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Unveiling the structure-magnetism
interplay in the ferrimagnetic pyrochlore
Gd,>CrSbO- with significant
cryo—-magnetocaloric performance
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Magnetic refrigeration is a promising and efficient cooling technology that uses the magnetocaloric
effect (MCE), requiring particular materials with low heat capacity, low ordering temperature, and large
magnetic moments for high performance. Here we report on Gd,CrSbO-, a mixed B-site pyrochlore
oxide that exhibits a significant cryogenic MCE, driven by intricate 4/-3 d exchange interactions. Our
combined experimental and theoretical investigation reveals that Gd>CrSbO; crystallizes in a cubic
pyrochlore structure (Fd3m) with ferrimagnetic (FiM) ordering, uniquely hosting a Griffiths-like phase
and a Schottky anomaly arising from competing Cr-Cr short-range interactions and Gd crystal field
effects. X-ray Raman spectroscopy confirms super-exchange interactions, while EXAFS analysis
identifies enhanced Sb—-0 bond rigidity, influencing the material’s stability. Notably, Gd>,CrSbO-,
achieves a remarkable maximum magnetic entropy change of —ASy;> ~ 21 J/kg K and refrigerant
capacity of RC ~ 430 J/kg (at 0—7 T), comparable to benchmark cryogenic refrigerants like
GdsGas042, but containing substantially low-priced elements. These findings position Gd,CrSbO- as
a promising platform for next-generation magnetic cooling, while shedding light on emergent
magnetic and electronic phenomena in pyrochlore oxides.

The urgent need for energy-efficient and environmentally sustainable
cooling technologies has propelled magnetic refrigeration (MR), based on
the principle of the magnetocaloric effect (MCE), to the forefront of next-
generation solid-state cooling solutions'. The MCE is an inherent magneto-
thermal response of magnetic solids to an external magnetic field, which
originates from the interaction between the magnetic field and the material
magnetic sublattice(s). Thus, it is strongly correlated with the properties of
the structural and magnetic phase transitions (MPTs)*’. High-performance
magnetocaloric materials require some stringent thermodynamic features,
including low lattice and electronic heat capacities to minimize internal
heating, low ordering temperatures to enable efficient cryogenic operation,
large magnetic moments, and high thermal conductivity’. As in the case of

the benchmark refrigerant gadolinium-gallium garnet Gd;GasO,, (GGG)™,
compounds in which only the Gd*" spin is present become quite attractive
due to the fact that Gd has a special electronic configuration with spherical
charge distribution due to its half-filled 4 f shell (“S-state atom”), which leads
to a large total moment J of 7/2 and quenched angular moment L = 0. The
mentioned material with record-high MCE has as main drawback the ele-
vated price of Ga element; consequently, a wide range of Gd-containing
magnetic materials with earth-abundant elements and different structural
features were systematically studied in the past decades, such as NaGdS,,
LiGdF,’, GdF;’, {Gd;;Nag}-molecular quadruple-wheel’, Gd-UiO-66",
GdPO,”, Gd,Si0s”, GA(HCO0);", Gd(OH)CO;"”, Gd(OH)E,",
GdSrCoFeOs", and Sr,GdSbOg", to be promising refrigerant materials.
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Particularly, the pyrochlore-type compounds with the general formula
A,B,0, (where A*" is a rare earth (RE) ion and B*" a 3d, 4d, or 5d
transition metal ion)" have been extensively studied during decades, and are
characterized by geometrically frustrated magnetic structures, where the A
and B ions are located at two distinct interpenetrating lattices of corner-
sharing tetrahedra. These materials exhibit fascinating low-temperature
physical properties, including quantum spin-ice behavior, partial magnetic
orders, competing magnetic orders, spin-glass-like features, and spin-fluid
behavior’*”'. Compounds, such as R,Mn,0; (R = Dy, Ho, Yb, Er)***,
Dy,Si,0,*, and Y,Ir, ,Cr,O,” with different combinations of elements in
the pyrochlore structure, have their MCE properties investigated. Specifi-
cally, these systems exhibit a maximum magnetic entropy change (—AS;i™*)
with values at the interval 1.73-20.33 J/kg K (under an applied magnetic field
change (AB,,) of 0-7 T). Moreover, several other Gd-based pyrochlore
oxides were recently reported to exhibit a large MCE at low temperatures.
For instance, Zhang et al.*' reported that the geometrically frustrated
Gd,Ti,0;, which exhibits an antiferromagnetic ground state, achieves a
—ASH™ of 28.69 J/kg K and refrigeration capacity (RC) of 240.67 J/kg at
T=~3K under an AB,, of 0-7T. In contrast, for the Gd,$i,0;", a
—ASH™ = 58 J/kg K at 3 K was reported, however, no long-range ordering
was found at temperatures down to 2 K. Meanwhile, Koskelo et al®®
obtained a —AS;™* =32 mJ/kg K for the Heisenberg antiferromagnet
Gd,Sn,O;, which highlights the importance of the degree of magnetic
frustration and lattice geometry in determining magnetocaloric perfor-
mances. Despite several studies conducted, much remains to be done to
optimize the MCE in these pyrochlore families, consequently a chemical
substitution seems to be a promising approach to tune some desired mag-
netocaloric properties.

Concerning the canonical pyrochlore family, it can be expanded
to include the mixed pyrochlores, A,(B”* + B”**)O;,, replacing half of
the nonmagnetic transition metal ions at B-site, but imposing the
charge neutrality criteria for the structurally ordered pyrochlores”. For
instance, Nandi et al.”” reported that mixed B-site pyrochlore Dy,FeSbO;
has a spin ice-like ground state at low temperatures with net ferromagnetic
(FM) interactions between the pairs of Dy-Dy, Fe-Fe, and Dy-Fe. This
leads to spin configurations, where the Ising-like Dy-spins are arranged
in macroscopically disordered ‘two-in, two-out’ configurations in the
tetrahedron. They also found a AS value at zero-field equal to the spin-ice
value of 4.1 J/K mol at 11 K. Substituting Fe’* ions by Cr**, Whitaker et al.”".
previously investigated these compounds for several RE, such as RE,CrSbO,
(RE = Ho, Y, Tb, Dy, Er). Generally, these pyrochlores exhibit FM
ordering due to the predominance of Cr-Cr interactions. In particular,
the Ho,CrSbO; forms an “ordered spin-ice structure” below 13 K, where
the Ho™* spins are constrained along the (111) axes. On the other hand,
Cr’* ions interact magnetically through Cr’*-O-Cr'* chains with
130° bonds throughout the structure, and therefore, are considered crucial
for inducing Ho™* magnetic ordering at low temperatures. Surprisingly,
only a few articles focused on the magnetocaloric properties of the Gd**-
based mixed B-site pyrochlores. Recently, Nandi et al.”’ extensively inves-
tigated the magneto-thermodynamic properties of the pyrochlore
Gd,FeSbO;. This compound exhibits a complex magnetic structure
characterized by intra-sublattice Gd-Gd antiferromagnetic (AFM)
interactions, intra-sublattice Fe-Fe FM interactions, and other inter-
sublattice Gd-Fe interactions, which is AFM in nature. The 34" Fe’*
exchange interactions, which are stronger than the 4f Gd interactions,
generate a molecular field at the Gd-site through the weaker cooperative
Gd-Fe (4f-3d) interactions. Additionally, the spin frustration index f= 2.5
indicates that this system is moderately frustrated, potentially preventing the
formation of the Palmer-Chalker ground state configuration in the Gd
sublattice at lower temperatures. These unique features provide a new
avenue for exploring the intriguing magnetism behavior in such pyrochlore
systems.

In this study, we present a systematic experimental and theoretical
investigation into mixed B-site pyrochlore Gd,CrSbO5, containing earth-
abundant and inexpensive elements, regarding its structural, electronic, and

magnetic properties, and especially its MCE performance. Gd,CrSbO,
crystallizes in the cubic pyrochlore structure with space group Fd3m, such
that Cr/Sb octahedra form a corner-sharing lattice, while the eight-fold
coordinated Gd polyhedra are edge-sharing with both the neighboring Cr/
Sb octahedra and other Gd polyhedra. The magnetic ground state has been
verified in detail as a ferrimagnetic coupling from 4f-3d exchange magnetic
interactions by magnetization measurements and first-principles calcula-
tions. Interestingly, the existence of a Griffiths-like phase and a Schottky
anomaly is also observed, which are related to the competition between
short-range magnetic interactions. Most significantly, the substantial
magnetocaloric performance, associated with their high values of —ASH™
and RC, is comparable with several state-of-the-art magnetocaloric mate-
rials, consequently making the Gd,CrSbO, compound a promising solid
refrigerant for low-temperature magnetic cooling technology.

Results

Crystalline structure at room temperature

Figure la shows the Rietveld refinement of the total scattering (TS)
data at room temperature (RT), confirming that the Gd,CrSbO; sample
crystallizes in a cubic pyrochlore structure with space group Fd3m,
with a refined lattice parameter of a=10.26183(2) A. No additional
crystalline phases were identified, indicating the sample is a single-phase
material. Detailed results of the Rietveld refinement are provided in Sup-
plementary Table 1. As illustrated in the 3D structure view depicted
in Fig. 1b and d, the Cr’* and Sb>* cations are distributed at random
at 16d (¥5,%,%2) sites forming distorted octahedra with O2 oxygen atoms at
48f (x,1/8,1/8) sites. The Gd** ions are located at 16¢ (0,0,0) sites in
distorted cube coordination with two kinds of non-equivalent oxygen ions
(Ol and O2) at 8b (1/8,1/8,1/8) and 48f (x,1/8,1/8) sites, respectively. The
Cr/Sb octahedra form a corner-sharing lattice, whereas the Gd polyhedra
are edge-sharing with both the neighboring Cr/Sb octahedra, as well as other
Gd polyhedra.

To examine the local structure of Gd,CrSbO;, we performed X-ray
atomic pair distribution function (PDF) analysis of the room temperature
TS data. Here, an experimental background (capillary and air scattering)
was collected on an empty capillary and subtracted from the data to isolate
the sample scattering contribution. The obtained PDF was fitted in real
space in the 1-30 A range using the same model as the reciprocal space
Rietveld analysis. It yields a very good agreement with the data (R, = 8.23%),
as represented in Fig. 1c. The PDF analysis does not indicate any local
structural deviations, e.g,, interstitial or local ordering of Cr and Sb in the
mixed metal Cr/Sb site, from the average long-range structure obtained
from the Rietveld analysis. Notably, the PDF is dominated by the char-
acteristic metal-metal distances due to their higher scattering power com-
pared to oxygen, as well as the relatively high multiplicity of the metal-metal
atomic pairs in the structure (see Fig. 1d and Supplementary Table 2). For
instance, the first major peak at 3.628 A (black arrow in Fig. 1¢) arises due to
the combined nearest neighbor metal-metal distances in the structure, i..
Cr/Sb-Cr/Sb, Gd-Cr/Sb, and Gd-Gd correlations, which occur 384 times per
unit cell, thus presenting a much higher signal than the closer metal-oxygen
and oxygen-oxygen distances.

Scanning Transmission Electron Microscopy analysis

Atomic resolution imaging and spectroscopy were performed on three
different grains along the [001], [111], and [011] zone axes. Here, we present
the results from the grain oriented along the [001] zone axis due to its
relatively lower spatial drift compared to the other directions. In Fig. 2a
displays the inverse annular bright field (ABF) image of this crystallite. The
inverse ABF image resembles an annular dark field (ADF) image (see in
Fig. 2c) but allows for enhanced detection of lighter elements, such as
oxygen. The bright spots visible in Fig. 2a, c represent Gd and Cr/Sb atoms,
which are indistinguishable when projected along the [001] zone axis. The
weak spots located at the centers of alternating squares in Fig. 2a correspond
to four closely positioned oxygen atoms, as indicated by the embedded
crystal cell determined through Rietveld refinement. The electron energy
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Fig. 1 | Crystalline structure characterization at room temperature. a Room
temperature total scattering data of the Gd,CrSbO; sample and corresponding
Rietveld fit. b Illustration of the Gd,CrSbO; crystal structure. The green polyhedra/
spheres indicate the Gd position, blue/(gray) polyhedra/spheres indicate the Cr/(Sb)
position, and the black and red spheres correspond to the O1 and O2 oxygen ions,

Gd,CrSbO, structure
Space group: Fd-3m
Cell length: 10.26183(2) A

Metal-Metal nearest
neighbor distances

respectively. ¢ Room temperature X-ray PDF data and corresponding fit.

d Illustration of the local structural units and nearest neighbor metal-metal distances
in the crystalline structure. The structural illustrations were made using the software
VESTA”.

loss spectrum (EELS) data is represented in Fig. 2b, displaying the oxygen K,
chromium L, 3 antimony M, 5 and gadolinium M, s edges. The corre-
sponding elemental maps are shown in Fig. 2¢, alongside the survey image of
the analyzed region and the simultaneous ADF image obtained during EELS
acquisition. The elemental mapping confirms that bright spots correspond
to heavy elements, Gd at the A site and Cr/Sb at the B-site. The homo-
geneous distribution of Cr and Sb demonstrates their disordered arrange-
ment on the B-site. Oxygen atoms in this A,B,0; pyrochlore structure
occupy the interstitial spaces between the heavy atoms, stabilizing the crystal
framework.

Magnetoelastic effect and thermal expansion
The magnetoelastic effect in Gd,CrSbO, was investigated from
temperature-dependent SXRD patterns collected in the temperature range
10-400 K. The raw SXRD data are presented in Fig. 3a, while its inset details
the evolution of the main Bragg reflection (222). No additional peaks were
detected in the entire temperature interval, thus ruling out any global
structural transition down to 10K (see Fig. 3b). Detailed results of the
Rietveld refinement from SXRD data at 10-400 K range are provided in
Supplementary Fig. 1 and Supplementary Table 3. A significant thermal
contraction was observed from 400 K down to 60 K; below this temperature
there is no further contraction (see Fig. 3¢ and Supplementary Fig. 2). The
total volumetric coefficient of thermal expansion a, = AV/V,AT ¥ (V;is
the initial volume and AV is the volume change corresponding to the
temperature change AT) of 1.51 x 10° K™ (4-0.58%). We treated the volume
expansion using the Griineisen approximation to the zero-pressure equa-
tion of state according to its first-order expansion’ (see description
in Supplementary Information), yielding V, = 1076.75(7) A% 6, = 415.7 K,
and y/B,, = 6.497 x 10"* Pa™ (the parameters are: V, unit-cell volume at 0 K,
B, the isothermal bulk modulus, and y the Griineisen coefficient).

It is worth addressing the subtle splitting observed in Fig. 3a at inter-
mediate temperatures (30-150 K), absent at 10K and above 200 K, that
likely arises from magnetoelastic coupling in this intrinsically disordered

system. The random Cr**/Sb>* ions occupancy at the same Wyckoff sites
(16d in the Fd3m space group) and inherent geometric frustration may
induce complex local distortions. In a comparable pyrochlore system,
Tb,Ti,0,”, the high-resolution single-crystal XRD revealed cubic-to-
tetragonal fluctuations below 20 K, manifested by Bragg peak broadening
and anomalous unit-cell expansion. Nevertheless, the cubic pyrochlore
model (Fd3m) proved robust in describing our system, successfully refining
the data across the entire temperature range and producing consistently low
Rgragg factors between 2 and 3% (see Supplementary Table 3). Moreover,
Pawley fittings in tetragonal space groups (I-4m2, I4;/amd, 14,22, etc.)
proved unsuccessful, producing identical results to the cubic Fd3m model.
The corresponding Rietveld plots (Supplementary Fig. 1) demonstrate
satisfactory fits across all temperatures. To further clarify the local crystal
structure of Gd,CrSbO; at low temperatures, we carried out PDF analysis of
synchrotron TS data collected at 30 and 150 K. At both temperatures, the
local structure could be accurately modeled using the cubic Fd3m structure
(see Supplementary Fig. 3), yielding an excellent fit to the experimental data,
which is consistent with our SXRD results indicating a cubic structure across
the 10-400 K temperature range. Although the unit-cell volume in Fig. 3c
appears unchanged between 10-60 K, a detailed analysis of the local crystal
structure based on the average Gd-O and Cr/Sb-O bond lengths, as well as
average Gd-02-Gd and Cr/Sb-O1-Cr/Sb bond angles (see Supplementary
Fig. 4) exhibit anomalies followed by a slope change in the vicinity of the
magnetic transition temperature T (discussed later). We infer that the
underlying thermal contraction stabilizes the magnetic behavior of
Gd,CrSbO; at temperatures below 100 K, which can be attributed to a
magnetoelastic coupling similar to that reported for Tb,Ti,O,".

To expand the analysis, the individual atomic oscillations was accessed
using the mean square displacements (MSDs or U, in units of A%*. The
experimental U, values for O (O1 and O2), Gd, and Cr/Sb sites, extracted
from the Rietveld refinement, are shown in Fig. 3d, e. The U,,, for oxygen
sites decrease regularly from 400 K down to 250 K, as expected, but exhibit
an anomalous behavior in the range 25-225 K, which can be related to the
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Fig. 2 | Microstructural and elemental investiga- M
tion from STEM and EELS. a Inverse ABF image of
the Gd,CrSbO; crystal along the [001] zone axis.

b The EELS spectrum. ¢ EELS elemental mapping:
from the left, the survey image of the region where
EELS is taken, simultaneous ADF image during the
EELS acquisition, and elemental maps based on O K,
Cr L3, Sb My 5, and Gd M, 5 edges.
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possible magnetoelastic effects in Gd,CrSbO; pyrochlore. However, the U,
for Gd and Cr/Sb could be fitted by the Debye model for the individual
atomic oscillations, as described by Eq. S2 (see in Supplementary Infor-
mation). The obtained fit provides the intrinsic disorder at 0K and the
Debye temperature (6;,). In this sense, the derived intrinsic disorder from
the best fit was 8.8 x 10 A%and 1.4 x 10~ A? for Gd and Cr/Sb, respectively,
and the Debye temperatures were obtained as 291.7 K (Gd) and 514.9 K (Cr/
Sb). Those values can be used to estimate the bonding stiffness considering
the harmonic one-particle potential (OPP)*, by applying the following
expression:

k307
Kp = m3;;2D M

where K, is the force constant (in units of eV/ A?), which provided values of
7.9 and 13.6 eV/A? for the (Gd), and (Cr/Sb) sites, respectively. Such values
increase in the order K(gq) < K(cy/sp), meaning that the distorted octahedral
units of Cr and Sb are more constrained to their motions (indeed, with
df =14 x 10° A%. This conclusion essentially is because the (Cr/Sb)-O
bond is more rigid when compared to (Gd)-O, which has an intrinsic
disorder ~6 times higher than that of the (Cr/Sb) site.

Extended X-ray absorption spectroscopy

In Fig. 4a, the raw Sb K-edge EXAFS spectrum of Gd,CrSbO; at 100 K is
shown (dot symbols) together with the fitting composed of individual
oscillations (total of four, being plotted as grey lines). The composed sum of
these oscillations constitutes the best-fit EXAFS signal (red line). In Fig. 4b,
the corresponding Fourier transform is represented. To fit the EXAFS
oscillations, four single scattering (SS) paths were considered as a reliable
approximation of the local atomic structure surrounding the Sb atoms. In
particular, the atomic paths encompass the Sb-O [fixed coordination
number (CN) to 6] bond and the single scattering paths Sb-Gd (CN = 6),
Sb-Sb (CN =3), and Sb-Cr (CN = 3). The parameters extracted from the
EXAFS fit analysis at 100 K are summarized in Supplementary Table 4. The
statistical agreement and fit quality assessed the reliability of our structural
model to describe the local structure around Sb atoms in the Cd,CrSbO,
pyrochlore.

The structural stability of Gd,CrSbO, was also probed using
temperature-dependent EXAFS data in the range 100—500 K. The previous
model exhibited high stability during the entire temperature range, as
demonstrated by the almost constant variation of the R-factor between
0.0054 (at 100 K) and 0.0112 (at 500 K). The temperature-dependent k’x(k)
oscillations are represented in Fig. 4c, showing no evidence of temperature-
induced phase transitions. On the other hand, the evolution of the local
parameters with temperature can provide valuable information on the lat-
tice dynamics and stability from the point of view of the antimony atoms.
Particularly, we have investigated the behavior of the Debye-Waller factor
(0%) for two most intense scattering paths Sb-O and Sb-Gd using the
Einstein formalism®™, being defined as follows:

oX(T) =2 + # coth 9 ®)
T 2uk6, 2T )’

where 6 is the Einstein temperature, g, the static disorder, and y the
reduced mass of the scattering path under evaluation (Sb-O or Sb-Gd).
From the best fit of ¢* using the Einstein formalism, we have obtained the
Einstein temperatures of 757 K and 211 K for the scattering paths Sb-O and
Sb-Gd, respectively, as shown in Fig. 4d and e. The fitted Einstein tem-
peratures provide an estimate of the force constant (x;) for the paths using

2 -
the harmonic approximation of the atomic potential (k; = ’412;292)3’. The
derived force constants are quite different g, )>>*p(sp_q)> i particular
Kgesp_o) ~ 144 eV-A" and Ky, g4 ~2.9 eV-A". This result suggests that
the atomic interactions with oxygen are more rigid and more covalent
compared to the gadolinium sublattice.

X-ray Raman scattering

We conducted X-ray Raman scattering (XRS) experiments at Cr L, 5, Gd
N5 and O K edge to explore the electronic structure and possible super-
exchange interactions in the Gd,CrSbO; pyrochlore. The XRS spectrum of
the Cr L, ;-edge is shown in Fig. 5a. Since the momentum transfer depen-
dence is negligible in this case, we averaged over signals of medium- and
high momentum transfer regions (q = 6.35 and 8.61 A ™, respectively). We
used multiplet simulations, including charge-transfer and ligand field effects
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SXRD data. a Temperature evolution in the temperature range 10-400 K; inset

shows the evolution of the Bragg reflection (222). b Rietveld refinement of the

synchrotron X-ray diffraction pattern of the Gd,CrSbO; pyrochlore; inset elucidates
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the quality of the refinement for intermediate 20 angles. ¢ Thermal expansion of the
unit cell (circles) and the red line represents the fitting result using the Griineisen
approximation. d, e Temperature dependence of the mean-square displacements
Ui, for the O (O1 and O2), Gd, and Cr/Sb sites.

(LFMT) as implemented in the Hilbert*" code’™”, to fit the spectrum. Since
Hilbert™ allows arbitrary symmetry of the ligands, we used the oxygen
positions refined by XRD to define the ligand field around the Cr ions. The
overall shape of the experimental data is reasonably reproduced by a model
based on Cr ions with electronic configuration 34" in a pseudo-octahedral
crystal field. Under this condition, it splits the levels by approximately
10Dq =2 eV. The one-electron energy diagram of the initial state is shown
in Fig. 5a as inset. We used a screening factor for the Slater integrals of 0.65,
ie, at the lower end of the spectrum of reduction factors used for the
calculation of the L-edges of the 3d transition metals. This possibly points
toward significant screening effects, including orbital ones that are not
explicitly considered in our LEMT model, which encompassed only Cr 3d
and ligand 2p orbitals. These effects may be related to the proposed super-
exchange interactions mentioned earlier.

XRS spectra of the N, 5-edge of Gd in Gd,CrSbO; are shown in Fig. 5b
for different momentum transfers. As for the N5 edge spectra of other
lanthanides™*"', the Nys-edge of Gd exhibits a strong momentum transfer
dependence with a broad giant dipole resonance at low momentum transfer
(light blue) centered at energy losses around 150 eV and sharp multiplet
peaks at higher momentum transfer (dark blue) at lower energy losses. Due
to the localized nature of the 4 forbitals in Gd, these spectra are less sensitive
to the inter-atomic interactions, but they are true fingerprints of the 4f
filling®. LFMT spectra for the different momentum transfers are shown as
thin grey lines in Fig. 5b. The experimental spectra are well reproduced with
a G&* (47, 5d°, 65°) configuration. We used an arctan function with an
onsetat 158 eV energy loss to represent the continuum states not included in
the multiplet model. At low momentum transfer, we convoluted the sharp
atomic resonances with a Fano line shape to mimic the interaction between
the higher energy dipole that allowed multiplet states with the continuum
ones”.

The O K-edge spectrum is shown in Fig. 5¢ together with results of
spectrum simulations based on the full-multiple scattering approach
implemented in FDMNES". As for the Cr L, 3-edge, the presented experi-
mental spectrum (solid blue line) is an average over the medium- and high
momentum transfer data, justified by the small momentum transfer
dependence. Several broad features are visible centered around 533, 536, and
542.5eV energy loss. These features are well-described by the spectrum
calculations (thin black and gray solid lines), which are based on the atomic
structures as described above. Spectral weight between 537.5 and 540.5 eV
energy loss, however, is underestimated by the theory. The three spectrum
calculations differ in the degree of core-hole screening, where the intensity of
the first peak at 533 eV energy loss gains spectral weight with decreasing
effect of screening. Projected density of states calculations showed that this
peak originates predominantly from mixing of oxygen 2p (red dashed) and
Gd 5d (orange dashed-dotted) orbitals, implying significant charge sharing
between O and Gd.

Magnetic Properties

The temperature-dependent magnetic susceptibility () recorded under the
external magnetic field (4oHgc) 0f 0.01 T in the 1.8-300 K temperature range
by both zero-field cooling (ZFC) and field cooling (FC) modes is displayed
in Fig. 6a. In fact, there is no significant irreversibility between ZFC and FC
curves in almost the entire measured temperature range, except below
~20 K, exhibiting a typical FM/FiM (ferrimagnetic) order behavior with a
transition to paramagnetic (PM) state at room temperature (as can be seen
in the isothermal M(yH) curves in Fig. 6b). From the first derivative of My
curve (see in Supplementary Fig. 5a), we estimated the T, =~ 12K (tem-
perature at which the Gd** moment contributes more to the total sus-
ceptibility) and T = 70 K (magnetic transition temperature from FM/FiM
to PM).
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Fig. 4 | Temperature-dependent EXAFS analysis. Raw Sb K-edge EXAFS function
x(k) at 100 K (a) and its Fourier transform magnitude |x(R)| and the real part

Re[x(R)] (b). The black lines represent individual fitted single scattering paths, while
dot symbols depict the experimental points, and the red solid lines illustrate the fitted

summed EXAFS signal (c). Temperature dependence of the Debye-Waller factor for
Sb—O (d) and Sb—Gd (e); vertical bars represent the estimated error from EXAFS
fitting for o” parameter. In d, e, the red lines represent the best fit to the Einstein
model (Einstein temperatures 6, are also shown).

To further verify the magnetic transition temperatures, we perform
frequency-dependent (0.1-1000 Hz) ac magnetic susceptibility (x') mea-
surements and specific heat (C,) measurements at different applied fields
(0.5-9.0 T), as shown in Fig. 6¢, d, respectively. The y'(T) curves are inde-
pendent of frequency with decreasing temperature down to T, whereas
below T, we observe a strong frequency- and field-dependence (see in
Supplementary Fig. 5b, ¢), which becomes more evident in the prominent
peak around 5 K (see inset of Fig. 6¢). Similarly, C,/T(T) plots exhibited a
significant peak at low temperature at Ty, = 2.3 K, which becomes broad
and displaced to higher temperatures as the applied field increases (see in
Fig. 6d). Thus, this observation indicates a lack of long-range ordering in the
spin structure at lower temperatures. Indeed, this behavior can be associated
with the Schottky anomaly at low temperatures that arises from crystal field
transitions related mostly to the f-electrons of Gd** . The Schottky model
explains this phenomenon through statistical physics by considering a few-
level system with thermal occupation by:

Sove /T ?
- ( Yo vie /T )

Where A; are the energy gaps (in K units), Ao =0 corresponds to the
ground level, while the number and degeneracy of levels v; are fixed, leaving
only one fitting parameter for 2-level systems. Herein, the Schottky anomaly
was well-modeled using a doubly degenerate ground state and a non-
degenerate excited state (see fits in Fig. 6 d), as other degeneracy choices
yielded significantly poorer fits. The extracted level splitting varied linearly
with the magnetic field (0-9 T) between 7.4-17 K, as displayed in the inset of
Fig. 6d. This confirms that the low-temperature heat capacity peak, attributed
to the Schottky anomaly, originates from crystal field effects in the Gd ions.

The inverse susceptibility plot was fitted in the PM temperature range
with the Curie-Weiss (CW) equation y = C/(T — 6cw)" (inset of Fig. 6a),
giving a FM-like Oy = 23 K with local moment of 10.76 pg/f.u. This value
aligns with the expected considering two Gd** (J =7/2, gJ = 2, p = 14.0 p)
and the Cr’* sublattice (3d°, S = 3/2, it = 3.87 pp), with a theoretical value of

> At T
> ViefA‘/T

CSch(T) = (3)

WUtheo = 11.87 pp/fu. At 1.8 K, a saturation magnetic moment of ~16.8 pp/f.u.
is observed in the M(uoH) isotherm (see Fig. 6b), due to a total FM spin
orientation, implying a parallel coupling of two Gd’* and one Cr** magnetic
moments, discussed later in the DFT section. In this case, unlike the B-site
non-magnetic pyrochlores, ie, Gd,B,0;, (B = Ti, Sn, Pt, Ge)***, the
Gd,CrSbO; system has a complex magnetic structure due to the magnetic
Cr’" ions on B-site, which provides additional Gd—O—Cr—O—Gd super-
exchange interactions between two sublattices. Despite the identical Gd-Gd
and Cr/Sb-Cr/Sb distances, the Cr/Sb-O distance is smaller compared to
Gd-O one, as depicted in Fig. 1d, leading to weak Gd-Gd nearest-neighbor
Heisenberg interactions. Instead, the interaction between the nearest-
neighbor Cr ions tends to align the spins ferromagnetically”, resulting in a
positive Oy with FiM-like ordering, different from similar pyrochlore
Gd,FeSbO, with Oy < 0%, with effective AFM interactions. Also, the fact
that Ocw < T suggests the presence of clusters with short-range interactions
in this temperature range, an assumption that can be supported by the high
magnetic moment value of 16.83 p discussed above.

Above T, a Griffiths-like phase was observed (downward curvature
deviation from the CW fit in the inset of Fig. 6a) with a GP temperature of
Tgp = 125 K, which is due to competition between short-range magnetic
interactions correlation within the PM matrix. First, we fitted this region
with the following power law relation y ™' ~ (T — T¢) - (TR is the cri-
tical temperature below, which y diverges, and A is an exponent such that
0 < A<1 for TR<T<Tg and A=0 for T>Tgp)"™ The fit yields
T}é =845+04K and 1=0.73+0.02, which confirms the GP in
Gd,CrSbO;. Second, the y ' = T/(T¢ - 1) curve, plotted in the logio—logio
scale, was linearly fitted in both the FiM/FM and PM regimes to find out
their A values, respectively (see in Fig. 6e). The slope gives a
AGp=0.956£0.004 at temperature interval Tc<T<125K and
Apm=0.137+£0.002 for T>125K, in the GP and PM state regimes,
respectively; with an evident singularity region at Tc <T < Tgp. We attri-
bute the observed GP due to the competing FM/AFM interactions, which
are mediated by Gd—O—Cr—O—Gd super-exchange pathways and persist
above Tc. These frustrated spin correlations stabilize the GP, which is
consistent with phase competition in rare-earth pyrochlores such as
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Fig. 5 | Experimental and simulated X-ray Raman scattering results. X-ray Raman
spectra at room temperature for the Gd,CrSbO; pyrochlore ata Cr L,3-, b Gd Nys-,
and ¢ O K-edges. Experimental data are represented as blue lines (low-, med-, and
high-q) and simulated spectra are shown as black lines (using Hilbert** or FDMNES

codes). The dashed, dotted, and dashed-dotted lines represent the projected DOS
calculations for Gd, Cr, Sb, and O.

Ce,Sn,0,”. Crucially, the absence of frequency- and field-dependent spin
glass signatures in our ac susceptibility data (see Fig. 6¢ and Supplementary
Fig. 5b, ¢) supports this interpretation. Furthermore, as illustrated in Fig. 6f,
the GP is progressively suppressed under applied fields up to 7 T, which is

due to the masking of the FM/FiM signal by the rising PM background.
These results further our understanding of GP in 3d-4 f systems, high-
lighting their tunability through B-site chemical engineering, offering a
means of controlling magnetic frustration in pyrochlores.

DFT studies
To further elucidate the magnetic and electronic ground-state properties of
the Gd,CrSbO; pyrochlore, spin-polarized DFT calculations were conducted.
The stability of spin ordering was evaluated by simulating several magnetic
cells with distinct spin orientations, as illustrated in Supplementary Fig. 6.
Each magnetic cell, consisting of 22 atoms, was constructed using experi-
mentally derived lattice parameters and atomic positions obtained from the
SXRD data recorded at 10 K. The concentration of Cr/Sb dual-occupancy
sites was kept constant, while their atomic positions were interchanged to
reflect different chemical environments. Because Cr and Sb randomly occupy
the same Wyckoff position, we modeled the B-sublattice as disordered. We
replaced pair-specific couplings by effective exchanges J,; and J', 5 for Gd-B
pairs, obtained by configurational averaging over local B environments. As a
result, the exchange network seems to be largely insensitive to the specific
local arrangement of Cr and Sb, being the exchanges ], ; and J', 5 for Gd-B
pairs (obtained by configurational averaging), while J,, and J',,, are con-
sidered for Cr—Cr. We sampled representative Cr/Sb arrangements within the
supercell and verified that FiM4, the electronic densities of states (DOS)
features, and local moments are robust across configurations (see details in
Supplementary Section 5). The histogram of the simulated spin configura-
tions as a function of their corresponding ground-state relative energies is
displayed in Supplementary Fig. 7. The configurations with the lowest relative
energies correspond to the FiM4, where these magnetic alignments, along
with their DOS are shown in Fig. 7a, b. The calculations were initialized by
optimizing the lattice structural parameters and internal forces. The results
reveal that Gd spins exhibit predominantly FM coupling in the FiM4 state,
resulting in longer bond lengths and a slight expansion of the unit cell due to
the enhanced parallel alignment of magnetic moments.

The total (TDOS) and projected spin-polarized density of states (PDOS)
(in Fig. 7a) provide insights into the electronic and magnetic properties of
Gd,CrSbO;. The calculated average local magnetic moments on Gd (~7.0 pg)
and Cr (~2.6 pp) ions are consistent across FiM4 configuration, indicating a
stable magnetic contribution from these elements. An in-depth examination
of orbital contributions to the energy bands reveals that the Sb>* s- and p-
states are not depicted in the PDOS due to their minimal overlap with the
Fermi level, resulting in negligible contributions to the electronic and mag-
netic properties near the Fermi level. Similarly, the Sb™* d-states, which are
located in the deep valence region near —30 eV, have limited relevance to the
material magnetic behavior and are, therefore, excluded from the detailed
analysis. The Gd and Cr ions stabilize in 34 charge state, as confirmed by the
well-localized nature of the Gd 4f bands, which align with their substantial
magnetic moments. Notably, the FiM4 configuration exhibits a high mag-
netic moment (pip/cell) due to the alignment of three Gd ions parallel to the Cr
FM sublattice and one Gd ion antiparallel to it (as illustrated in Fig. 7b). This
arrangement results in a net moment determined by the imbalance between
the spin-up and spin-down DOS around —6.0 eV. Specifically, the broader
Gd spin-up band relative to the spin-down band reflects a stronger FM-like
interaction, leading to a larger total magnetic moment for the FiM4 config-
uration. Simultaneously, the exchange splitting between majority and min-
ority spin bands near the Fermi level highlights the FM coupling at the Cr**
sublattice. Further analysis of the electronic structure identifies Gd,CrSbO; as
a wide-bandgap semiconductor. As antiparallel magnetic interactions
intensify, the tendency toward insulating behavior increases, resulting in a
bandgap of 1.76 eV. Additional tests revealed that the calculated bandgap is
sensitive to the Hubbard-U values applied to Cr. Nevertheless, the tendency
toward an insulating electronic structure remains robust across a range of U
values, indicating the stability of the insulating state. Moreover, the top of the
valence band and the bottom of the conduction band are predominantly
composed of Cr 3d states hybridized with O 2p orbitals, while the unoccupied
Gd 5d bands are located mainly above 6.0 eV in the FiM4 configuration. The
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Fig. 6 | Analysis of magnetic and specific heat properties. a Temperature-
dependent y recorded in the ZFC/FC modes under yoHg. = 0.01 T. Inset shows the
inverse susceptibility y'(T) together with the CW and GP model fits. b Isothermal
M(uoH) curves at different temperatures. ¢ ac magnetic susceptibility (y') frequency-
dependent (0.1-1000 Hz). d Specific heat (C,/T) curves together with Schottky

Model fits at different goHgc (0.5-9.0 T), respectively. e logx " vs log T/(Tc-1) curve
linearly fitted in both the FiIM/FM and PM regimes with their respective X values.
£y '(T) at different poHgc (0.1-7.0 T) and the CW fit (0.1 T curve) showing the GP
suppressed.

presence of Cr 3d peaks around —1.0 eV in the valence band and near 3.0 eV
in the conduction band minimum suggests the possibility of d-d electronic
transitions, consistent with a correlated insulating state.

Regarding the magnetic spin structure of Gd,CrSbOy, it is first
necessary to note that magnetic interactions are primarily governed by long-
range super-exchange pathways, especially those involving Cr**-0*-Gd’".
Here, “long-range” refers to second-neighbor interactions and extended
O-0-bridge super-exchange paths (e.g, Cr-O-O-Cr and Gd-O-O-B)
rather than arbitrarily long distances across the lattice. Dominant super-
exchanges include Cr-O-Cr and Gd-O-B pathways, with extended O-O
bridges accounting for longer-range terms. Sb>" behaves as a diamagnetic
contribution and acts mainly as pathway dilution rather than a source of
local magnetic moment. Consequently, the global exchange interactions
promote FiM clusters between the Gd and Cr sublattices, as schematically
illustrated by the FiM4 configuration in Fig. 7b, i.e., a configuration con-
sistent with our experimental observation. Thus, based on our theoretical
and experimental findings, we proposed a schematic illustration for the
most probable short- and long-range exchange interactions that could be
found in the Gd,CrSbO; lattice, showing how these exchange interactions
vary with temperature (see Fig. 7c). Herein, the magnetic interactions at the
Cr/Sb sites are completely governed by the unpaired electrons in the Cr**
(3d’) ions, while Sb>" ions remain magnetically inert due to its filled 4 d shell.
Accordingly, we adopt only a collinear Heisenberg model on two sublattices
(Cr and Gd), with first- and second-neighbor exchanges. To reflect B-site
disorder (B = Cr/Sb), Gd-B couplings are treated as effective, config-
urationally averaged exchanges:

H :]nn Z Si.sj + ]nB Z Si.sj + ],nn

(ijyeCr—Cr (ijyeGd—B

+7 s Z S;eS),

({ij))eGd—B

> ses

((ij))ecr—cCr

4)

Here, (i, ) and ((i, j)) denote first and second neighbors, respectively; ] > 0
favors AFM (1) coupling, while ] < 0 favors FM (11) coupling. The effective
J .5 and ]’ p arise from configurational averaging over local B environments,
making the model insensitive to the specific Cr/Sb arrangement. At low
temperatures, |J,.|,|J /,m| > ‘ J .8 ]’nB]. However, with increasing tem-
Tonl> ]/rm‘ decrease and become comparable to | Jos s\ s
enhancing local FM/AFM competition and enabling spin flips at selected
Gd sites (see Fig. 7c). This scenario leads locally to a competition between
FM and AFM alignments, which could, in principle, generate magnetic
frustrations through key super-exchange pathways, for instance, in
Cr-O-Cr, Gd-O-Cr, and Gd-O-Gd. This condition certainly reduces
the local FM character (i.e., J,,,;»J/,., = J ;5> J/,.5)- Notably, B-site dilution by
nonmagnetic Sb also reduces the connectivity of Cr-centered paths, which
yields a reduced or frustrated long-range moment on the B-sublattice. The
latter is represented in Fig. 7 by smaller B-site magnetic moments.
Nevertheless, the system avoids a fully disordered state, because the oxygen
spin polarization mediates the super-exchange and stabilizes a FiM-like
alignment between the Gd and Cr sublattices, as supported by our
experimental data. In other words, we did not find a fully magnetically
frustrated state in our Gd,CrSbO, compound, a feature that could point to a
macroscopic non-collinear spin structure. Therefore, only collinear spin
structures were calculated using the DFT method. In short, the excellent
agreement between the calculated FiM4 ground state and our magnetic
experimental data provides compelling evidence for this model, solidifying
our understanding of Gd,CrSbO; magnetic and electronic behavior.

> >

perature,

> >

Magnetocaloric performance

The MCE of the Gd,CrSbO; pyrochlore was evaluated through the iso-
thermal magnetic entropy change (—AS,y), calculated from M(y,H, T) data
at several temperatures (Supplementary Fig. 9). The methodology and
equations used for these calculations are detailed in the Supplementary
Section 6. The Arrott-plot (M versus H/M), transformed from M(uoH)
curves (Supplementary Fig. 10), revealed exclusively positive slopes,
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indicating a second-order phase transition (SOPT) in Gd,CrSbO; across the
investigated temperature and field ranges. The -AS,/(T) curves at different
AB,, of 0—1T < AB,, <0—7 T are shown in Fig. 8a, where the data for the
GGG’ (at 0-2T) are also included for comparison. The pronounced peak
near 8 K with a maximum —AS,; (—AS,,™) reaching 4.7, 8.6, 13.5, 15.8,
18.3,20.0, and 20.9 J/kg K for ABaP of 0—1,0—2,0—3,0—4,0—5,0—6,and

0—7 T, respectively. As shown in the inset of Fig. 8a, the —ASy™ follows the
m
power law —ASy™ ~ (ABQP> with the exponent m =0.67(2), corre-

sponding to typical mean-field ferromagnets (m = 2/3)*". From the -ASy/(T)
curves, we determined the order of magnetic phase transition by normal-
izing them under different applied field changes, constructed as
ASy/ASY(0) ™ (see detailed equations in Supplementary Section 6). The
transformed AS,,; /ASy(6) curves for a AB,, of 0-1 up to 0-7 T are plotted
in Fig. 8b. All the curves collapse onto a single master curve, a clear signature
of a typical SOPT. Furthermore, the nature of the magnetic phase transition
was confirmed by analyzing the exponent m (Fig. 8c), defined as
m(T,H)=d [ln|ASM|] /d[InH]. For m <2, the transition is classified as
SOPT, whereas m > 2 indicates a first-order phase transition (FOPT)™. As
shown in Fig. 8¢, the m(T) curves for Gd,CrSbO, under various applied field
changes (A(uoH)) consistently yield values below 2, with no evidence of
FOPT behavior (m > 2) within the tested temperature range, which further
confirmed the SOPT nature of Gd,CrSbO,.

The refrigerating capacity (RC), a critical metric for evaluating the
MCE of magnetocaloric materials, was estimated by:

T,
RC = / |ASy (T, uoH) |dT (5)
T,
where, T; and T, are two temperatures corresponding to the cold side and
the hot side, respectively’. The RC was calculated and is depicted in a
contour plot temperature- and field-dependent in Fig. 8 d. It can be seen that
RC reached a maximum of RC™ =430.2J/kg at 0-7 T (at temperature

lower than 20 K). Moreover, RC™ increases nearly linearly with increasing
magnetic field following RC™ ~ (AB,,)’ with p=1.16(7) (see Supple-
mentary Fig. 11). This result indicates that the RC can be significantly
enhanced by increasing the applied magnetic field. Notably, at a AB,, of
0-5 T, the RC value of 274.3 J/kg surpasses those of other recently reported
pyrochlores, such as Gd,Ti,O; (140.6 J/kg), Tb,Ti,0, (237.9J/kg), and
Ho,Ti,0, (244.1]J/kg)”. To further contextualize the performance of
Gd,CrSbO, compound, we extended the comparison to a range of
magnetocaloric materials applicable in the cryogenic regime (T <40K).
Figure 8e shows the AS), performance of Gd,CrSbO; compared to materials
with pyrochlore-type structures and Gd-containing perovskites. A Table
comparing the |ASy|, Tapcr and RC/RCP values of these materials can be
found in Supplementary Table 6. As a result, the magnetocaloric
performance of Gd,CrSbO, (with —AS,™ =21]/kgK at 0-7T) is
comparable to or exceeds the performance of other reported similar
materials, such as RE,Mn,0; (RE = Er, Dy, Ho, and Yb)*** and RE,Ti,0,
(RE = Gd, Tb, and Ho)*. Quantitatively, the AS,™* value of Gd,CrSbO;
was approximately 55% of the commercial magnetic refrigerant Gd;GasO,,
(GGG), with a AS)™ reaches ~38 J/kg K under AB,, of 0-7 T, Therefore,
the combination of significant refrigerating capacity and substantial
magnetic entropy change results in remarkable magnetocaloric perfor-
mance of Gd,CrSbO;, which makes it a promising candidate for cryogenic
refrigeration as a solid refrigerant.

Concluding Remarks

Through a combination of experimental and computational techniques, we
have systematically investigated the structural, electronic, magnetic, and
magnetocaloric properties of the Gd,CrSbO; pyrochlore. SXRD, PDF, and
STEM analysis revealed that the material crystallizes in a single phase within
the cubic Fd3m space group, characteristic of pyrochlore structures. The
corner-sharing network of Cr/Sb octahedra and edge-sharing Gd poly-
hedral form a geometrically frustrated lattice, which directly influences the
material magnetic behavior, which the additional Gd—O—Cr—O—Gd
super-exchange interactions mediate AFM and FM coupling between 4f -
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Fig. 8 | Magnetocaloric performance analysis and comparison with other mate-
rials. a ASy,(T) curves at different applied field changes 0—1 T < A(uoH) < 0—7 T. The
data for GGG (at 0-2 T) was also included to comparison. Inset shows the ASy™ (uoH)
curve fitting following the power law AST™ ~ (u,H)". b, ¢ Universal AS,, / AS™(6)

and exponent m curves, respectively. d Contour plot of temperature- and field-
dependent refrigerating capacity RC for Gd,CrSbO,. e Comparing the |AS,,| perfor-
mance of Gd,CrSbO; with pyrochlore-type structure and Gd-containing perovskites in
the cryogenic regime (T <40 K).

Gd’" and 3d°-Cr’" ions, resulting in the FiM order. Temperature-dependent
SXRD analysis of mean square displacements (U,,) revealed structural
stability at the Gd and Cr/Sb sites across the magnetic transition, while the
Ol and O2 sites exhibited anomalous behavior between 25-225K, sug-
gesting a magnetoelastic effect that mediates the complex super-exchange
interactions. Extended X-ray absorption fine structure (EXAFS) analysis
further highlighted the covalent nature of the Sb—O bond, which influences
the electronic environment of Cr and Gd ions. The weaker Sb-Gd inter-
actions make the Gd and Cr sublattices more susceptible to magnetic
fluctuations, contributing to the magnetic competition and the emergence
of a Griffith-like phase. X-ray Raman data, particularly the Cr L,; spectrum,
confirm the super-exchange interactions between Cr and O. Additionally,
the experimental Gd N,s spectra are well reproduced by Gd** (4f7, 5d°, 65°)
configuration, further validating the local environment of Gd ions. DFT
calculations corroborated these findings, revealing FIM coupling between
Gd and Cr spins at low temperatures, driven by parallel alignment of most
Gd spins with the FM Cr’* sublattice. Increasing the temperature, Gd spins
exhibit a tendency toward AFM coupling, reducing FM character and
enhancing short-range interactions. The Griffiths-like phase and Schottky
anomaly (observed below 10 K) arise from short-range Cr-Cr correlations
and crystal field transitions of Gd f-electrons, respectively, both influenced
by the local electronic environment. These magnetic interactions underpin
the material significant magnetocaloric performance, characterized by a
maximum magnetic entropy change of —AS,™™ =~ 21 J/kg K and a relative
cooling power of RC = 430 J/Kg (at 0—7 T). These values surpass those of
other recently reported pyrochlores and reach ~55% of performance of the
commercial magnetic refrigerant Gd;GasO;,. We argue that the pro-
nounced magnetic entropy change observed at low temperatures in
Gd,CrSbO; can be attributed to the remarkable thermal stability of its
crystallographic structure below 60K, as revealed by temperature-
dependent SXRD analysis. The absence of significant variations in lattice
parameters and unit cell volume indicates a suppression of lattice dynamics
in this regime. This structural stabilization is critical for enhancing mag-
netocaloric performance, as it minimizes intrinsic heat dissipation caused by
phonon vibrations and reduces spin-lattice coupling effects. Consequently,

the refrigerant capacity is significantly improved in the cryogenic range
(T <40 K), where the decreased lattice vibrations and optimized Gd—Cr
magnetic interactions lead to a more efficient magnetic entropy change.
Associated, the significant cryogenic MCE in the Gd,CrSbO; pyrochlore
arises likely from the 4f—3d exchange interactions between the Gd and Cr
sublattices, since most of them exhibit FM coupling at low temperatures.
These features make Gd,CrSbO; a viable material for low-temperature
magnetic refrigeration, where minimizing energy losses is essential for
achieving optimal cooling efficiency. By integrating multiple experimental
techniques, this study provides a comprehensive understanding of the
fundamental properties of Gd,CrSbO, and demonstrates its potential as a
promising candidate for cryogenic magnetic refrigeration applications.
Lastly, the synergy of experimental methods underscores the importance of
a multifaceted approach in studying complex materials, facilitating the
rational design of new systems with tailored properties for advanced tech-
nological applications. Future investigations could explore the effects of
chemical substitutions or external stimuli, such as pressure, to further
optimize material performance and unveil new phenomena.

Methods

Sample synthesis

The Gd,CrSbO; sample was synthesized by the modified sol-gel method.
Appropriate amounts of Gd(NO3);:6H,0, Cr(NOs);-6H,0, and Sb,0;
with a 2:1:1 (Gd:Cr:Sb) ratio were dissolved in 5mL of distilled water,
followed by the addition of glycine (C,HsNO) as a chelating agent. Then,
the homogenized solution was dried at 100 °C for 24 hours for gelification
and dehydration. Afterward, the obtained xerogel was calcined at
1000 °C (4 h).

Synchrotron X-ray diffraction and Total scattering data collection
The Synchrotron X-ray diffraction (SXRD) and total scattering (TS) data
were collected using the high-resolution powder diffractometer at beamline
D22 at the European Synchrotron Radiation Facility (ESRF)™ (experiments
MA-5866 and CH-6713). The SXRD patterns were collected at a wavelength
of A\=0.35429 A (~35keV) over the range 1—40° (20) in continuous
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scanning mode at 6-300 K range with a 5 min waiting time at each tem-
perature step to guarantee an isothermal condition. For the room tem-
perature total scattering experiment, the wavelength was calibrated to
0.206689(1) A (60 keV) from refinement of PXRD data collected on a NIST
standard LaBs 660b standard. The sample was packed in a 0.3 mm bor-
osilicate capillary and sealed using two-component epoxy glue. During
measurement, the capillary was spun at 919 rpm and continuously rocked
+/-1 mm to improve powder averaging. The scattering data were collected
using the Perkin Elmer 2D detector (sum of 50 x 1 sec exposures) positioned
at 380 mm behind the sample capillary, giving a Q. of approx. 25 A, For
the low temperature TS experiments (30 and 150 K), the measurements
were performed using a high-resolution setup and the wavelength was
calibrated to 0.427865(4) A (29 keV) from refinement of PXRD data col-
lected on a Si standard sample.

Rietveld analysis

Rietveld analysis of the SXRD and total scattering (TS) data was performed
using the FullProf Suite software package®. The crystal structure
Gd,CrSbO; was refined based on the cubic pyrochlore structure (space
group Fd-3m, no. 227)"". The atomic occupancies were kept fixed to
match the nominal Gd,CrSbO; composition, while atomic positions, scale
factor, unit cell parameters, zero shift, and isotropic thermal parameter (B;,)
were refined. The background was described by a linear interpolation
between a set of background points with refinable intensity. The peak
profiles were modeled using the Thompson-Cox-Hastings formulation of
the pseudo-Voigt function®. The instrumental contribution to the total
peak broadening was determined by refinement of data collected on a NIST
LaBg 660D calibrant in the same instrumental configuration and deconvo-
luted from the sample broadening in the refinements. The remaining
sample contribution to the peak broadening was attributed to microstrain
(Stokes-Wilson).

PDF analysis of TS data analysis

The PDFs were obtained using the PDFgetX3 software™. To allow isolation
of the scattering from the sample itself for PDF analysis, the scattering
pattern from an empty 0.3 mm borosilicate capillary in the same instru-
mental configuration was subtracted. The real-space structural refinements
of the PDFs were carried out using the PDFgui software®. The experimental
Quaamp (instrumental damping of the PDF peak intensities) was determined
tobe 0.009 A" by refinement of a NIST LaB 660b standard data collected in
the same instrumental configuration.

Scanning Transmission Electron Microscopy (STEM)

The STEM and EELS (electron energy loss spectroscopy) measurements
were performed using the JEOL ARM200cF operated at 200 keV, equipped
with a Gatan Quantum EELS system and a spherical aberration corrector.

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) data were recorded at the BL22-
CLZSS station®' of the ALBA Synchrotron (Barcelona, Spain) in trans-
mission mode at the Sb K-edge (30.491 keV). In this experiment, a colli-
mated and unfocused beam measuring of 0.3 x 1 mm* (V x H) was used.
The monochromatic beam was delivered by a pair of LN,-cooled Si(311)
crystals. Finely ground powders were mixed with boron nitride (BN) and
pelletized into 5 mm diameter disks to achieve an optimal absorption edge
jump of ~0.35. Low-temperature measurements were conducted using an
Norhof Liquid N, cryostream cooler in the temperature range 100—500 K.
The absorption coefficient was determined by measuring the photon flux
with ionization chambers placed before and after the sample. Extended
X-ray absorption fine structure (EXAFS) spectra were collected over a k-
range extending to 15 A™. EXAFS oscillations, x(k), were extracted using
Athena software®, which facilitated pre-edge background subtraction, edge
jump normalization, and isolation of extended-range oscillations. Fourier
transformation (FT) of the k-weighted k’(k) oscillations was performed
with a Hanning-type apodization function in both k- and R-spaces, using a

k-range of 2-13 A" and an R-range of 1-4 A. EXAFS fitting was conducted
using Artemis software”, employing theoretical single-scattering paths
generated via FEFF multiple scattering path expansion, based on the
Gd,CrSbO; structure. These paths were refined against the experimental
spectra by optimizing key EXAFS parameters, including path length (d),
Debye-Waller factor (¢°), and coordination number (N).

X-ray Raman scattering experiment

All X-ray Raman scattering (XRS) data were taken at beamline ID20 of the
ESRF, Grenoble, France, using the large-solid-angle spectrometer®. Pho-
tons from three U26 undulators were monochromatized using a combi-
nation of a Si(111) high-heat-load pre- and a Si(311) channel-cut post-
monochromator. X-rays were focused to a 20 x 20 um’ spot size at the
sample position. We pressed the polycrystalline Gd,CrSbO, samples into
small pellets of 5 mm diameter and several 100 um thickness. Inelastically
scattered X-rays were analyzed using 48 spherically bent Si(660) analyzer
crystals in Johann geometry, 12 at low momentum transfer (3.2 A™), 12 at
intermediate momentum transfer (6.4 A™), and 24 at high momentum
transfer (9.1 A'). Energy loss spectra in the vicinity of the Cr L, 5-, O K-, and
Gd N, s-edges were obtained by varying the incident energy at a fixed
analyzer energy of 9.68 keV. The overall energy resolution was 0.7 eV. For
each of the three excitation edges, several scans were taken, checked for
consistency, and averaged over. All data treatment was performed with the
IXStools program package as described elsewhere™. The total scanning time
was 12 h. Simulations of the O K-edge were performed using the FDMNES
program package” including the momentum transfer dependence*. We
used the Hilbert*" full charge transfer multiplet code for the calculation of
the Cr L, 5- and Gd Ny s-edges™”.

Magnetic and transport properties

The magnetic properties were measured with a SQUID magnetometer
(MPMS-3), from Quantum Design (San Diego, USA) in a temperature
range from 1.8 up to 300 K and a range of magnetic fields up to 7 T. The ac
susceptibility was measured in a PPMS Quantum Design (San Diego, USA)
with the ac susceptometer in a frequency range from 100 Hz up to 10 kHz,
with an oscillatory field with an amplitude of 1 Oe. The samples were also
measured in different external magnetic fields of H = 0.0,0.05,0.5,and 1.5 T
under a fixed frequency of 10 Hz. The heat capacity was also measured in the
PPMS with an adiabatic heat pulse method. For this, the ceramic pellets were
cut with a diamond saw to fit into the sample-holder dimensions.

Computational details

The electronic structure and magnetic characteristics of Gd,CrSbO; system
were investigated using first-principles DFT calculations®*”, based on the
full-potential linearized augmented-plane-wave (FP-LAPW) method®,
implemented via the WIEN2K software package”. The exchange-
correlation effects were treated with the PBEsol functional”’, combined
with an effective Hubbard potential Ueg=U - J, following the scheme
proposed by Anisimov et al.”'. To accurately describe the highly localized f-
electrons of Gd and d-states of Cr, we applied 7.0 eV for Gd and 4.2 eV for
Cr ions. The radii Ryt of the muffin-tin spheres were set to 2.00, 1.85, 1.95,
and 1.54 a.u. for Gd, Cr, Sb, and O, respectively. Atomic-like functions
within these spheres were expanded up to L.x =10, and the interstitial
region was represented by a plane-wave expansion truncated at k., = 6.0/
Rurro)- The charge density was Fourier-expanded with Gy, = 16, while the
valence electron states of O (2 s> 2p*), Sb (4d"° 55* 5p*), Cr (34”4 s'), and Gd
(4f 5d' 65°) were explicitly treated in the calculations. For the k-space
integration, we employed a 5x5x5 Monkhorst-Pack grid in the irreducible
part of the Brillouin zone. Relaxation of internal parameters was carried out
until the interatomic forces were reduced to less than 2 mRy/bohr. In the
self-consistent calculations, the convergence was achieved with an energy
threshold of 10 Ry and a charge transfer criterion of 10 e/bohr®. To model
B-site disorder, we considered a set of representative random Cr/Sb con-
figurations within a supercell and verified that the total energies and local
magnetic moments show only minor variations across configurations. The
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effective couplings employed in the model correspond to configurational
averages over these realizations.

Data availability

All data generated or analysed during this study are included in this pub-
lished article (and its supplementary information files). Additional experi-
mental and calculation data are available from the corresponding authors
via email (ja.alonso@icmm.csic.es and/or rsantoss@ucm.es) upon reason-
able request.
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