we present a robust investigation of the crystal structure, magnetocaloric effects

(MCEs), and critical behavior of the ordered double perovskite NdSmNiMnOg.

7.2 Experimental Procedures

7.2.1 Synthesis

The polycrystalline double perovskite NdASmNiMnOg was prepared by a mod-
ified sol-gel method, using glycine to accelerate intrinsic combustion. In a se-
quential synthesis process, 2 g of glycine was slowly added to a 2 M starting
solution containing Nd(NOs3)s3-6H20, Sm(NO3)s3-6H20, Ni(NO3)s-6H20, and
(CH3COO0)sMn -4H50, all of high purity (Aldrich, 99.97%), in a molar ratio of
1:1:1:1 (Nd/Sm/Ni/Mn). The prepared sample solutions were kept at 200°C for
24 hours on a hot plate for evaporation and xerogel formation. Finally, all of
the swollen xerogels were ground and calcined at 1000°C for 12 hours to remove
all organic substrates. Furthermore, these samples were subjected to successive
pulverization and pressed at a pressure of 80 MPa. A final calcination step was
performed in an oven under ambient atmosphere at 1200°C for 24 hours to pro-

mote phase formation and obtain the pure double perovskite phase.
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7.2.2 Characterization

The structural characterization of NdSmNiMnOg was performed by X-ray
diffraction (XRD) using a Rigaku diffractometer operating with a Cu tube (K1 =
1.540598 A). The following conditions were considered: scan range of 5-90°
(20), 40 kV, 40 mA, step size 0.02° in 26, and counting time of 20 seconds per
step, with a fixed slit of 1/4°, antiscattering slit of 1/2°, and a mask of 10 mm.
Rietveld refinement [176] of the entire diffraction pattern was performed using
the FULLPROF software package [313], following the procedure outlined in ref-
erence [372]. Magnetic measurements were conducted using a superconducting
quantum interference device (SQUID) magnetometer (MPMS-3, Quantum De-
sign) over the temperature range of 2-300 K, with a maximum applied magnetic
field of 70 kOe. To eliminate bias from any trapped flux in the supercon-
ducting magnet, demagnetization protocols were employed: the magnetic field
was oscillated during ramp-down to ensure negligible residual flux. Additionally,
the sample chamber was routinely brought to 300 K (above the superconduct-
ing coil’s critical temperature) before starting a new measurement series. The
SQUID magnetometer coils were cooled by helium infusion prior to perform-
ing temperature-dependent magnetization M (T') and isothermal field-dependent
magnetization M (H) measurements.

Table VIL1: Structural parameters of NASmNiMnOg in the P2; /n space group (No. 14), refined

from XRD data at room temperature. Uiy, values are given in 1073 A2. Bond valence sums
(BVS) are in |e|. For mixed-occupancy sites, the majority cation is used in BVS calculations.

Atom Frac. Coord. U, (1073 A?) BVS (le|) Occupation
Nd/Sm = 0.0092(6) 0.12(1)  +3.40 / +1.73 Nd/Sm

y = 0.5491(2)

2 = 0.75047(8)
Mn r=y=2=0 0.31(2) +3.98 76% Mn, 24% Ni
Ni z=05 0.31(2) +2.88 76% Ni, 24% Mn
01 = 0.0907(3) 1.26(2) - 0

y = 0.0202(2)

= 0.2384(6)
02 = 0.2029(5) 0.42(1) - 0

y = 0.2552(5)

2= —0.0477(3)
03 = 0.2186(5) 1.42(2) - 0

y = 0.3341(5)

2 =0.55093(3)
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Bond Length (A) Bond Angles (°)

Ni-O1  1.89(5) (O1-Ni-O1) = 180.0(0)
Ni-02  1.81(3) (O1-Ni-02) = 89.9(3), 90.1(3)
Ni-03  1.81(3) (O1-Ni-03) = 89.0(10), 91.0(10)
Mn-O1  2.06(5) (01-Mn-O1) = 180.0(0)
Mn-02  2.12(3) (O1-Mn-02) = 88.6(8), 91.4(8)
Mn-03  2.21(3) (O1-Mn-03) = 89.9(8), 90.1(8)
(Ni-O)  1.84(4) (Ni-O1-Mn) = 150.5(9)
(Mn-0)  2.13(4) (

{

Ni-02 Mn) = 155.3(5)
Ni-O3-Mn) = 145.6(5)

7.3 Results and Discussion

7.3.1 Structure Characterization

The XRD pattern for the NdSmNiMnOg powder sample, as obtained ex-
perimentally and refined using the FULLPROF software, is presented in Fig-
ure VII.1a,b. In the refinement process, atomic positions and Debye—Waller fac-
tors were iteratively refined over multiple cycles using a pseudo-Voigt function
modified by Thompson—Cox—Hastings [314], which accounted for axial divergence
asymmetry. The refinement was conducted using various structural models: the
conventional orthorhombic symmetry Pbnm (No. 62) (not shown), Pbn2; (No.
33), and the monoclinic space group P2;/n (#14). The orthorhombic symme-
tries Pbnm and Pbn2; correspond to configurations with randomly distributed
B-site cations, whereas the monoclinic P2;/n structure reflects ordered B-site
cations. A more accurate fitting was achieved using the P2;/n space group, in-
dicating that NdSmNiMnOg crystallizes in monoclinic symmetry. The refined
lattice parameters were determined as: a =5.3779(2) A, b=15.4849(2) A, c¢=
7.63667(2) A, B =89.8412(3)°, V =225.260(1) A3.. In this structure, Nd/Sm
share the same crystallographic A-site and are coordinated by eight oxygen atoms,
forming polyhedra (Figure VII.1c,d). The Ni/Mn cations are distinctly located at
the B/B’ sites, each coordinated by six oxygen atoms, forming NiOg and MnOg
octahedra (Figure VII.1e,f). The absence of any discernible impurity peaks within
the resolution limits of the instrument confirms the formation of a highly pure,
single-phase NdSmNiMnOg compound. Furthermore, the goodness-of-fit param-
eters, Ry, Ryp, Rezp, and x2, were determined, and the Rietveld refinement
results, including Wyckoff site information, are summarized in Table VII.1, con-

firming excellent agreement between the refined and experimental XRD patterns.
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Additionally, the stability and deformation of the perovskite crystal structure
can be determined through the calculation of the Goldschmidt tolerance factor,

ta, using the modified formula:

(TNd;Tsm_i_rO)
\/§(TN1+2TMn+TO>

where rNd, TSm, T'Ni, TMn, and 7o are the ionic radii of Nd, Sm, Ni, Mn, and O, re-

ta = (207)

spectively, taken from Shannon’s ionic radii tables [39, 41]. The calculated ¢ val-
ues for NdSmNiMnOg at room temperature, considering Ni2t/3+ and Mn?t/4* in
VI coordination under both low-spin (LS) and high-spin (HS) states, are 0.834 and
0.862, respectively. These values fall within the empirical range expected for mon-
oclinic or orthorhombic symmetry in perovskite structures [41, 338]. Local crystal
structural analysis reveals non-identical bond lengths and bond angles, namely:
Ni—0O; #Ni—0g =Ni—03 # Mn—0; # Mn—02 # Mn—03, and (Ni—O;—Mn) #
(Ni—Og—Mn) # (Ni—Osz—Mn) # 180°, as summarized in Table VII.1. This
strongly indicates the presence of lattice distortions in NdSmNiMnOQOg, charac-
teristic of ordered double perovskites. Structural refinement yields average bond
lengths of (Ni—O) = 1.84(4)A and (Mn—0) = 2.13(4) A, together with an av-
erage bond angle of (Ni/Mn—O—Ni/Mn) = 150.50(6)°, consistent with those
reported in similar perovskite systems [158, 159, 193, 198]. Using the refined
lattice parameters, the octahedral rotation angles (v, ¢, ®) were estimated using
the following relationships: v = cos™! (%) ~ 11.34°, ¢ =cos™! (@) ~ 5.18°%,
d = cos™! (*?f) = cos ! (cosy-cosp) A 12.45°, O = w A 14.77°.
These angles quantitatively describe the extent of octahedral rotations in the
perovskite framework, providing valuable insight into its deviation from an ideal
cubic geometry. Structural distortions such as these are typical signatures of
magnetic competition and frustration, which are commonly observed in complex

perovskite systems.
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Figure VIL.1: (a, b) Room-temperature XRD patterns and corresponding Rietveld refinements
for the NdSmNiMnOg double perovskite. The red square symbols and black line represent
the observed and calculated intensities, respectively. The short green vertical ticks mark the
expected Bragg reflection positions for the monoclinic P2 /n (No. 14) and orthorhombic Pbn2;
(No. 33) phases. The blue line at the bottom shows the difference between observed and
calculated intensities. (c-f) Crystal structure representation of NdSmNiMnOg. The light-gray
lines outline a single unit cell, while shaded polyhedra highlight the cation—oxygen coordination
environments.

7.3.2 Magnetocaloric Effect

The magnetocaloric effect (MCE) consists of the magnetization response to
temperature variation under an applied magnetic field. Usually, the MCE is
quantified by the magnetic entropy change (ASyp), estimated through the analysis
of isotherms (M-H) at several temperatures. Figure VII.2a illustrates the M-H
curves collected with applied fields up to 7 T and various temperatures between
2 and 300 K. The curves show a typical saturation trend at low temperatures,
with a transition to the paramagnetic (PM) state (T > T¢) as the temperature
increases up to 300 K. The ASy; under a change in magnetic field can be evaluated

from the Maxwell relation as follows:

ASy(T, H) = /

0

Huax ( QM (H,T)
oT

) dH = AS(0,T) = —ASy; = —ASy(0,T)
" (208)
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Notwithstanding, due to the discrete interval of T" and H in magnetic measure-

ments, the above equation has been approximated as:

(Mj — M;j11)

P

J

AH; (209)

where M; and M;,1 are the magnetization values measured in the applied field
Hj at temperatures T and T}y, respectively [198, 203].

Figure VII.2b shows the temperature dependence of —ASy; for different mag-
netic fields. A broad peak centered at T =~ 180 K is observed, characteristic
of the conventional MCE, confirming the FM-PM order transition. This peak
presents a maximum entropy change of —AS\max = 2.38 Jkg7 'K~ at 7 T,
which is lower than in other Ni/Mn-based double perovskites [185, 206, 286], but
higher than in SmCaCoMnOg [203] and Lag_,Sr,CoMnOg [373]. Interestingly,
at low temperatures (7' < 50 K), a negative —ASy; behavior is observed under
fields up to 2 T. As the field increases, it transitions to a positive MCE state in
the range 3-7 T (see blue arrows in Figure VII.2). This abrupt rise in —ASy for
fields greater than 4 T is attributed to the ordering of rare-earth ions [180, 198].
This phenomenon is linked to the antiferromagnetic (AFM) ordering of (Nd3*,
Sm3*) moments. Prior studies indicate that rare-earth sublattices containing Nd
and Sm can undergo AFM coupling at low temperatures, significantly influencing
magnetization in weak fields [41]. In this system, complex magnetic interactions
emerge between the rare-earth (Nd/Sm) and transition-metal (Ni-Mn) sublat-
tices. At low fields, Nd/Sm moments align antiferromagnetically with the Ni/Mn
sublattice, leading to a negative ASy;. However, as field strength increases, these
moments reorient ferromagnetically, resulting in a positive ASy; characteristic
of a metamagnetic-like transition [338, 374]. This AFM interaction competes
with the intrinsic FM component, reducing overall magnetization at low tem-
peratures under weak fields. Its disappearance at higher temperatures supports
the role of rare-earth ordering, as thermal fluctuations suppress AFM coupling.
Similar field-dependent entropy effects have been reported in perovskite systems
like Nd2NiMnOg [185] and YoNiMnOg [204]. Furthermore, a small asymmetrical
peak at T'~ 214 K appears for fields greater than 4 T, possibly due to disorder,
magnetic frustration, or an emerging Griffiths phase [198, 375].

Notably, the observed —ASy value remains below the theoretical limit

(—AS\11imit), which is generally estimated from the contribution of uncoupled
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rare-earth (RE) ions. The theoretical limit is expressed as:

_ASM,limit =R- ln(2J+ 1) (210)

where R is the universal gas constant and J accounts for the half-filled 4f
orbital of Nd**/Sm3* ions, characterized by high-spin states of J = 9/2 and
5/2, respectively [210, 376]. The calculated —AS\f Jimit is 22.52 Jkg 1K~ for
NdSmNiMnOg. This observed disparity is likely associated with additional inter-
nal entropy losses originating from phonon contributions, as well as constraints
on the AH values during measurement [288, 290]. It is plausible that the divi-
sion of the A-site by Nd and Sm caused a modification of the global bandwidth,
deviating the Ni-O-Ni/Mn bond angle from 180° and altering Ni/Mn-O bond
lengths, as observed in XRD analysis-unlike in NdaNiMnOg [158]. Consequently,
electron-spin coupling in the system increases, enhancing the FM interactions
in NdSmNiMnOg [207]. Generically, the exponent n characterizes the field de-
pendence of the magnetic entropy change (ASy) in magnetocaloric materials,
following the relation: ASy o< H". The value of n provides insights into the
nature of the magnetic phase transition. According to Law et al. (2018) [377],
a maximum n value exceeding 2 is indicative of a first-order phase transition
(FOPT), while second-order phase transitions (SOPTs) typically yield lower val-
ues. In our analysis, we determined n = 0.66(13) (see Figure VII.2c), closely
aligning with the mean-field prediction of n =2/3 [207, 288]. This suggests that
our material undergoes a second-order phase transition (SOPT), consistent with
other perovskite systems. For instance, in LagCag.35rg.1MnOs, the exponent n
was approximately 0.58 [378], and in Ag-doped manganites, n ~ 0.669 [379], both
confirming the SOPT nature. These consistent findings underline the reliability
of using the exponent n as a diagnostic criterion for magnetic phase transitions.
The proximity of our n value to 2/3 supports the classification of the transition
as second-order.

To further clarify the characteristics of the FM phase transition, we examine
the MCE via a normalizing universal scaling law [208]. All curves were con-
structed phenomenologically by scaling all —ASy; curves against their respective
maximum values (—AS\max), expressed as (ASy/ASM max). For this, the re-

duced temperature 7T is defined as:
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0 =—7—, T<T; 211
Ta _ Tmax Y max ( )
T-1T,
O = — % TS Thax 212
Tb — Tinax ’ e ( )

where Tinax denotes the temperature at —ASyi max, and 75, and T}, are two refer-
ence temperatures (below and above T¢), defined by:AS\(Tg,Tp) = %ASM,maX.
As highlighted in the inset of Figure VII.2c, all rescaled ASyi/AS\ max(#) curves
collapse into a single curve. The observed unification at 6 > 0 confirms the char-
acteristic behavior of materials undergoing typical FM second-order phase transi-
tions (FM—SOPT). However, the non-collapsing character at 6 < 0 is attributed to
normalizing uncertainties or the possible presence of a first-order phase transition
(FOPT) due to antisite disorder (ASD).

Normally, the relative cooling power (RCP) parameter is used to evaluate the
cooling efficiency of magnetocaloric materials. RCP can be determined from

—AS\(T) curves [210, 211] using the relation:

RCP = |ASM,max| X 5TFWHM (213)

where 0TrwuM = THot — TCola is the full width at half-maximum of the mag-
netic entropy change. The RCP value as a function of magnetic field H is dis-
played in Figure VII.2d for NdSmNiMnQOg. Significantly, RCP shows an increas-
ing trend with increasing AH, following a power law of the form RCP ~ H™,
where m is a scaling exponent. For the NdSmNiMnOg sample, the estimated
RCP increases from approximately 25 Jkg ! K=1 to 182 Jkg='K~! as the ap-
plied field increases from 1 to 7 T. The landmark discovery of MCE properties
in pure Gd by Brown [212] has set the benchmark for ideal MCE materials.
According to Phan and Yu [239], optimal magnetocaloric materials should ex-
hibit large magnetic entropy change (—ASyp), high adiabatic temperature change
(AT,q), a Curie temperature near room temperature (~300 K), broad operating
temperature range (e.g., 10-80 K), minimal magnetic and thermal hysteresis,
small lattice entropy, high thermal conductivity, and excellent chemical stabil-
ity. Recent studies emphasize that perovskite manganites offer advantages such
as tunable Curie temperatures, high chemical stability, and low hysteresis, mak-
ing them attractive for magnetic cooling technologies [380]. Table VII.2 pro-

vides a comparative evaluation of NdSmNiMnOg against well-established mag-
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netocaloric materials, illustrating that its performance exceeds some reported
values. Compared to high-performance systems, the maximum magnetic en-
tropy change of NdSmNiMnOg (—AS\max = 2.38 Jkg7 'K~ at 7 T) is sig-
nificantly lower than in Gd [213], Gd5SiGes [239], Lng5CagsMnOs (Ln = Dy,
Gd) [381], and MnFeP-based alloys [374]. For instance, ThoFeCrOg achieves
—ASy = 12.9 Jkg~ ' K~! under similar field conditions [382], and Mn-substituted
SmFeO3 perovskites exhibit broader operational temperature spans and higher
entropy changes [383]. Likewise, La(Fep.9sCog.02)11.7Al1.3 demonstrates —ASy; ~
10.6 Jkg=' K1 at 0-5 T [384], outperforming NdSmNiMnOg in absolute values.
Nevertheless, the RCP remains a crucial performance metric for evaluating re-
frigeration efficiency. NdSmNiMnOg demonstrates a notable RCP increase from
~25 to ~182 Jkg ' K~! over the field range 0-1 T to 0-7 T, likely due to the
extended temperature span of the MCE. Table 2 compares the RCP and —ASy;
values of NdSmNiMnOg with other systems. This RCP surpasses values reported
for LagsNdp2CapsMnOs and Lag7Cag3MnOs [385], reinforcing its suitability
for practical applications. Although NdSmNiMnOg underperforms in terms of
absolute entropy change, its superior RCP and promising thermal response high-
light its potential. With further optimization of composition and microstructure,
NdSmNiMnOg may evolve into a viable candidate for future magnetic refrigera-

tion technologies [204, 207, 210, 211].
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Figure VII.2: (a) Isothermal magnetization curves measured at different temperatures in the
range 2-156 K with AT =8 K and 156-196 K with AT =1 K for critical point analysis. (b)
Temperature dependence of the field-induced magnetic entropy change (—ASy;) estimated from
isothermal M (H) data between 2 and 292 K, under various applied magnetic fields. (c¢) Magnetic
field dependence of the maximum entropy change (—AS}**). Inset: normalized entropy change
(ASM/ASE) as a function of reduced temperature 6. (d) Relative cooling power (RCP) as a
function of applied magnetic field (H).

Table VII.2: Comparative analysis of NdSmNiMnQOg with well-known magnetocaloric materials.
—ASH* is the maximum magnetic entropy change, and RCP is the relative cooling power.

Material —~ASTE (Jkg ! K~!) RCP (Jkg!) Reference
Gd 10.2 ~410 Tegus [213]
La0‘87Sr0,13Mn03 5.80 ~232 Phan & Yu [239]
Gd5SiGes 18.4 ~535 Pecharsky et
al. [386]
Pro.635r9.37MnOs3 2.57-8.52 ~511 Phan et al. [387]
MDF6P0.45ASQ‘55 18.6 ~500 Tegus et al. [213]
FeyP-based alloy 7.8 ~390 Fujita et al. [374]
Lag.7Cag 3MnOs3 1.38 ~41 Wang et al. [385]
Lng5CapsMnO3 (Ln 8.5-22.8 — Das et al. [388]
= Dy, Gd)
(RO_QGdO_QEuo_QDy&QTbO_Q)CI‘O{l2.8*13.6 143.71-159.03 Zheng et
(R = Pr, Nd, Sm) al. [381]
La0‘5Nd0.2Ca0‘3MnOg 2.31 ~60 Wang et al. [385]
Lao,ﬁCaOAMnOg 5.00 ~135 Phan & Yu [389]

NdSmNiMnOg 2.38 ~182 This study
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7.3.3 Critical Exponent Analysis

To elucidate the nature of magnetic interactions near the magnetic phase tran-
sition temperature Tc = 177 K, we conducted a comprehensive analysis of the
critical exponents for NdSmNiMnOg. According to the scaling hypothesis, a
second-order phase transition (SOFT) is characterized by interconnected criti-

cal exponents [390]. In the vicinity of a SOFT, the correlation length diverges

as:£ =& ‘T;CTC ‘_V and universal scaling laws govern the spontaneous magnetiza-
tion Mg and the inverse initial magnetic susceptibility 1. The critical expo-
nents (3, v, and 0 characterize Mg below T, Xgl above T, and M(H) at Tg,

respectively [391]:

Ms(T) = My(—¢)’, e<0, T <Tc (214)

Xg ! = lim (H) = (homo)e?, >0, T >1Tc (215)
O T HSo\M ’ ’

M=DHY? =0, T="Tc (216)

where ¢ = (T'—T¢)/T¢ is the reduced temperature, and hg/mg, D, and My
are amplitude constants [216, 219]. The magnetic equation of state, connect-

ing M(H,e), H, and T, is expressed as:

M(H,T)= |5|Bfi <|6‘ZI+7> (217)

where fi and f_ are regular functions for T' > T and T' < T, respectively. We

define the renormalized variables as:

m=le| PM(H,e), h=|e|~P+H (218)

This relation is validated when a plot of || # M (H, ) versus |e|~(+7) H collapses
the data into two universal curves-one for T'< T and the other for T'> T [219,
333, 392].

Figure VII.3a shows the isotherms collected near T between 156 and 188 K
at AT =1 K. The Arrott-Noakes plot (M? vs H/M) using mean-field exponents
S =0.5 and v = 1.0 [217] is presented in Figure VII.3b. For an accurate model,
the isotherm at 7" = T¢ should pass through the origin, with x 1(T) and Mg(T)
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given by the intercepts on the H/M and M? axes, respectively. However, unlike
the Landau mean-field hypothesis, the Arrott-Noakes plots for NdASmNiMnOg ex-
hibit nonlinear downward curvature, indicating the inadequacy of the mean-field
model. Nonetheless, the order of the magnetic transition can still be assessed
using Banerjee’s criterion [393], where the slope of M? vs H/M determines the
nature of the transition. A negative slope indicates a first-order phase transi-
tion, while a positive slope confirms a second-order phase transition. Thus, the
observed positive slope in the Arrott-Noakes plot confirms that NdSmNiMnOg

undergoes a second-order phase transition.
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Figure VIL3: (a) Isothermal magnetization curves measured at different temperatures be-
tween 156 and 188 K with AT =1 K. The isotherms are plotted as M/# vs (H/M)Y7 using
model parameters from: (b) Arrott-Noakes model, (¢) Tricritical mean-field model, (d) Three-
dimensional (3D) Heisenberg model,(e) 3D Ising model, and (f) 3D XY model.

Mostly, the modified Arrott-Noakes plot (MAP) was utilized to probe the

critical behavior based on different models [217], described as
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AN\
<M> = as+bMYP, (219)

where ¢ has been defined earlier, and @ and b are constants. Figure VIL.3(c-f)
depicts the MAP for the models: tricritical mean-field (5 = 0.25, v = 1.0), 3D
Heisenberg (8 = 0.365, v = 1.386), 3D Ising (5 =0.325, v =1.24), and 3D XY
(6=0.345, v =1.316), respectively. All replotted MAPs display a slight curvature
in the low-field region, indicative of the average effect across domains magnetized
in diverse directions. Conversely, within the high-field region, all constructions
manifest quasi-linear profiles, implying potential 3D magnetic behavior within

the material. To identify the optimal model, we introduce the normalized slopes
(NS) defined as NS = %, where S(T') represents the slope of the MAP curves.
The NS(T') curves are presented in Figure VII.4. In an ideal scenario, the MAP
is expected to yield a set of parallel straight lines, resulting in all NS values being
equal to 1.0. However, our observations indicate that the critical behavior of
NdSmNiMnOg deviates slightly from adherence to these universality classes. We
noted that the NS approaches the mean-field model below T' < T, aligned with
the nearly isotropic magnetic nature evident at low temperatures. In contrast,
the NS for the 3D Heisenberg model exhibits optimal agreement above T > T(,
signifying that the critical behavior of the NdSmNiMnOg system may not conform

to a singular universality class, which is in contrast to other double perovskite

compounds [193, 204, 394].
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Figure VII.4: Temperature dependence of the normalized slopes, NS = S(T)/S(T¢), for the
mean-field, tricritical mean-field, 3D Heisenberg, 3D Ising, and 3D XY models.

Hence, we employ an iterative approach to precisely determine the critical
exponents [ and v [198, 392]. By linear extrapolation from the high-field region
to the intercepts with the axes MY# and (H/M )1/ 7. reliable values of Mg(T)
and xq 1(T) are obtained. Subsequently, fitting the data using Equations 215
and 216 yields a set of # and ~. These values are then employed to reconstruct
the MAP, leading to the generation of new Mg(T) and xgy ' (T). The process is
repeated iteratively, refining the values of § and + until convergence is achieved.
As depicted in Figure VII.5(a), a series of parallel straight lines in the high-field
regime is attained through the converged 5 and v values. Figure VIL.6(b) displays
the final temperature dependence of Mg(T) (left) and xg '(T) (right), which are
obtained from the high-field MAP curve extrapolation. The fitting yields critical
exponents = 0.474 with Tc =177 K and v =0.954 with Tc =178 K.
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Figure VIL5: (a) Modified Arrott plot of isotherms with 8 =0.474 and v = 0.954. (b) Temper-
ature dependence of the spontaneous magnetization Mg (left) and the inverse initial magnetic
susceptibility x 1(T) (right), which are obtained from the high-field extrapolation of the mod-
ified Arrott plot. The T and exponent values are deduced by fitting Equations 215 and 216
(red curves). (c) Kouvel-Fisher plot for the temperature dependence of the spontaneous mag-
netization Mg (left) and the inverse initial magnetic susceptibility xg *(7) (right). The T¢ and
critical exponents are obtained from the linear fits (red lines).

Alternatively, for a more precise determination of the critical exponents and
Tc, we have examined the Mgp(T) and xy ' (T) data using the Kouvel Fisher
(K-F) plot analysis [215]:

Mgp(T) T -Tc

_ 220)
dM (
- b
dxg | (T) v
dT
—1
where MdSMPS(g ) and ;i?*l((?) are linear in temperature with slopes 1/3 and 1/, and
dr 0

the intercepts signifydT—TC /8 and —T¢/7, respectively. The critical exponents
and Tc determined through the K-F method are found to be § = 0.469 with
Tc=176.89 K and v = 0.978 with T = 178 K (see Figure VII.5¢). Remarkably,
these critical exponent values and T¢ closely agree with those computed using the
mean-field model and the 3D Heisenberg model. This congruence suggests that

the derived values of the critical exponents are self-consistent and unequivocal.
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The critical exponent 4, related to the magnetization isotherm at T through eq.
(10), with D representing the critical amplitudes, can be ascertained by fitting
the high-field slope of logo(M) vs. logg(H) at T¢. Figure VII.6a illustrates the
M (H) curve at Tc ~ 177 K, with the inset depicting the same plot in log-log scale.
Fitting the M (H) curve at H > 5 kOe yields § = 3.26 and § = 3.01 for the log-log
fits, respectively. Additionally, the critical exponents obtained through scaling
analysis adhere to the Widom scaling relation [395], given asd =1+ % Utilizing
the determined values of 8 and v from the MAP and the K—F method yielded ¢
values of 3.02 and 3.09, respectively, which are proximate to the aforementioned
0 value. This underscores the reliability of the critical exponents derived from

the magnetization data and their agreement with the scaling hypothesis.
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Figure VIL6: (a) M(H) curve at T¢ ~ 177 K. Inset: the same plot in log-log scale with a
solid fitting curve in the high-field region. (b) Scaling plots of renormalized magnetization
m = M|e|=# versus renormalized field h = Hl|e|~ (%9 below and above T for NdSmNiMnOg.
The inset shows the same scaling plots in the log-log scale. The collapse of the data onto two
distinct universal branches (below and above T¢) confirms the validity of the obtained critical
exponents and the reliability of the scaling hypothesis.

Based on the scaling hypothesis, the credibility of the acquired critical ex-
ponents was affirmed through the magnetic equation of state in the asymptotic
critical region, as clarified earlier in Equation 219. To affirm this, we constructed
a plot of |e| M (H,e) vs. |e| P H with the 8, §, and T values derived through
the K-F technique. Figure VIL6b displays the Mle|=? vs. H|e|™% curves in
the scaled data at T'< T and T > T, and the inset presents the same data in
log-log coordinates for clarity. All magnetization curves collapse into two dis-
tinct branches (T' < T and T' > T(), implying the accuracy and consistency of
the critical exponents and T values for NdSmNiMnOg following the scaling hy-
pothesis. The typically subtle departure from the scaling curves noted in the

low-magnetic-field region is attributed to the reconfiguration of the magnetic do-
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mains. In this regime, magnetic moments exhibit an incomplete alignment with
the applied magnetic field.

Finally, as is well-established, the universality class governing the magnetic
transition in homogeneous magnets is dependent upon the exchange interaction
J(r). Analysis using renormalization group theory suggests that the decay of

interaction with distance r can be described as

J(r) p(d+o) (222)

where d represents spatial dimensionality and ¢ denotes the range of interaction,
assuming a positive value. In the context of 3D isotropic materials (d = 3),
this relationship translates to J(r) o r~B+9) If ¢ > 2, it indicates a more rapid
decrease than r—°; hence, the applicability of the 3D Heisenberg model (3 = 0.365,
~v=1.336, and d = 4.8) emerges. For o = %, corresponding to the mean-field model
(6=0.5, y=1.0, and d = 3), this signifies that J(r) decreases more gradually
than r—*°. Within the intermediate range, i.e., J(r) oc =39 with 3/2 < o < 2,
the exponent aligns with a distinct universality class reliant on the specific value
of 0. In this range, both the tricritical mean-field theory and the 3D Ising model
are plausible. Fischer et al. [396] propose a relationship between the exponent -y

and the interaction range o as

Ac? (223)

Y 1+4d(n+2) 8(n+2)(n—4) [1+ 2G(d/2)(Tn+20)(n —4)

(n+8) ' @(n+8)? (n+8)

where Ao = (0 —d/2), G(d/2) = £(d/2)?, and n is the magnetic spin dimen-
sionality given as n =1+ (6 — % +7) [198]. From the 8 and ~ values obtained
from the scaling analysis, we deduced a self-consistent critical exponent n =0.632,
which agrees with the previously mentioned mean-field experimental value, as de-
picted in Figure 5c. Therefore, using eq. (223) and the obtained value v = 0.954
in this study, we calculated o = 1.629, indicating that the magnetic interac-

r~4629 which is close to other ferromagnetic

tion distance decays with J(r) o
perovskite systems [204, 219]. Indeed, J(r) lies between the characteristics of
the 3D Heisenberg model and the mean-field model, suggesting that the critical
behavior of NdSmNiMnOg can be attributed to the competition between long-
and short-range magnetic interactions rather than purely long-range interaction

regimes [397]. Nonetheless, its closer resemblance to the mean-field model sug-
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gests that the dominant spin interactions are of a long-range magnetic nature.
Furthermore, we note that our values of § and v obtained from the modified
Arrott plot align closely with the mean-field predictions but deviate significantly
from the Heisenberg model, which suggests that the system does not exhibit a
purely short-range 3D Heisenberg-like transition. Similar deviations have been
observed by Pramanik et al., such as in Prg5CagsMnO3 [392], where long-range
interactions play a significant role in determining the critical behavior. Hence,
the exchange distance J(r) analysis suggested that the long-range magnetic in-
teraction coupling between ordered Ni-Mn ions at B-B’ sites dominates near T,
which is responsible for the magnetic nature of the NdSmNiMnOg double per-
ovskite. Furthermore, under the correlation length critical exponent relation,
¥ =r/o (ie., 9 =0.584), the critical exponents o = (2—9d), B = (2—a—7)/2,
and 0 = (14+/f) are determined, yielding values of approximately 0.243, 0.401,
and 3.38, respectively. Notably, these calculated values closely align with the
experimentally observed values in our study.

The critical exponents obtained for NdSmNiMnOg (5 = 0.469, ~ = 0.978,
0 = 3.09) suggest a behavior intermediate between the 3D Heisenberg model
(8~ 0.365, v~ 1.386, 0 ~ 4.8) and the mean-field model (5 ~ 0.5, v ~ 1.0,
0~ 3.0) [396, 398]. Such deviations are commonly observed in complex magnetic
oxides, where multiple competing interactions influence the critical exponents.
A key factor contributing to this behavior is the competition between nearest-
neighbor (NN) and next-nearest-neighbor (NNN) interactions, a phenomenon re-
ported in perovskite-based oxides. In NdSmNiMnOg, the coexistence of ferro-
magnetic (FM) and antiferromagnetic (AFM) interactions arising from double-
exchange (DE) and superexchange (SE) mechanisms alters the effective correla-
tion length [399]. For instance, Lagg7Cag33MnO3 and Ndg5Srg5MnO3 exhibit
competing interactions that produce deviations from conventional universality
classes [239]. Moreover, the presence of a Griffiths-like phase, characterized by
the persistence of local magnetic clusters above the transition temperature due
to disorder and inhomogeneity, could induce this behavior [400]. In the case of
NdSmNiMnOg, the slightly elevated 8 value (0.469) suggests an inhomogeneous
ordering process, consistent with the study by Bray et al. [401] for perovskite
oxides, where structural disorder and phase separation broaden the critical re-
gion. The presence of such magnetic clusters results in modified scaling behavior,

contributing to the deviation from classical universality classes. Further, the
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universality class of a phase transition is determined by the effective interac-
tion range, as proposed by the renormalization theory [402]. Particularly, the
crossover interaction is influenced by bond-angle distortions, spin—orbit coupling,
and the cooperative Jahn—Teller effect, modifying the interaction range. In our
case, the observed bond-angle deviations and octahedral tilting in NdSmNiMnOg
suggest that the magnetic SE pathways between Ni and Mn ions are signifi-
cantly affected, influencing DE and SE interactions [116, 258]. In aristotype
cubic perovskites, magnetic superexchange follows the GKA rule, with 180° Ni-
O-Mn bonds favoring strong FM coupling and AFM double exchange occurring
for partially delocalized electrons. However, the observed Ni-O-Mn bond angles
(~ 150.5°) deviate from 180°, weakening direct AFM superexchange while al-
lowing for competing FM-DE interactions, a feature of magnetically frustrated
systems [403]. The estimated octahedral rotation angles (v, ¢, ®, and ©) fur-
ther support this magnetic competition hypothesis, i.e., the significant tilting of
NiOg and MnOg octahedra modifies orbital overlap, altering the Ni?t-O-Mn**
SE-like interactions, which can lead to the emergence of magnetic phase coexis-
tence [197]. Several studies have reported that octahedral perovskite distortions
result in noncollinear magnetic ordering, magnetic phase separation, and spin-
glass-like behavior due to competing interactions [404-406]. In NdSmNiMnOg,
the combination of bond length /bond-angle variations, octahedral tilting, and lo-
cal lattice distortions likely contributes to frustrated magnetic behavior observed
below T' < Ty in the MCE analysis, explaining the observed complex critical ex-
ponents and intermediate universality class. Also, our critical exponents, tested
using the Widom scaling equation [§ = 1+ /5 = 3.09], the Arrott plots, and
Kouvel-Fisher analysis, demonstrate that the exponents are self-consistent. On
the other hand, magnetocrystalline anisotropy and spin fluctuations play a critical
role in determining the critical behavior of NdSmNiMnOg. In systems with strong
anisotropic interactions, critical exponents often deviate from classical models due
to anisotropic spin fluctuations and spin-orbital coupling effects [401]. This is
evident in our MCE analysis: the Nd/Sm sublattice flipped from negative to pos-
itive entropy change in the temperature range below ~ 50 K as the field increases
from 0-3 to 0-7 T. The interplays between spin, charge, and orbital degrees of
freedom likely influence the scaling behavior, where the presence of unquenched
orbital moments and anisotropic exchange interactions can lead to modified crit-

ical behavior [374]. Hence, NdSmNiMnOg and the observed exponents suggest
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a scenario where short-range spin interactions dominate at lower temperatures,
but longer-range interactions contribute near the Curie temperature, leading to

deviations from standard universality classes.

7.4 Conclusion

In summary, we have successfully synthesized the NdSmNiMnOg double per-
ovskite and systematically studied its crystal structure, magnetocaloric effect, and
critical behavior. The monoclinic structure of NdSmNiMnOyg identified from the
XRD pattern and refined by Rietveld demonstrated that Nd/Sm shared the same
crystallographic A-site, whereas Ni/Mn cations are distinctly distributed at the
octahedron B-B' sites. The —ASY* and RCP at the applied field of 0-7 T are
found to be 2.38 and 182 J/kg - K, respectively, suggesting that NdSmNiMnOg
can be considered a promising magnetic refrigerant. The critical exponents 3, 7,
and ¢ obtained by different methods indicate a proximity to the conventional uni-
versality class of the mean-field model in the limit of 7" < T and a 3D Heisenberg-
like phenomenon at T' > T. Finally, the exchange distance J(r) analysis sug-
gested that in NdSmNiMnOg, the observed exponents suggest a scenario where
short-range spin interactions dominate at lower temperatures, but longer-range
interactions contribute near the Curie temperature, leading to deviations from

standard universality classes.
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Spin Reorientation and the Interplay
of Magnetic Sublattices in ECMO

Through a combination of magnetic susceptibility, specific heat, and neutron pow-
der diffraction measurements we have revealed a sequence of 4 magnetic phase
transitions in the columnar quadruple perovskite Ers CuMnMnyO1a. A key fea-
ture of the quadruple perovskite structural framework is the complex interplay
of multiple magnetic sublattices via frustrated exchange topologies and competing
magnetic anisotropies. We show that in Ers CuMinMnyO12, this phenomenology
gives rise to multiple spin-reorientation transitions driven by the competition of
easy-azxis single ton anisotropy and the Dzyaloshinskii-Moriya interaction; both
within the manganese B-site sublattice. At low temperature one Er sublattice or-
ders due to a finite f-d exchange field aligned parallel to its Ising axis, while the
other Er sublattice remains non-magnetic until a final, symmetry-breaking phase
transition into the ground state. This non-trivial low-temperature interplay of
transition metal and rare-earth sublattices, as well as an observed k= (0,0,1/2)
periodicity in both manganese spin canting and Er ordering, raises future chal-

lenges to develop a complete understanding of the Ro CuMnMngO1o family.
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tively by myself and Roger Johnson, who also developed the analytical model

presented in Section 8.3.4.
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8.1 Introduction

Spin-reorientation transitions are characterised by the spontaneous rotation
of ordered magnetic moments [407], and have been found to occur in antifer-
romagnets [408-411], canted antiferromagnetics (weak ferromagnets) [412, 413],
ferromagnets [414] and ferrimagnets [9, 415]. This phenomenon is of keen interest,
not only from a fundamental perspective, but also because deterministic magne-
tization switching may be utilised in nanoscale functional spintronic components
[416]. In this regard, spin-reorientation transitions in ferrimagnets are arguably
the most appealing, as ferrimagnets carry a net magnetization while switching in
the ultra-fast regime [417]. Spin-reorientation typically occurs due to competi-
tion between different magnetic sublattices with different magnetic anisotropies; a
typical example is that of the rare-earth orthoferrites, in which spin-reorientation
is driven by magnetic f-d exchange interactions between rare-earth and transition
metal sublattices [412].

In quadruple perovskites, multiple magnetic sublattices may be introduced into
the structure, allowing for complex frustrated exchange topologies and competing
magnetic anisotropies. Indeed, many non-trivial magnetic phases have been ob-
served in this structural family with properties including multiferroicity [418-420],
low-field magnetoresistance [421], incommensurate magneto-structural coupling
[422], and spin-reorientation transitions [9, 415]. The columnar quadruple per-
ovskite RoCuMnMnyO12 (R=Dy, Y) undergoes 3 magnetic phase transitions, two
of which are spin-reorientation transitions involving the rotation of a ferrimag-
netic magnetization by 90 degrees [9]. Remarkably, these transitions could not
be explained by the conventional f-d exchange model, and it was proposed that
these phenomena originated in the competition between single-ion anisotropy and
anisotropy due to the Dzyaloshinskii-Moriya interaction, tuned by spin canting
induced by frustrated Heisenberg exchange [9].

In this paper, we extend previous work on RoCuMnMngOq1o, and re-
port the experimental characterization of the magnetic phases exhibited by
EroCuMnMnyOq2. The crystal structure of EroCuMnMn4O12 is shown in Figure
VIIL.1. As is typical of perovskite-derived structures, the B site manganese ions
are octahedrally coordinated forming a pseudo-cubic corner-sharing framework
(Figure VIII.1b and VIII.le). In the columnar perovskite aristotype (space

group P%mc) [423, 424], the MnOg octahedra are severely tilted in an aTa™c™
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pattern (Glazer notation [425]). These octahedral tilts split the A sites into
3 symmetry inequivalent sublattices that are typically labelled A, A’, and A”
(Figure VIII.1a). The A sites are occupied by erbium, and sit within a distorted
10-fold oxygen coordination (Figure VIIL.1¢c). The A’ sites are nominally
occupied by copper (labelled Cul) within a square-planar oxygen coordination,
and the A” sites are nominally occupied by manganese (labelled Mn2) within a

tetrahedral oxygen coordination (Figure VIII.1d).

© Cut

(a) A site O Mn2

1 00%90%0? |

(b)B site

L bo

)

o
c

09°¢0%0° .. "
Figure VIII.1: The crystal structure of EroCuMnMngOj2. A single unit cell is shown by thin
grey lines, and the cation oxygen coordinations are shaded in panes c-e.

The RoCuMnMny4Oqo family also support layered charge and ferro-orbital or-
dering [426] that breaks the symmetry between nearest neighbor MnOg layers
stacked along c, which we label Mn3 and Mn4, respectively. Mn3 ions carry a
nominally 3+ oxidation state, and the cooperative Jahn-Teller distortions align
ds,2_,2 orbitals approximately parallel to c. The Mn4 ions are nominally 44 and
their octahedral coordination is undistorted to good approximation. A secondary
consequence of the charge and orbital ordering is the splitting of the A sites into
two sublattices, now related by a pseudo-49 screw, which we label Erl and Er2.
The space group of this distorted phase is Pmmn.

In this paper, we show that the complex interplay of the numerous mag-

netic sublattices described above leads to 4 magnetic phase transitions in
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ErsCuMnMnyOq2, characterized by the onset of ferrimagnetic order, spin-
reorientation, spin-canting, and the polarisation of Er ions. The mechanism for
spin-reorientation is likely the same as that proposed for other RoCuMnMny O19
compounds (R = Dy, Y), which show a similar sequence of phase transitions
[9]. However, the nature of the observed low temperature coupling between
rare-earth and transition metal sublattices in EroCuMnMn4O1s, as well as the
emergence of k = (0,0,1/2) modulations found at low temperature for R = Er,
Dy, and Y, pose interesting questions for future studies.

The paper is organized as follows. In Section 8.2, we describe the experimental
methods, and in Sections 8.3.1, 8.3.2, and 8.3.3 we present the results of mag-
netic susceptibility, specific heat, and neutron powder diffraction measurements,
respectively. In Section 8.3.4, we find an approximate form for the Er crystal
electric field using a simple point charge model, from which we successfully ex-
plain the empirical behavior of the Er ions at low temperature. Our results are

discussed in Section 8.4, and finally, we draw conclusions in Section 8.5.

8.2 Exeperiment

A sample with the target chemical composition of Ers ;Cugg5Mng.95MnsOq2
was prepared from a stoichiometric mixture of EroO3, CuO, MnsO3 and MnO1 g39
by a high-pressure, high-temperature method at 6 GPa and about 1650 K for 90
min in Pt capsules. The target chemical composition was slightly shifted from
EraCuMnMnyOq2 to reduce the amount of a ErCus_,Mng,,O12-type impurity.
We note that neutron diffraction cannot distinguish between Er and Cu, and
refinement of synchrotron X-ray diffraction data not shown here indicated that
the tetrahedral Mn2 site accommodates the excess Er. For simplicity, we will
use the chemical formula ErsCuMnMnyO15 throughout the paper. AC magne-
tometry measurements were performed using a Quantum Design MPMS-1T with
an excitation field of 0.5 Oe, on cooling in zero DC field from 225 to 2 K. The
measurement was repeated for excitation frequencies of 2, 7, 110, 300, and 500
Hz. DC magnetometry measurements were performed using a Quantum Design
MPMS-XL, having cooled the sample in zero magnetic field and measured on
warming (ZFC), and measured in field on cooling (FCC), between 300 and 2 K
in 100 Oe and between 400 and 2 K in 10 kOe fields. Specific heat data were
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collected using a Quantum Design PPMS on cooling in zero applied field, and
in applied fields of 1, 2, 5, 10, 30, 50, and 70 kOe. Neutron powder diffraction
measurements were performed using the WISH diffractometer [190] at ISIS, the
UK Neutron and Muon Source. A 1.8 g sample was loaded into a 6 mm diameter
vanadium can, and mounted within a 4He cryostat. Data with high counting
statistics were collected in each magnetic phase including paramagnetic for ref-
erence (1.5,9,30,140, and 200 K), and with lower counting statistics on warming
through the phases in finer temperature steps (3 -10 K intervals). Crystal and
magnetic structure refinements were performed using the FULLPROF suite [427]
against data collected in detector banks at average 260 positions of 58.3° and

152.8°.

8.3 Results

8.3.1 Magnetic susceptibility

The temperature dependence of the real (x’) and imaginary (y”) parts of the
AC magnetic susceptibility are plotted in Figures VIII.2a and VIIIL.2b, respec-
tively. Sharp anomalies in y’ indicate the presence of 4 magnetic phase transitions
at Thg ~ 172 K, Tno ~ 115 K, Tng ~ 17 K, and T4 ~ 7 K. We label the respective
phases as CFI' (Tng <T < Tn1), FI (Tng < T < Tno), CFI; (Tng < T < Tngs),
and CFIy (T < Tnyg), which is consistent with the labeling scheme adopted in Ref-
erence [9]. Anomalous behaviour at these temperatures is also seen in x”, which
shows a strong frequency dependence in the CFI’ phase, indicative of non-trivial
magnetic fluctuations.

The DC magnetic susceptibility is shown in Figure VIII.3a. Anomalies
corroborate the phase transitions observed in the AC susceptibility data,
described above. Furthermore, the sharp onset of magnetisation below T shows
that the CFI’ phase is characterised by a significant ferromagnetic or ferrimag-
netic moment, which is greatly reduced on cooling into the CFI; and CFIy
phases. The broad anomaly at Tx was also observed in Dy,CuMnMns0O19 and
YoCuMnMnyO12, where it was assigned to a softening of magnetic correlations
in the proximity of a spin reorientation transition [9]. The inset to Figure VIII.3a

shows the inverse susceptibility against temperature. Fitting the Curie-Weiss
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model to the paramagnetic regime gave peg = 15.4ug/f.u. and Ocow = 83.0
K. The positive value for fcw indicates dominant ferromagnetic interactions,
and the effective moment is close to the theoretical value of p = 17.3ug/f.u.

(assuming g = 2 for transition metals).
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Figure VIIL.2: The real (a) and imaginary (b) parts of the AC magnetic susceptibility of
EraCuMnMng0O;2, measured as a function of temperature at different frequency 0.5 Oe excita-
tion fields. The static DC field was zero. Four magnetic transitions are identified in (a), which
bound phases CFI’; FI, CFI;, and CFI; shaded blue, grey, green and purple, respectively.

8.3.2 Specific heat

The temperature dependence of the specific heat is shown in Figure VIIL.3b.
Clear anomalies are observed at each phase transition, with sharp peaks seen at

TN1 and Txo. We will later show that these transitions are associated with the
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Figure VIIL.3: a) Temperature dependence of the DC magnetic susceptibility of
EraCuMnMngO15 measured under ZFC and FCC conditions in a 100 Oe applied field. The
inset shows a Curie-Weiss fit (black dashed line) to the inverse susceptibility. b) Specific heat
of EroCuMnMny4O15 measured as a function of temperature. The inset highlights the magnetic
field dependence on the low temperature anomalies. Phases CFI’, FI, CFI;, and CFIy are
shaded blue, grey, green and purple, respectively.

ordering of Er3™ moments. Hence, these low temperature peaks in specific heat
likely originate in the sequential splitting of Er3* ground state doublets. Unfortu-
nately, quantitative analysis of the entropy was not possible due to poor thermal
conductivity from the pressed polycrystalline sample. However, the field depen-
dent behaviour shown in the inset to Figure VIIIL.3b is consistent with a gradual,
powder averaged field-induced splitting of the Er3t ground state resulting in a

‘smearing’ of the peak in specific heat.
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8.3.3 Neutron powder diffraction

The crystal structure of EroCuMnMny4O12 was refined against neutron powder
diffraction data measured in the paramagnetic phase at 200 K. The structure of
Y2CuMnMnyO12 [9], with Y replaced by Er, was taken as a starting model. The
crystal structure parameters are given in Table VIII.1, and the fit to the data
is shown in Figure VIII.4a. Excellent agreement between model and data was

achieved (R = 4.58%, wR = 3.28%, and Rp;age = 6.0%).

Table VIIL.1: Crystal structure parameters of EroCuMnMnyO12(space group Pmmn) refined
at 200 K. The lattice parameters were determined to be a = 7.2640(1) A, b = 7.3187(1) A,
and ¢ = 7.7764(1) A. Atomic Wyckoff positions are Erl,Er2: 2a [1/4,1/4,2]; Cul,Mn2: 2b
[3/4,1/4,z]; Mn3: 4c [0,0,0]; Mn4: 4d [0,0,1/2]; O1: 8g [x,y,z]; 02,04: 4f [x,1/4,z]; and O3,05:
4e [1/4,y,z]. Bond valence sums (BVS) were calculated using the parameters, Ro(Er3t) = 1.99,
Ro(Cu?t) = 1.68, Ro(Mn2t) = 1.79, Ro(Mn®+) = 1.76, Ry(Mn**)= 1.75, and B = 0.37, where
the bond valence, BV = exp((R, — R)/B). N.B. For mixed occupancy sites we give the BVS of
the majority cation.

Atom  Frac. coord. Ui, (x1072A2) BVS (Je|) Occupation

Erl 2 =0.7785(6) 1.21(11) 1+2.86 Er
Er2  z=02834(6)  0.74(10) +2.90 Er
Cul = = 0.7308(9) 0.98(2) 41.98  76%Cu, 24% Mn
Mn2 z = 0.2410(6) 1.5(8) +1.93  76%Mn, 24% Cu
Mn3 - 0.72(2) +3.27 Mn
Mnd i 0.45(2) +3.74 Mn
01 = 04388(2) 0.90(7) ; 0
y = -0.0624(3)
2 = 0.2669(3)
02 = =00587(4)  0.97(10) ; 0
2 = 0.0413(3)
03 y=0.5335(4) 0.59(9) ; 0
2 = 0.9218(4)
04 o =05343(4)  0.74(10) ; 0
2 = 0.4188(4)
05  y=0.4353(4) 0.82(9) ; 0
2 = 0.5414(4)

On cooling through Ty, new Bragg intensities appear in the neutron powder
diffraction data (see Figure VIIL.4b). Given the coincidence with the magnetic

susceptibility anomaly we can reasonably assume these new intensities originate
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in magnetic order. The magnetic peaks have a similar width to the nuclear peaks,
indicating long-range magnetic correlations. The magnetic intensities appear in
the same positions as nuclear intensities, and therefore index by the I'-point prop-
agation vector, k = (0,0,0). A complete symmetry analysis of I-point magnetic
structures in the Pmmn ReCuMnMnyOjo columnar perovskites (R = Dy and
Y) was reported in the Supplemental Material of Reference [9]. The magnetic
representation decomposes into 8 irreducible representations, of which only 4 al-
low for a net ferromagnetic moment observed in the DC magnetic susceptibility
data; they are mff, mI'J, mT}f, and mf‘jf. Magnetic structure models con-
strained to each symmetry were systematically refined against neutron powder
diffraction data measured at 140 K, representative of phase CFI’. The only model
compatible with the diffraction data was that transforming as mI'j . Within this
symmetry, all magnetic sublattices (Erl, Er2, Cul, Mn2, Mn3, and Mn4) can
adopt ferromagnetic order polarised along +b, with the addition of Mn3 and
Mn4 antiferromagnetic A- and Y-type modes polarised along a and c, respec-
tively [9]. The linear combination of ferromagnetic and antiferromagnetic modes
leads to spin canting.

Our starting model had 10 free parameters (mode amplitudes), but after initial
refinement the Erl, Er2, and Cul mode amplitudes could be set to zero. It is
not surprising that the Erl and Er2 moments are zero at this temperature, as
A-site rare-earth ions in perovskite manganites typically order below low temper-
ature phase transitions due to relatively weak f-d interactions. The absence of a
moment at the Cul site can be understood as being due to a mixed cation oc-
cupation refined against the paramagnetic data (see Table VIIL.1). If we assume
the random distribution of 76% Cu and 24% Mn ions carry magnetic moments
of 1 and 3 ug, respectively, and are aligned in opposite directions with respect
to the nearest neighbour sublattices due to opposite sign interactions, then the

average moment at that site is approximately zero.
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Figure VIIL.4: Neutron powder diffraction data measured in 5 phases; a) paramagnetic, b)
CFT, ¢) FI, d) CFIy, and e) CFIy. Data are shown as red points, the fitted pattern as black
lines, and the difference curve Iyns — Icale as a blue line at the bottom of the panes. The top

and bottom row of green tick marks in each pane indicate the position of nuclear and magnetic
Bragg peaks, respectively.
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Table VIIL.2: Magnetic structure parameters of EroCuMnMn4O12. The F' and A labels denote
ferromagnetic and Néel-type antiferromagnetic modes, respectively. The Y label denotes an
Mn3/Mn4 mode of ferromagnetic stripes along a, coupled antiferromagnetically along b [9].
The subscripts indicate the polarisation of the modes. Freely refined and fixed values are given
with and without standard uncertainties, respectively, and dashes indicate that the component

is not allowed by the symmetry of the respective phase.

‘ mly

‘ mI}

+
mZ,

+
mZs

Atom ‘ F. (u) ‘ Fy () Az (1B) ‘ Az (pB) Y- (pB) ‘ Az (pB)

CFT’ phase at 140 K

Erl - 0 - - - -
Er2 - 0 - - - -
Cul - 0 - - - -
Mn2 - -2.15(4) - - - -
Mn3 - 2.28(3)  0.19(2) - - -
Mn4 - 1.31(3) 0 - - -
FI phase at 40 K

Erl 0 - - - - -
Er2 0 - - - - -
Cul 0 - - - - -
Mn2 | -3.14(4) - - - - -
Mn3 | 3.22(4) - - - - -
Mn4 | 2.27(3) - - - - -
CFI; phase at 9 K

Erl - 0 - - - -
Er2 - -5.02(4) - - - -
Cul - 0 - - - -
Mn2 - -3.23(6) - - - -
Mn3 - 1.91(3) 0 2.28(2)  0.93(3) -
Mn4 - 2.70(3) 0 - - -
CFI; phase at 1.5 K

Erl - 0 - 0 - -3.96(4)
Er2 - -7.35(4) - 0 - 0
Cul - 0 - 0 - 0
Mn2 - -3.23 - 0 - 0
Mn3 - 1.91 0 2.28 0.93 -
Mn4 - 2.70 0 - - -

Further refinement indicated that the Y-type mode amplitudes should also
be set to zero, while an additional A-type mode was required to properly ac-
count for the diffraction intensities. We note, however, that it was not pos-
sible to determine whether this mode resided on the Mn3 or Mn4 sublattice.
Here, we propose a model in which spin canting occurs on the Mn3 sites -

consistent with the low temperature structure. The final refinement of just 4

free parameters (given in Table VIII.2) gave excellent agreement with the data
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(Rmag = 2.00%). The refinement is shown in Figure VIII.4b, and the evolution
of the magnetic moment components as a function of temperature is shown in
Figure VIIL.5. The magnetic space group for phase CFI’ is Pmm/n’ (#59.410,
basis={[0,1,0],[—1,0,0],[0,0,1]}, origin=[1/2,1/2,0], see supplementary mcif for
full description).

—s— Mn2:T;

—— Mn2:I73

0 30 60 90 120 150 180 210
Temperature (K)

Figure VIIL.5: Temperature dependence of the £F; magnetic moments on the a) Mn2, b) Mn3,
and ¢) Mn4 sublattices, where the blue and red data correspond to FI (Fy) and Fg‘ (F,) order,
respectively. Pane d shows the antiferromagnetic components that lead to spin canting on the
Mn3 sublattice.
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Cooling through To gave rise to a redistribution of intensity amongst the I'-
point magnetic Bragg peaks consistent with a reorientation of the ferromagnetic
modes from parallel to b, to parallel to +c. Hence, the transition at Tyo is
identified as a spin reorientation transition, from a structure transforming as mF;f
to one transforming as mI’;. The reoriented magnetic structure (maintaining zero
moment on the Erl, Er2; and Cul sublattices) was refined against data measured
at 40 K (see Figure VIIL.4c), an excellent fit was achieved (Rmag = 1.98%), and
the mode amplitudes are given in Table VIIL.2. We note that an A-type canting
mode is not allowed within mI'y symmetry, and other symmetry-allowed Mn3 and
Mn4 canting modes were found to be zero. The magnetic space group for phase
FI is Pm/m'n (#59.409, basis={[1,0,0],[0,1,0],[0,0,1]}, origin=[1/2,1/2,0], see
supplementary mcif for full description).

Below Tn3 the I'-point magnetic intensities change once more. Modelling of
the diffraction pattern showed that the Mn2, Mn3, and Mn4 I'-point magnetic
structure returned to being polarised parallel to +£b. Furthermore, an additional
ferromagnetic mode on the Er2 sublattice, also polarised parallel to +b, was
required to fully account for the I-point intensities (see Figure VIII.6). This
Er2 mode transformed by the same mI'j irrep as the transition metal sublat-
tices. Systematic tests against the data showed that no additional I'-point modes
appeared on any other sublattice, including Erl. The temperature dependence
of the transition metal moments (Figure VIIL.5) showed that all moments ap-
proached saturation at the I'-point, with the exception of the Mn3 sublattice,
which showed a large drop in the ['-point component through Ts.

O Er:zg ]
& Er2:r1;

—o

0 5 10 15 20 25
Temperature (K)

Figure VIII.6: Temperature dependence of the Erl and Er2 moments, whose respective mag-
netic modes transform a mZ3 (antiferromagnetic, m||a), and mI'j (ferromagnetic, m|[b), re-
spectively. Fits to a simple magnetisation model for a 2-level system are shown by red lines
(see text for details).
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In addition to the above changes, new diffraction peaks appeared below Tyg,
which could be indexed with the Z-point propagation vector k = (0,0,1/2). Sym-
metry analysis reported in the Supplemental Material of reference [9] identified 8
possible Z-point symmetries. All were tested against the diffraction data, and it
was found that the new Z-point intensities could be uniquely accounted for by A-
and Y-type antiferromagnetic modes on the Mn3 sublattice, polarised along +a
and =c, respectively. These modes transform by the mZj irrep, and correspond
to a canting of the Mn3 moment, which, in any given layer, is similar to that found
in phase CFI” albeit with a small additional Y mode. The main difference is that
in the low temperature CFI; phase the relative sign of the canting alternates from
one unit cell to the next along +c in accordance with the Z-point propagation
vector. We note that this additional antiferromagnetic mode is consistent with
the observed reduction in the Mn3 moment at the I-point. A final refinement
of the combined I'-point and Z-point structures gave excellent agreement with
the data (Rmag = 3.13%) as shown in Figure VIIL.4d, and the refined sublat-
tice moments are given in Table VIII.2. The magnetic space group for phase
CFI; is Pmm/n’ (#59.410, basis={[0,1,0],[—1,0,0],[0,0,2]}, origin=[1/2,1/2,0],
see supplementary mcif for full description).

Finally, below Tx4 additional intensity appears at the Z-point Bragg peaks.
Systematic tests of magnetic structures constrained by the CFI; phase magnetic
symmetry (mZj) failed to account for this additional intensity, implying a sym-
metry breaking admixture of another Z-point irrep — consistent with the observa-
tion of a sharp phase transition. Expanding the magnetic structure tests to mod-
els transforming by all Z-point irreps, we identified an antiferromagnetic mode
on the Erl sublattice polarised parallel to +a (perpendicular to Er2 moments),
transforming as mZ3 , that uniquely accounted for the changes in neutron powder
diffraction observed below Ty (see Figure VIIL.6 for the temperature dependence
of the Er moment). Unfortunately, peak overlap now led to excessive correlation
between freely refining parameters, so it was necessary to fix the CFI; magnetic
structure in refinements within the lower temperature CFIs phase. Still, excellent
agreement with the data was achieved (Rpmag = 3.82%, Figure VIII.4e), and the
parameters are summarised in Table VIII.2. The magnetic space group for phase
CFly is P2’/ (#13.69, basis={[—1,0,0],[0,0,2],[1,1,0]}, origin=[1/2,1/2,0], see

supplementary mcif for full description).
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Figure VIIL.7: The magnetic structures of EroCuMnMn4O12in each ordered phase. Erl, Er2,
Cul, Mn2, Mn3, and Mn4 sublattices are coloured red, green, black, purple, cyan and maroon,
respectively (see Figure VIII.1).

8.3.4 Er’' crystal electric field

The site point symmetry of both Er ions is mm2, with pairs of Erl and Er2 ions
related by a pseudo-49 screw parallel to ¢ (as present in the P4/nme columnar
perovskite aristotype [424]). Hunds rules gives J =15/2 and ¢g; = 6/5 for the free
Ert ion. In an orthorhombic mm?2 crystal electric field (CEF), the degeneracy
of states |J,m ) will be lifted to 8 Kramers doublets. Assuming the energy gap
between the ground state doublet and all others is >> kg7, the magnetisation of

a given Er ion in an effective f-d exchange field, Bog, will then be described by



Chapter VIII. Spin Reorientation and the Interplay of Magnetic Sublattices in
ECMO 263

that of a two level system,;

B
m = p.tanh <l2B;ff) (224)

where p is the available Er moment dependent on the ground state wavefunctions.
The red lines in Figure VIIL.6 show fits of Equation 224 to the temperature
dependence of the Er moments. The value of u was constrained to be the same
for both Erl and Er2, and reasonable agreement is found for refined parameters
p="72(1)up, BE' =0.20(2) T, and B%?=1.6(1) T.

The ground state wavefunctions for Erl and Er2 were estimated using a point

charge model for the CEF. The Hamiltonian for a given Er ion is written

n
H=3) > B Oy +gupJ - Beg, (225)
n m=-n
The second term is the Zeeman energy, and the first term is the CEF energy,

where O] are Stevens operator equivalents [428] and the CEF parameters
Bt = AT (r")O,. (226)

Here, ©,, are the Stevens factors [428], (r") are radial expectation values for Er3+

[429], and in the point charge approximation

A = Gy e O 2 s 4G ) (227)

(2 (3

The summation is taken over i nearest neighbour atoms of charge ¢; and posi-
tion (r;,0;,¢;). Z" is a tesseral harmonic with numerical factor C]", and ¢ is
the permittivity of free space. For each Er site, twelve oxygen ions were taken
as nearest neighbours, with positions refined against the paramagnetic neutron
powder diffraction data (described above). The calculated values of symmetry

allowed B, are given in Table VIII.3.
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Table VIIL.3: Crystal electric field parameters for Erl and Er2 in units peV (3.s.f.).

Atom Crystal field parameters

BY B3 B} Bj Bi
Erl 340 259 -0.138  -1.34  0.490
Er2 260 255  -0.0973 108  0.635
By B§ By B

Erl -0.00145 0.00703  0.0238 -0.0207
Er2 -0.00148 -0.0111 0.0240  0.0226

The CEF parameter magnitudes are similar for Erl and Er2 with a sign change
for B%, BZ, Bg, and Bg, which is expected if they are related by pseudo-49 screw.
The Hamiltonian was diagonalized for both Er ions, with small magnetic fields
systematically applied parallel to a, b, and c to lift the doublet degeneracy.
Evaluating the expectation value of the total angular momentum operators for
the ground state wavefunctions showed that Erl has a strong Ising-like single
ion anisotropy parallel to a, and Er2 has a strong Ising-like single ion anisotropy
parallel to b, in accordance with the empirical moment directions refined at low

temperature.

8.4 Discussion

A similar sequence of phase transitions was observed in RoCuMnMnyOi9 (R
=Y and Dy), where it was understood that frustrated Heisenberg exchange
stabilised large spin canting (specifically the admixture of F and A modes) on
the Mn3 sublattice in the CFI" and CFI phases. This spin canting introduced
magnetic anisotropy via the Dzyaloshinskii-Moriya (DM) interaction, which
could then compete with Mn3 single-ion-anisotropy (SIA). In YoCuMnMny4O12,
this scenario provided a mechanism for both high and low temperature spin-
reorientation transitions at Txo and Tyns, even in the absence of f-d exchange.
In DyoCuMnMn4O12, both phase transitions similarly occurred, but at Tns
the spin canting was not accompanied by spin-reorientation on account of the
dominant Dy STA parallel to ¢ introduced via f-d exchange. In both R = Dy and
Y compounds the low temperature spin 