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ABSTRACT: Frustrated lanthanide oxides with dense magnetic  Ca,GdSeO, Large MCE in
lattices are of fundamental interest for their potential in cryogenic — S269N°% 3+
. X Sr,GdSbO Gd** double
refrigeration due to a large ground state entropy and suppressed g casbo. .
. - 2 6 perovskites
ordering temperatures but can often be limited by short-range GdPO ]

correlations. Here, we present examples of frustrated fcc oxides, GdQBeZGe_o::|
Ba,GdSbOg and Sr,GdSbOg, and the new site-disordered analogue _ ©%2%""°s

Ca,GdShOs ([CaGd]s[CaSb]gOg), in which the magnetocaloric Gdgfzga:gz—|

e ect is influenced by minimal superexchange (J; 10 mK). We  cd(Hcoo),

report on the crystal structures using powder X-ray di raction and the GdFsE .
bulk magnetic properties through low-field susceptibility and 0 22 /Rln(zfsn) L S
isothermal magnetization measurements. The Gd compounds exhibit u

a magnetic entropy change of up to —15.8 J/K/molgq in a field of 7 T

at 2 K, a 20% excess compared to the value of —13.0 J/K/molg4 for a standard in magnetic refrigeration, Gd;GasO,. Heat capacity
measurements indicate a lack of magnetic ordering down to 0.4 K for Ba,GdSbOg and Sr,GdShOg, suggesting cooling down through
the liquid 4-He regime. A mean-field model is used to elucidate the role of primarily free-spin behavior in the magnetocaloric

performance of these compounds in comparison to other top-performing Gd-based oxides. The chemical flexibility of the double
perovskites raises the possibility of further enhancement of the magnetocaloric e ect in the Gd®* fcc lattices.

I INTRODUCTION ion.>® This limits the opportunities for tuning the magnitude
; Lol e ; ; and temperature of the maximum AS,,
ﬁ?{ﬂ%?glgc gﬁgrlllpugm Iscémgﬁlﬂ\g’e at:d mni);iger:r;tiéecgr;glﬁgrllecz On the other han_d, frustrated magnetic oxi_des, in \_/vhich the
imaging. While liquid He can be used to reach temperatures geometry 01_‘ the _Iattlce prevents all exchang_e interactions from
as low as 20 mK (using 3-He and 4-He) or 2 K (4-He only), it being satisfied simultaneously, present a diverse class of MC
is a depleting resource, and sustainable alternatives capitalizing candidates given their chemical stability and exotic magnetic
on magnetic, structural, and/or electric ordering of materials properties such as a large ground state degeneracy and
are of key interest’ In adiabatic magnetic refrigerators suppressed ordering temperature.” Gd;GasO,,, a frustrated
(ADRs), an applied magnetic field induces a change in entropy garnet, is the standard among this class of materials, with an
of the spins of a material, AS,,. When followed by adiabatic entropy change of —13.0 J/K/molg in afield of 7 T at 2 K.° In
demagnetization, the system exhibits a proportional decrease in addition to the garnet lattice which is comprised of two
temperature AT as dictated by the magnetocaloric (MC) interpenetrating networks of bifurcating loops of ten corner-
e ect. MC materials are operable at temperatures above their sharing Ln®* triangles, a wealth of frustrated geometries exist,
ordering transition T, and are often characterized by the including the pyrochlore and kagome lattices and the fcc lattice,
maximum isothermal magnetic entropy change AS, that can which as a set of edge-sharing tetrahedra is frustrated under

be achieved for a given change in field AH.? Current top-
performing MC materials are based on Gd** containing
compounds, as the minimal single-ion anisotropy (L = 0) of
the magnetic ions allows for full extraction of the theoretical _
entropy change in high magnetic fields.> Recent advances in Received:  January 26, 2022
materials like Gd(HCOO),, GdF,, and GdPO,, with dense Revised: ~ March 13, 2022
magnetic sublattices, have highlighted the importance of weak Published: March 29, 2022
magnetic correlations in enabling a large MC e ect**®

However, these materials can be limited by a lack of tunability

via chemical substitution and/or large volumes per magnetic

antiferromagnetic exchange. However, one limitation of oxide
materials is that their MC performance can be strongly
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Figure 1. Crystal structures of the double perovskites (a) Ba,GdShQOg, (b) Sr,GdShOg, and (c) [CaGd],[CaSh]gOs. In [CaGd]s[CaSb]gOg, the
Gd* ions lie in a disordered arrangement with Ca2* on the A sites. The rock-salt ordering of Gd®* and Sb°* on the B sites produce a fcc magnetic
sublattice, which is (d) uniform for Ba,GdSbOg and (e) distorted for Sr,GdSbOg, with the listed side lengths. (f) The fcc sublattice is a frustrated
geometry because it composes a network of edge-sharing tetrahedra. (g) High-resolution powder X-ray di raction Rietveld refinement of
[CaGd]A[CaSh]gOg. Observed intensities and calculated intensities obtained from a Rietveld refinement are shown as red circles and a black line,
respectively; the di erence (data — fit) is shown by a green line. Reflection positions are indicated by blue and orange tick marks, for phases
[CaGd]A[CaSh]sO¢ and the small phase impurity Gd;ShO; (0.48(1)% by weight), respectively.

influenced by short-range correlations.® For example,
Gd;Ga;0,, has a relatively large superexchange between
Gd** ions, )] 100 mK,® compared to |J] 70 mK for
GdF,?

Lanthanide oxide double perovskites with the general
formula A,LnSbOg; (A = alkaline earth (Ba, Sr), Ln
lanthanide) represent a family of frustrated magnets in which
Ln ions lie on an fcc magnetic sublattice, enforced by the rock-
salt arrangement with the other B site cation, Sb®". Chemical
pressure via A site cation substitution can alter the distortion of
a single Ln-ion tetrahedron due to small changes in the nearest
neighbor nn distance dictated by rotations of the BOg
octahedra.'”

Here we present fcc oxides with minimal superexchange
interactions, up to 10 times smaller than those of other
frustrated oxides. We report on the solid-state synthesis,
structural characterization, bulk magnetic properties, and
magnetocaloric e ect in these materials, Ba,GdShOg and
Sr,GdShOg, and the new site-disordered Ca analogue,
Ca,GdShO; ([CaGd]A[CaSh]gOg). We show that tuning of
the A site ion influences the exchange through changes in the
nearest neighbor distance and O—Gd—0O bond angles, with
small e ect on the overall magnetocaloric performance,
suggesting that free-spin behavior is dominant for 1.8 K and
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above. Furthermore, the low Curie—Weiss temperatures ( 0.8
K), frustrated lattice geometry, and lack of ordering of the Ba
and Sr compounds suggest that cooling may persist through
the cooperative paramagnetic regime to temperatures well
below 0.4 K.

I EXPERIMENTAL METHODS

Solid State Synthesis. Powder samples, of 1 g, of Ba,GdShOg,
SrzGdSbog, and Ca,GdSbOg were prepared as described in the
literature.™ Stoichiometric mixtures of predried gadolinium(111) oxide
(99.999%, Alfa Aesar REacton), antimony(V) oxide (99.9998%, Alfa
Aesar Puratronic), and the appropriate alkaline earth carbonate,
barium carbonate (99.997%, Alfa Aesar Puratronic), strontium
carbonate (99.99%, Alfa Aesar), or calcium carbonate (99.99%, Alfa
Aesar Puratronic) were initially ground using a mortar and pestle and
heated in air at 1400 °C for 24 h. Heating was repeated until the
amount of impurity phases as determined by X-ray di raction no
longer reduced upon heating (one additional 24 h cycle). Ba,GdShOg,
Sr,GdShOg, and Ca,GdShOg each contain impurity phases of
Gd;ShO; of 0.45(4), 0.67(4), and 0.48(1) wt %, respectively, with
antiferromagnetic ordering at 2.6 K.**

Structural Characterization. Room temperature powder X-ray
di raction (XRD) measurements were carried out using a Bruker D8
Advance di ractometer (Cu K radiation, = 1.54 A). Data was
collected with d(2 ) = 0.01° from 2 = 15-150°, with an overall
collection time of 2—3 h. During each scan, the sample stage was

https://doi.org/10.1021/acs.chemmater.2c00261
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Table 1. Lattice Parameters and Crystal Structures of Ba,GdSbOg, Sr,GdSbOg, and Ca,GdSbOg ([CaGd]A[CaSb]gOg) as
Determined from Rietveld Re nements of Powder X-ray Di raction at Room Temperature for Ba,GdSbOg and Sr,GdSbOg

and at 100 K for [CaGd],[CaSh]gOs™

atom Wycko position X

Ba,GdSbOg, FM3m

Ba 8c 0.25

Gd 4a 0

Sb 4b 0.5

o] 24e 0.257(2)
a(R) 8.47517(2)

Gd,yShO, (Wt %) 0.45(4)

2 141

Rup 11.6
Sr,GdShOg, P2,/n
Sr 4e 0.0105(5)
Gd 2d 0.5
Sh 2 0
o(1) 4e 0.253(3)
0(2) 4e 0.190(4)
0®3) e —0.086(2)
a (R) 5.84113(5)
b (A) 5.89402(5)
¢ (R) 8.29127(7)

(deg) 90.2373(7)

Gd,yShO, (Wt %) 0.67(4)

2 1.20

Rup 8.7

[CaGd]a[CaSb]0g, P2:/n
Ca,/Gd 4e —0.0174(1)
Ca, 2d 0.5
Sb 2 0
o(1) 4e 0.1660(8)
0(2) 4e 0.2089(8)
(o])) 4e 1.1205(7)
a (R 5.58025(2)
b (A) 5.84820(2)
c () 8.07706(2)

(deg) 90.3253(2)

OccCal 05
OcCgq 0.5
Gd,ySh0O, (wt %) 0.48(1)

2 5.80
Rup 37

y z Beo (%)
0.25 0.25 0.67
0 0 0.48
05 05 041
0 0 0.76
0.0346(2) 0.2489(7) 0.79
0 0 0.24
05 0 0.39
0.317(3) 0.021(3) 0.79
0.761(3) 0.042(3) 0.79
0.486(2) 0.239(3) 0.79
0.05939(7) 0.25403(8) 0.90(1)
0 0 0.68(8)
05 0 0.54(1)
0.2149(7) —0.0728(6) 1.25(5)
0.1769(7) 0.5511(6) 1.25(5)
0.4390(7) 0.2254(5) 1.25(5)

3The Debye—Waller factors for BazGdSboelSand Sr,GdShOg4 were kept constant to values reported in the literature for the related compounds

Ba,DyShOg and Sr,GdShOg, respectively.'”

rotated to avoid preferred orientation e ects. Additional high
resolution X-ray powder di raction measurements were conducted
at the 111 beamline at the Diamond Light Source using a position
sensitive detector for Ca,GdShOg at room temperature and at 100 K.
Data was collected with = 0.826866 A from 2 = 8—100° using a
position sensitive detector, with an overall collection time of 1 min.
The powder sample was mounted in a 0.28 mm diameter capillary
inside a brass sample holder.

Rietveld refinements*® of the powder XRD data were completed
using the Di rac.Suite TOPAS5 program.® Peak shapes were
modeled using a pseudo-Voigt function,™* and the background was
fit using a 13-term Chebyshev polynomial. Except for Ca,GdShO,
where synchrotron XRD data was available, all Debye—Waller factors
were kept constant at the literature reported values from powder
neutron di raction.®*> A cylindrical correction was used to correct
for capillary absorption in the I111 data as well as a Lorentzian/
Gaussian model to account for strain broadening e ects on the peak
shape.'®
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Magnetic Characterization. Magnetic susceptibility (T) =dM/
dH ( M/H in the low field limit) and isothermal magnetization
M(H) measurements were conducted using a Quantum Design
Magnetic Properties Measurement System (MPMS) with a super-
conducting interference device (SQUID) magnetometer. Suscepti-
bility measurements were made in zero-field-cooled conditions ( (H
= 1000 Oe, where M(H) is linear and the = M/H approximation is
valid) over a temperature range of 1.8—300 K and in field-cooled
conditions from T = 1.8—30 K. M(H) measurements were made over
afieldrange of 0< (H<7 T, instepsof 0.2 T from 2 to 20 K, in 2
K steps from 2 to 10 K, and in 5 K steps from 10 to 20 K. The
magnetic entropy change for a field H,,, relative to zero field was
extracted from M(H) by computing the temperature derivative of the
magnetization using

M(Ty, H) M(Ty 1, H)
(G R

M(T, H)
Ti )

0| U

H
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and then integrating in discrete steps of 0.1 T across fields using the

trapezoidal method:
Hmax MM (T, H) i
dH
)

0 N M 3]

Low Temperature Heat Capacity. Magnetic heat capacity
measurements were carried out using a Quantum Design PPMS using
the 3-He probe (0.4 < T < 30 K) in zero field. Equal masses of the
sample and Ag powders were mixed with a mortar and pestle and
pressed into a 0.5 mm pellet to enhance the thermal conductivity.
Pellets were mounted onto the sample platform using N-grease to
ensure thermal contact. Addenda measurements of the sample
platform and grease were calibrated at each temperature before
measurement. The sample heat capacity, C,, was obtained from the
measured heat capacity, C,y, by subtracting the Ag contribution using
the literature values.'” The magnetic heat capacity Cinag Was obtained
from a subtraction of the lattice contribution C,, from the sample heat
capacity Cy:

Crad TH = C(T HS CLT B ®

The lattice contribution C,,; was determined using least-squares fits of
the zero-field C, at high temperatures (8—50 K) to the Debye model:

xe
—= 5 X
(€381) )
where Ty is the Debye temperature, R is the molar gas constant, and n

is the number of atoms per formula unit. The total magnetic entropy,
relative to the lowest temperature T; measured, was computed using

T Grad T, H) T
T T

S B HnaF

ONRT /T

3
TS 0

Cad T =

T,H) =
ST, H) ®)

numerically for the temperatures measured.

I STRUCTURAL CHARACTERIZATION

Powder X-ray di raction indicates formation of an almost
phase pure sample for A,GdSbOg (A = {Ba, Sr, Ca}). Rietveld
refinements, Figure 1 and Table 1, show that all three
compounds exhibit small <0.7 wt % impurities of GdsShO,.*
The structures of Ba,GdSbOg and Sr,GdSbOg are consistent
with those of prior reports.'® Both materials exhibit full rock-
salt ordering of Gd** and Sb®" on the B sites, attributable to the
large charge and ionic radii di erences between cations;
Ba,GdSbOg forms a cubic FnBmr structure, resulting in a
uniform tetrahedron of Gd*" ions, while Sr,GdSbOg forms a
monoclinic P2,/n structure, resulting in a distorted tetrahe-
dron of Gd** ions, Figure 1.%°

Structural refinements, Table 1, indicate that Ca,GdShOq
adopts the monaclinic space group P2,/n. However, additional
reflections ((011) and (101)) at 2 = 18° (d = 4.6 — 48 A)
indicate that Gd** occupies the A sites as in the case of its of
nonmagnetic analogue [CaLa],[CaSh]zOs.'® Refinement of
the occupancy of Gd** and Ca®* across the A and B sites
indicated that Gd** only occupies the A sites, and so this cation
distribution was fixed in subsequent refinements. Thus, a
clearer description of the compound is [CaGd],[CaSb]zOs.
(Here, the bracketed notation [XY]A[LZ]gOg refers to a
double perovskite in which species X and Y lie on the A sites
and species L and Z lie on the B sites.) Consistent with a prior
study of Mn-doped [Cal_XerGd]A[CaSbl_y]BOG:Mnyl (x=04,
y =0.003)*° and the structure of [CaLa],[CaSb]zOs,-® we find
a disordered arrangement on the A sites with half of the sites
occupied by the Gd*" ions and the other half by Ca®* and rock-
salt ordering of Ca?* and Sh® on the B sites.
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There is no evidence of A-site ordering in the compound
with no further superstructure peaks observed in the
synchrotron XRD. This is likely due to the minimal charge
and ionic radii di erences of the Ca®" and Gd*" ions which
rules out rock-salt and columnar ordering on the A sites.?’

To analyze whether the site disorder in [CaGd],[CaSb]zO¢
is due to close-packing e ciency considerations, we computed
the Goldschmidt tolerance factor (GTF), t. t predicts whether
the ionic radii of the A-site cation and B-site cation are well-
scaled for a cubic structure in which A-site cations lie at the
cavities of B—O octahedra.”" It can be extended to double
perovskites with the formula AA BB Og by computing average
A-site and B-site ionic radii so that

_ TaagtTo
‘/ﬁ(rB,avg"' rq (6)
where 1y ag= %rA + %rA.ZZ The GTF for [Ca-

Ca]A[GdSh]z0s in which Gd** and Sb®* are located on the
B sites is 0.82 compared to 0.80 for [CaGd]A[CaSh]zOg in
which Gd** lies on the A sites. Since t = 1 in stable perovskite
structures, these results suggest that the Gd** ions should lie
preferentially on the B-site.

It is also possible that charge di erences of the cations
stabilize the observed disordered structure.”” However, an
additional calculation using a charge-based tolerance factor
also predicted [CaCa]a[GdSbh]zO¢ as the more stable
structure.”® Thus, the A site occupancy of Gd** is unlikely to
be due to the greater close cubic packing e ciency or charge
di erences between cations. It could be that the additional
entropy associated with a random distribution of Ca?" and
Gd* on the A site favors the observed cation distribution,
although we note that a random distribution of Ca?*/Gd®
across both sites is more entropically favorable. Changes to the
synthesis procedure, e.g., slow cooling, may result in
di erences in the Ca®*/Gd** distribution but are beyond the
scope of this study.

I MAGNETIC CHARACTERIZATION AND RESULTS

The zero-field-cooled (ZFC) magnetic susceptibility (T),
Figure 2, indicates paramagnetic behavior of each material
down to 1.8 K, in agreement with prior investigations.*’
Curie—Weiss fits to the inverse susceptibility ~*(T) were
conducted from temperatures T 8 to 50 K. For all
compositions, the negative Curie—Weiss temperatures Ocy,
Table 2, indicate antiferromagnetic interactions between spins
that increase in strength from the monoclinic (A = Sr) to cubic
lattice (A = Ba). The Curie—Weiss law can be written in a

dimensionless form given by % T41 (for Ocy < 0),

[
where Ogy is the Curie temperature and C is the Curie
constant.* This dimensionless form can elucidate the presence
of short-range correlations from the inverse magnetic
susceptibility and enable a comparison across compounds.®?°
In these dimensionless units, free-spin behavior is indicated by

the linear relationship of % with % with a y-intercept of 1.

Positive (negative) deviations from linearity can indicate
antiferromagnetic (ferromagnetic) short-range correlations
between spins. Figure 2 highlights the minimal short-range
correlations of each A,GdShOg compound, all of which exhibit
extremely small deviations of less than 5% from free-spin
behavior at 1.8 K. As a comparison, the MgCr,O, spinels,

https://doi.org/10.1021/acs.chemmater.2c00261
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Figure 2. (a) Low-field magnetic susceptibility = M/H versus
temperature T of A,GdSbOg (A = {Ba, Sr, Ca}) (inset: ~* versus T).
(b) Dimensionless inverse magnetic susceptibility scaled by the
appropriate factors of the Curie constant C and Curie—Weiss
temperature © for each material. The error bars are smaller than
the points in the graph. All compounds remain paramagnetic down to
1.8 K. The inset depicts the percent deviation of ~* from the Curie—
Weiss law, C/(T — ©). Error bars are determined assuming a 0.1 mg
mass error.

which order at % 0.@&, exhibit 20—60% deviations at

temperatures of % 0.1”° The positive deviations of

[CaGd]A[CaSh]gOg are likely to correspond to antiferromag-
netic short-range correlations rather than disorder-induced
quantum fluctuations. Field-cooled measurements below 20 K
indicate no hysteresis (see Figures S1 and S2).

A mean-field estimate for the nearest neighbor (nn)
superexchange J;, Table 2, indicates weak coupling between

spins in the fcc compounds, 10 mK, compared to 100 mK in
Gd,Gas04,.° Although the number of nearest neighbors is not
constant for the disordered [CaGd]s[CaSb]s analogue, a
mean-field estimate for the six nearest A sites (Ryayg =
4.063(3) A from distances 2 x 3.918(3), 2 x 4.171(3),
4.162(3), and 4.038(3) A) was computed, giving an order of
magnitude estimate for J;.

The zero field measured magnetic heat capacities Cy,, Of
A,GdShOg (A ={Ba, Sr, Ca}) from 0.4 to 30 K are depicted in
Figure 3. The Debye temperatures T were determined from

Figure 3. Zero field magnetic heat capacity normalized by
temperature Cp,/T of A,GdSbO, (A = {Ba, Sr, Ca}) and
corresponding magnetic entropy released from 0.4 to 10 K. The
Debye temperatures for each material (Table 3) were found from fits
of the total heat capacity to the Debye model (eq 4) from 6 to 30 K.
The small anomaly in each measurement at 2.6 K is likely due to the
ordering of the  0.5—1 wt % Gd,SbO; impurity.**

fits to the Debye model (eq 4) from 6 to 30 K, Table 3. No
magnetic ordering is observed in the fcc compounds down to
0.4 K. The magnetic entropy of Ba,GdSbOg and Sr,GdSbOg at
10 K, relative to that at 0.4 K, is 1.6 J/K/molgg, corresponding
to only 10% of that available for S = 7/2 Heisenberg spins. In
contrast, the site-disordered Ca,GdShOg exhibits a sharp -
type anomaly at 0.52 K, indicative of a long-range ordering

Table 2. Fit Nearest Neighbor Exchange J, for the fccBa,GdSbOg and Sr,GdSbOg and Overall Exchange Field, az, for Site
Disordered Ca,GdSbOg Based on Curie—Weiss Analysis of the Inverse Magnetic Susceptibility ~* (Equation S1) and a Mean-
Field Model Fit (Equations 7 and 8) to the Isothermal Magnetization Curves from 2 to 20 K2

from ~* fit from M(H) fit
3

0 (K) 17 mls ® ) (K) R?
Ba,GdShO, -0.78(1) 0.0124(2) 0.0113(5) 1.0000
Sr,GdShO; -051(1) 0.0081(2) 0.0070(2) 1.0000

0 (K) z, =8 () za (T) R?

s G g

Ca,GdShO, -0.92(1) -0.0652(5) -0.0617(7) 0.9999

@Quoted uncertainties represent a 95% confidence interval from the least squares fits.
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Table 3. Curie—Weiss Temperature

, Ordering Temperature T,, Debye Temperature T, and Corresponding Estimates for

the Mean-Field nnExchange J; and Dipolar Interaction D for A;,GdSbOg (A = {Ba, Sr, Ca}) and Reported Top-Performing Gd-
Based Magnetocaloric Materials Compared to Three Commonly Used Paramagnetic Salts: Ferric Ammonium Alum (FAS),
Copper Ammonium Sulfate (CAS), and Copper Potassium Sulfate (CPS).>"

Ocw (K) 3 (K)
Ba,GdShOg -0.78(1) 0.0124(2)
Sr,GdShO; -051(1) 0.0081(2)
Ca,GdShO; (z = 6) —-0.92(1) 0.029
Sr,GANbOG™ 3.2 —0.051
Gd(HCO0),* -03 0.0286
GdPO,* —0.9 0.029
GdFy® +0.7 —0.067
GdyGa;0,, —2.6(1) 0.107
Gd,ZnTiO*’ —4.0 0.024
Gd,Be,GeO,* —4.09(5) 0.156(2)
FAAS™37 0.042 —0.007
CAS®83° 0.010(5) —0.007(3)
Cps2° 0.016(5) —0.010(3)

D (K) D/} To (K) To (K)
00116 0.94 <04 365
00123 15 <04 475
0.037 13 052 360
0012 —0.24 2 -
0.0393 14 08 168
0.0362 13 08 220
0.0503 —0.75 1.25 284(3)
0.0457 043 ~0.14 =500
0.044 1.84 243 156.4
0.043 0.28 <2 -
0.010 ~14 0.026 80
0.0070 -11 - -
0.0070 -07

3The mean field nn exchange was calculated using Equation S1 and the dipolar interaction using D = D,,/S(S + 1) (with D,,, from Equation S2 as
in refs 9 and 32. The nn exchange estimated from the © reported for Gd(HCOO); and GdF; was taken to be along the Gd—Gd chains, so that z =
2, and in the Gd—Gd planes for Gd,Be,GeOs, so that z = 5. Gd,ZnTiOg was treated as having 6 nn with an average distance of 3.83 A. Ca,GdSbOq
was treated as having z = 6 with an average distance of 4.063(3) A, as described in the text. CAS and CPS were treated as having 6 nn with an

average distance of 7.1 A as in ref 38 and FAA as having 2 nn at 6.24 A. ®The reports of magnetism in Gd;Ga<O;, are highly sample dependen

40,41
[

transition. The total entropy contained from 0.4 to 30 K is 12
J/K/molggy, or 0.7RIn(2S + 1). This ordering transition may
be due to the larger dipolar interaction D in Ca,GdSbOg,
Table 3, which is 3 times that of Ba,GdSbOg and Sr,GdShOg,
and/or a di erent Gd** ion arrangement.

Isothermal magnetization M(H) measurements, shown in
Figures 4 and 5, were conducted to measure the magneto-

........“‘.l..‘.‘..
..“““‘

[ J
A

O

BaZGdSbO6
SrzGdSbO6
CazGdSbO6
B (o H.T)

0 1 2 3 4 5 6 7
g H (T)

Figure 4. Isothermal magnetization of of A,GdShOg, A = {Ca,Sr,Ba}
at T =2, 6, and 10 K compared to the Brillouin function for free S =
7/2 spins. Error bars are smaller than the data points.

caloric e ect, AS,,(H, T). At 2 K, all compounds are saturated
by oH=7T at the maximum value for free Heisenberg spins,
9) = 7 /Gd*. The measured magnetic entropy change
AS,, o5 for applied fields of 0.2—7 T at temperatures of 2—8 K
is shown in Figure 6. The A,GdSbOg compounds are a high
performing set of dense lanthanide oxides, reaching above 90%
of the maximum entropy change (per mol Gd) predicted for
uncoupled Heisenberg spins, RIn(2S + 1),ina 7 T field at 2 K.
Somewhat surprisingly, the presence of site disorder and
magnetic ordering at 0.52 K in [CaGd],[CaSh]zOg has only a
small e ect on the overall magnetocaloric performance in this
temperature regime, suggesting that minimal superexchange
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may play a role in enhancing the magnetocaloric e ect in the
liquid He regime.

I INVESTIGATING THE ROLE OF SUPEREXCHANGE
ON THE HIGH MAGNETOCALORIC EFFECT

To elucidate the origin of the large magnetocaloric e ect in
these materials, we investigate two models: first, an uncoupled
model of S = 7/2 Heisenberg spins, and second, a mean-field
model that accounts for antiferromagnetic superexchange
between Gd** ions.

Uncoupled Spin Analysis. Predictions for the theoretical
magnetic entropy change ASp e Of uncoupled Gd** (S =
7/2) spins were computed from the isothermal magnetization
curves determined from the Brillouin function and maximum
saturation g;J (eq S4). M(H, T) curves were evaluated at 2—10
K, with 2 K steps, and from 0 to 7 T, with 0.1 T steps, in
accordance with the measured temperatures and fields. Figure
6ab demonstrates that the predictions, AS; e for para-
magnetic S = 7/2 spins are remarkably close to the measured
entropy changes, AS, o, for the three A,GdSbO4 compounds.
Ba,GdSbOg and Ca,GdSbOg exhibit a maximum deviation of
0.09R In(2S + 1), corresponding to 10% of the maximum
entropy change of 0.9RIn(2S + 1) predicted for free-spins.
These deviations occur at low fields (1—3 T) and smaller
temperatures ( 2—4 K), in accordance with small antiferro-
magnetic exchange indicated in the Curie—Weiss analysis. The
deviations of AS,, from AS s-7,, for Sr,GdShOg are lower,
only 0.04R In(2S + 1), and are concentrated at 2 K. None of
the measured compounds exceeds the magnetic entropy
change predicted for free S = 7/2 spins; this result is in
agreement with the 1 K Curie—Weiss temperatures of the
materials which imply that, for the measured 2—10 K
temperatures, the materials are paramagnetic.

Incorporating an Exchange Field. A recent paper on the
kagome compound Gd;Mg,Sh;0,, showed that an nn
exchange field can be used to explain deviations from free-
spin behavior below the saturation field.?® Here, we apply this
model to characterize the nn exchange J; in A,GdSbOg (A =
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Figure 5. Isothermal magnetization M versus field ,H for A,LnShOq
(A = {Ba, Sr, Ca}). Measured data are shown as points, while
theoretical predictions based on a fit of the nn exchange, J;, for each
material are shown as solid lines. The prediction of free Heisenberg
spins at 2 K is shown as a dashed line. Ca,GdSbOg was fit to an
overall exchange field, a,, with the number of nn, z, set to one, due to
the presence of site disorder. All error bars are smaller than the data
points.

{Ba, Sr, Ca}) and its role in the isothermal field gradient of the
entropy, (0S/0H); = (OM/0T),, the determining factor in the
magnetocaloric e ect.

The model treats antiferromagnetic coupling between S =
7/2 spins using a mean-field approach so that the net field
experienced by a single spin, S, is composed of the external
field H,; and the exchange field H.. due to z nearest
neighbors, which scales with the bulk magnetization of the
system.?® This mean-field approach is justified for A,GdSbO
because the Curie—Weiss analysis indicates that the com-
pounds are paramagnetic in the given temperature range (2—
22 K) and thus that the role of quantum fluctuations need not
be considered.
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Since L = 0 for Gd*, the exchange constant J; can be
assumed to be isotropic, so that the exchange field is given by

> zMH,
s @

where M is the bulk magnetization in units of the Bohr
magneton and a,, is the “field parameter” in units of magnetic
field”® The bulk magnetization of the system at a given
temperature T and external field H,, is given by the roots of
the transcendental equation:

f(M) = MS gSB| Ht M T

Hexc: ae%M H ex't_'

®)

where B, is the Brillouin function (eq $4).%°

Using this model, estimates of the nearest neighbor
exchange J; in Ba,GdSbOg¢ and Sr,GdSbOg and overall
exchange field a, in Ca,GdSbOgz were found using least-
squares fits of the observed isothermal magnetization curves
M(H) at 2—20 K, Figure 5. The free-spin magnetization

Ms-7» = 9SB| HjJ; 7 was used as an initial parameter for

the mean-field exchange model magnetization (eq 8). For the
fcc A = {Ba, Sr}, the number of nn, z, was set to 12, while the
site disordered Ca version was fit to an overall exchange field,
g, With z = 1. All compounds were fit with a scaled fraction of
Mg = 0S; here, Mg, = 1.049S g, the observed saturated value
of the magnetization.

Table 2 shows the fit nn exchange interaction J; and overall
exchange field a,, for each of the materials, compared to
estimates from low field susceptibility measurements. Overall,
there is broad agreement across the two methods. The Curie—
Weiss superexchange estimates are slightly larger than from the
M(H) curves, which could be due to a small contribution from
thermally excited states at the higher temperatures fit or due to
the fact that only one field was considered in the Curie—Weiss
fits.

The role of superexchange in the magnetocaloric e ect is
examined in Figure 6¢, which depicts the di erence between
the mean-field model predicted entropy change, AS; Hexte
and the measured entropy change AS;, 4 for 2—20 K and 0—7
T. The mean-field model reduces the di erence between the
predicted and measured magnetic entropies to 1, 2, and 4% of
RIn(2S + 1) for Ba,GdShOg, Sr,GdShOg, and Ca,GdShOg,
approximately 1, 2, and 5% of the max entropy observed.
Furthermore, Figure S3 hows that the mean-field model
accurately captures the saturation field and overall magnitude
of (OM/0T)y at low temperatures, to within the error of the
data, compared to the free-spin prediction for both fcc
compounds. The mean-field prediction for (0M/dT)y of
Ca,GdShOg at 2 K is not in as good of agreement with the
measured data likely due to the presence of site disorder, onset
of long-range order (T, 0.52 K), or a larger dipolar
contribution D 1/R3.. Further experimental validation of
these exchange constants could be accomplished by low
temperature neutron magnetic di use scattering experiments
to probe short- and long-range correlations between spins. At
temperatures of 2 K and above, the mean-field model with
antiferromagnetic superexchange thus serves as a good
prediction of the observed magnetocaloric e ect in A,GdShQOsg.
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Figure 6. (a) Magnetic entropy change AS,, for uncoupled S = 7/2 spins determined from the Brillouin function Ms_;,,(H, T) with AT =2 K and
AH =0.1T steps, compared to the measured AS;, ,; for the three A,LnSbO, compounds, A = {Ba, Sr, Ca}. (b) Di erences between the theoretical
entropy change for free-spins, ASy jex, and that measured for A)LnSbOg, AS, 4 All compounds exhibit deviations of 0.04R In(2S + 1) to 0.08R
In(2S + 1) at low (1—2 T) fields, possibly indicating the contribution of AFM superexchange. (c) Di erences between the theoretical magnetic
entropy change predicted for the nn exchange field model using the fit J;, ASp, pext+s1, and the measured data, ASy, g, for ApLnSbOg. Using this nn
exchange field model, the deviations are reduced to less than 0.01R In(2S + 1) for Ba,GdSbOg and Sr,GdSbOg and to 0.04R In(2S + 1) for

Ca,GdShO.

I COMPARISON TO TOP PERFORMING Gd**
MAGNETOCALORIC MATERIALS

The magnetic entropy change AS,, attained by the A,GdShOg
compounds at 2 K and a field of 7 T is compared to those of
other top-performing Gd-based magnetocaloric materials in
Figure 7. When comparing the entropy change per mole of Gd,
the fcc A,GdSbOg compounds outperform the top dense oxide
magnetocaloric, GAPO,, exhibiting an entropy change of 0.92
+ 0.1RIn(2S + 1), only 0.02RIn(2S + 1) below Gd-
(HCOO),.** It should be noted that this order of performance
would inevitably change when comparing AS,, per unit volume
or per unit mass; however, evaluating AS,, per mole of Gd
highlights the role of superexchange in the magnetocaloric
e ect. For example, the other top performers Gd(HCOO),
and GdPO, have been reported to behave like paramagnets
down to 2 K with minimal antiferromagnetic correlations and
GdF; similarly with minimal ferromagnetic correlations (Table
3). Along with the mean-field and free-spin analysis in the
preceding sections, these results suggest that minimal coupling
between spins plays an important role in maximizing the
magnetocaloric e ect.
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Figure 7. Magnetic entropy change AS,, of A,LnSbO¢ (A = {Ba, Sr,
Ca}) in J/K/molgy compared to top performing magnetocaloric
materials from H,,, = 7 T to zero field at 2 K, scaled by R In(2S +
1).>7°27731 Dense lanthanide oxides are shown in orange, formate-
based magnetocalorics in turquoise, ligand-based compounds in
brown, and fcc lanthanide oxides in blue, green, and red. Note that the
Gd,TiZnOg value represented is at 2.1 K, as it occurs below the
ordering transition. Error bars for AS,, of A,GdSbOg were estimated
using propagation of errors for a mass uncertainty of +0.1 mg.
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Table 3 lists the nn exchange constant J; and dipolar
interaction D in each of the materials estimated from the
reported Curie—Weiss temperature © and crystal structure.

The top performing materials, Gd(HCOO),, and GdF; all
have a D/J; ratio on the order of 1—1.5, indicating that a small
dipolar interaction may also improve magnetocaloric perform-
ance. Notably, J; for the fcc A,GdSbOg is around 15 mK or
less, approximately 0.1—0.5 of the estimated nn exchange in
the other materials shown and comparable to common
paramagnetic salts, including FAA, CAS, and CPS.***° Aside
from Gd;Gas0;,, Sr,GdShOg and Ba,GdShOg have the largest
Debye temperatures, indicating the smallest lattice heat
capacities, an ideal property in magnetocaloric applications.>~>

The A,GdSbOg (A={Ba,Sr,Ca}) materials investigated in
this work provide evidence that minimal superexchange is
important in enhancing the magnetocaloric e ect in lanthanide
oxides. Furthermore, the frustrated fcc geometry of A = {Ba,
Sr} and antiferromagnetic superexchange enable enhanced
cooling to at least 400 mK in contrast to some nonfrustrated
candidates such as GdF; and Gd(HCOO),, which are limited
to their ordering temperatures of 1.25 and 0.8 K, respectively.
Although Gd(HCOO); may exhibit a better magnetocaloric
e ect per unit volume or mass, the fcc double perovskite
structure is more chemically tunable and thus allows for the
temperature and magnitude of AS,, to be tuned. For example,
one useful future study would be to investigate partial
substitution of Sh>* on the B sites or A site substitution. For
Gd;Gag0,,, replacement of a single Ga®** ion with Cr®
improved the entropy change by over 10%.%

The role of the M°" B site ion in the superexchange is
highlighted by the recent report of the magnetocaloric e ect in
Sr,GdNbOg. Sr,GANbOg shows di ering fundamental mag-
netic properties (i.e., ferromagnetic interactions), resembling
d° versus d' distinctions observed in transition metal
oxides.**** This material exhibits a maximum magnetocaloric
e ect near its ordering temperature (3 K) for H =7 T,
—15.5 J/K/mol®*" comparable to the performance of
Sr,GdShOg at 2 K reported in this work.

Our results indicate that changes in the magnetic lattice,
such as site disorder in A = Ca, do not substantially alter the
magnetocaloric e ect for the A,GdShOg series at T = 2 K.
However, disorder does play a role in the magnetic ordering of
the compounds, with A = Ca exhibiting a transition at 0.52 K
and A = {Ba, Sr} remaining disordered down to 0.4 K. Future
low-temperature heat capacity in applied field, -SR, and/or
low-temperature neutron di raction using isotopically enriched
samples will be important in understanding how disorder
a ects the low temperature magnetic behavior. Disorder has
recently been shown to play a role in the magnetocaloric e ect
observed in AGdS, A = {Li, Na}, with a significant
enhancement of the magnetocaloric e ect observed in ordered
NaGdS, compared to cation disordered LiGdS, This is
rationalized by di erences in the exchange interaction and the
onset of ordering at higher temperatures in LiGdS,. At high
temperatures, T > 2 K, a similar e ect is not observed in the
A,GdSbOg double perovskites but may result in significant
di erences in the magnetocaloric e ect closer to the ordering
temperature in Ca,GdSbhOg.**

The fcc materials presented here, Ba,GdSbOg and
Sr,GdShOg, are likely able to cool below the industry standard,
Gd;Gas04, (which has a lower cooling limit of 0.8K, due to
spin—spin correlations*®), into the temperature regime of
paramagnetic salts ( 100 mK or less*®) based on their
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minimal superexchange. This presents a possible significant
advancement as the frustrating lattice should have a better per
unit volume magnetic entropy change than a Gd*'-based
paramagnetic salt.

I CONCLUSION

We synthesized three frustrated lanthanide oxides A,GdShbOg
(A = {Ba, Sr, Ca}) and characterized their structural and
magnetic properties through X-ray powder di raction and bulk
magnetic measurements. The frustrated fcc lattice and small (J;

10 mK) antiferromagnetic superexchange of Ba,GdSbhOg
and Sr,GdShOg prevents magnetic ordering down to 0.4 K. In
contrast, Ca,GdShOg is found to be site-disordered, with all
Gd* ions lying on the A sites and an antiferromagnetic
ordering transition at 0.52 K.

Intriguingly, all three materials make promising magneto-
caloric candidates in the liquid He regime (2—20 K), achieving
up to 92(1)% of the ideal magnetic entropy change R In(2S +
1) in an applied field of up to 7 T. The comparable, high
magnetocaloric performance (AS,, = 0.88(2)R In(2S + 1)) of
the site-disordered compound Ca,GdShOg suggests that the
magnetocaloric e ect is governed by primarily free-spin
behavior at these temperatures. We demonstrate that the
measured magnetocaloric e ect of the frustrated Ba,GdShOg
and Sr,GdSbOg can be predicted to within experimental
uncertainty using a mean-field model with a fit nn super-
exchange constant, J;. These results suggest that future top-
performing Gd-based magnetocaloric materials should search
for a balance between minimal superexchange between
magnetic ions and frustration to suppress the magnetic
ordering temperature. The tunability of the double perovskites
via chemical substitution makes the fcc lanthanide oxides a
promising set of materials for magnetic refrigeration.

I ASSOCIATED CONTENT

< Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00261.

Additional magnetic characterization, free Heisenberg
spin model, and M(H) mean field exchange model
(PDF)

I AUTHOR INFORMATION

Corresponding Author
Sian E. Dutton— Department of Physics, University of
Cambridge, Cambridge CB3 OHE, United Kingdom;
orcid.org/0000-0003-0984-5504; Email: sed33@
cam.ac.uk

Authors

EliseAnne C. Kosketo Department of Physics, University of
Cambridge, Cambridge CB3 OHE, United Kingdom; Present
Address: (E.C.K.) Department of Physics, Harvard
University, Cambridge, Massachusetts 02138, United
States; @ orcid.org/0000-0002-0440-565X

Cheng Liu— Department of Physics, University of Cambridge,
Cambridge CB3 OHE, United Kingdom; @ orcid.org/0000-
0002-3509-951X

Paromita Mukherjee Department of Physics, University of
Cambridge, Cambridge CB3 OHE, United Kingdom:;

orcid.org/0000-0001-5121-6280

https://doi.org/10.1021/acs.chemmater.2c00261
Chem. Mater. 2022, 34, 3440—3450


https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00261?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00261/suppl_file/cm2c00261_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sia%CC%82n+E.+Dutton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0984-5504
https://orcid.org/0000-0003-0984-5504
mailto:sed33@cam.ac.uk
mailto:sed33@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="EliseAnne+C.+Koskelo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0440-565X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3509-951X
https://orcid.org/0000-0002-3509-951X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paromita+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5121-6280
https://orcid.org/0000-0001-5121-6280
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+D.+Kelly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Nicola D. Kelly— Department of Physics, University of
Cambridge, Cambridge CB3 OHE, United Kingdom;
orcid.org/0000-0003-2861-1623

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.2c00261

Notes
The authors declare no competing financial interest.

I ACKNOWLEDGMENTS

This work was supported through the EP/T028580/1 EPSRC
grant and the Winton Programme for the Physics of
Sustainability. The work of E.C.K. was supported by a
Churchill Scholarship from the Winston Churchill Foundation
of the United States. N.D.K. gratefully acknowledges the
EPSRC for the provision of a Ph.D. Studentship (EP/
R513180/1). Magnetic measurements at Cambridge were
made on the EPSRC Advanced Characterization Suite EP/
M0005/24/1. We acknowledge Diamond Light Source for
time on 111 under BAG proposal CY28349 and Dr. Sarah Day
for collecting the data. The authors thank Dr. Jiasheng Chen
for his assistance in the low temperature 3-He heat capacity
measurements and Dr. Joshua Bocarsly for useful discussions
regarding crystal refinements of the 111 data from the
Diamond Light Source.

I REFERENCES

(1) Moya, X.; Mathur, N. D. Caloric materials for cooling and
heating. Science 2020, 370, 797—803.

(2) Pecharsky, V. K.; Gschneidner, K. A. Magnetocaloric effect from
indirect measurements: Magnetization and heat capacity. J. Appl. Phys.
1999, 86, 565—575.

(3) Lorusso, G.; Sharples, J.; Palacios, E.; Roubeau, O.; Brechin, E.;
Sessoli, R.; Rossin, A.; Tuna, F.; Mclnnes, E.; Collison, D
Evangelisti, M. A Dense Metal—Organic Framework for Enhanced
Magnetic Refrigeration. Adv. Mater. 2013, 25, 4653—4656.

(4) Palacios, E.; Rodriguez-Velamazan, J. A.; Evangelisti, M.;
Mclntyre, G. J.; Lorusso, G.; Visser, D.; de Jongh, L. J.; Boatner, L.
A. Magnetic structure and magnetocalorics of GdPO,. Phys. Rev. B
2014, 90, 214423.

(5) Chen, Y.-C.; Prokleska, J.; Xu, W.-J.; Liu, J-L.; Liu, J.; Zhang,
W.-X.; Jia, J.-H.; Sechovsky, V.; Tong, M.-L. A brilliant cryogenic
magnetic coolant: magnetic and magnetocaloric study of ferromag-
netically coupled GdF;. Journal of Materials Chemistry C 2015, 3,
12206—12211.

(6) Reis, M. S. Magnetocaloric and barocaloric effects of metal
complexes for solid state cooling: Review, trends and perspectives.
Coord. Chem. Rev. 2020, 417, 213357.

(7) Zhitomirsky, M. E. Enhanced magnetocaloric effect in frustrated
magnets. Phys. Rev. B 2003, 67, 104421.

(8) Sosin, S. S.; Prozorova, L. A.; Smirnov, A. I; Golov, A. |;
Berkutov, I. B.; Petrenko, O. A.; Balakrishnan, G.; Zhitomirsky, M. E.
Magnetocaloric effect in pyrochlore antiferromagnet Gd,Ti,O,. Phys.
Rev. B 2005, 71, 094413.

(9) Paddison, J. A. M.; Jacobsen, H.; Petrenko, O. A.; Fernandez-
Diaz, M. T.; Deen, P. P.; Goodwin, A. L. Hidden order in spin-liquid
Gd;Gas0y,. Science 2015, 350, 179—181.

(10) Karunadasa, H.; Huang, Q.; Ueland, B. G.; Schiffer, P.; Cava, R.
J. Ba,LnShQg and Sr,LnSbOg (Ln = Dy, Ho, Gd) double perovskites:
Lanthanides in the geometrically frustrating fcc lattice. Proc. Natl.
Acad. Sci. U. S. A. 2003, 100, 8097—8102.

(11) Hinatsu, Y.; Ebisawa, H.; Doi, Y. Magnetic properties of
orthorhombic fluorite-related oxides Ln;SbO; (Ln = rare earths). J.
Solid State Chem. 2009, 182, 1694—1699.

3449

(12) McCusker, L. B.; Von Dreele, R. B.; Cox, D. E.; Louér, D;
Scardi, P. Rietveld refinement guidelines. J. Appl. Crystallogr. 1999, 32,
36—50.

(13) Coelho, A. TOPAS and TOPAS-Academic: an optimization
program integrating computer algebra and crystallographic objects
written in C++. J. Appl. Crystallogr. 2018, 51, 210—218.

(14) Thompson, P.; Cox, D. E.; Hastings, J. B. Rietveld refinement
of Debye—Scherrer synchrotron X-ray data from Al,Os. J. Appl.
Crystallogr. 1987, 20, 79—83.

(15) Wong-Ng, W.; Kaduk, J. A.; Luong, M.; Huang, Q. X-ray
diffraction study and powder patterns of double-perovskites Sr,RSbOg
(R=Pr, Nd, Sm, Eu, Gd, Dy, Ho, Y, Er, Tm, Yb, and Lu). Powder
Diffraction 2014, 29, 371-378.

(16) Balzar, D.; Audebrand, N.; Daymond, M. R.; Fitch, A.; Hewat,
A Langford, J. I.; Le Bail, A.; Louér, D.; Masson, O.; McCowan, C.
N.; Popa, N. C.; Stephens, P. W.; Toby, B. H. Size—strain line-
broadening analysis of the ceria round-robin sample. J. Appl.
Crystallogr. 2004, 37, 911—-924.

(17) Smith, D.; Fickett, F. Low-Temperature Properties of Silver.
Journal of Research of the National Institute of Standards and Technology
1995, 100, 119.

(18) Faik, A.; Urcelay, I.; lturbe-Zabalo, E.; lIgartua, J. Cationic
ordering and role of the A-site cation on the structure of the new
double perovskites Cay;_)SIRSHOg (R = La,Sm) and (x =0,0.5,1). J.
Mol. Struct. 2010, 977, 137—144.

(19) Han, Y.; Wang, S.; Liu, H.; Shi, L.; Liu, C.; Shi, X;; Yang, S;
Tang, M.; Zhao, L.; Zhang, Z.; Zhao, Y. Far red-emitting double
perovskite phosphors Caz(l_x)SrZXGdSbOG:Mn“: Luminescence im-
provement based on composition modulation. Ceram. Int. 2020, 46,
11379—-11389.

(20) King, G.; Woodward, P. Cation ordering in perovskites. J.
Mater. Chem. 2010, 20, 5785.

(21) Goldschmidt, V. M. Die Gesetze der Krystallochemie.
Naturwissenschaften 1926, 14, 477—485.

(22) Vasala, S.; Karppinen, M. A,B B Og perovskites: A review. Prog.
Solid State Chem. 2015, 43, 1-36.

(23) Bartel, C.; Sutton, C.; Goldsmith, B.; Ouyang, R.; Musgrave,
C.; Ghiringhelli, L.; Scheffler, M. New tolerance factor to predict the
stability of perovskite oxides and halides. Science Advances 2019, 5,
eaav0693.

(24) Melot, B.; Drewes, J.; Seshadri, R.; Stoudenmire, E.; Ramirez,
A. Magnetic phase evolution in the spinel compounds
Zn;_,Co,Cr,0,. J. Phys.: Condens. Matter 2009, 21, 216007.

(25) Dutton, S. E.; Huang, Q.; Tchernyshyov, O.; Broholm, C. L,;
Cava, R. J. Sensitivity of the magnetic properties of the ZnCr,O, and
MgCr,0O, spinels to nonstoichiometry. Phys. Rev. B 2011, 83, 064407.

(26) Wellm, C.; Zeisner, J.; Alfonsov, A.; Sturza, M.-1.; Bastien, G.;
GaB, S.; Wurmehl, S.; Wolter, A. U. B.; Buchner, B.; Kataev, V.
Magnetic interactions in the tripod kagome antiferromagnet
Mg,Gd3Sh;0,, probed by static magnetometry and high-field ESR
spectroscopy. Phys. Rev. B 2020, 102, 214414,

(27) Yang, Z.; Ge, J.; Ruan, S.; Cui, H.; Zeng, Y. Cryogenic
magnetocaloric effect in distorted double-perovskite Gd,ZnTiOg,
Journal of Materials Chemistry C 2021, 9, 6754—6759.

(28) Xu, L.-Y.; Zhao, J.-P.; Liu, T.; Liu, F.-C. Gadolinium Sulfate
Modified by Formate To Obtain Optimized Magneto-Caloric Effect.
Inorg. Chem. 2015, 54, 5249—5256.

(29) Ashtar, M.; Bai, Y.; Xu, L.; Wan, Z.; Wei, Z.; Liu, Y.; Marwat,
M.; Tian, Z. Structure and Magnetic Properties of Melilite-Type
Compounds RE,Be,GeO; (RE = Pr, Nd, Gd—Yb) with Rare-Earth
lons on Shastry—Sutherland Lattice. Inorg. Chem. 2021, 60, 3626—
3634.

(30) Chogondahalli Muniraju, N.; Baral, R.; Tian, Y.; Li, R.; Poudel,
N.; Gofryk, K.; Barisic, N.; Kiefer, B.; Ross, J.; Nair, H. Magneto-
caloric Effect in a Frustrated Gd-Garnet with No Long-Range
Magnetic Order. Inorg. Chem. 2020, 59, 15144—15153.

(31) Xu, P.;; Ma, Z.; Wang, P.; Wang, H.; Li, L. Excellent cryogenic
magnetocaloric performances in ferromagnetic Sr,GdNbOg double
perovskite compound. Materials Today Physics 2021, 20, 100470.

https://doi.org/10.1021/acs.chemmater.2c00261
Chem. Mater. 2022, 34, 3440—3450


https://orcid.org/0000-0003-2861-1623
https://orcid.org/0000-0003-2861-1623
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00261?ref=pdf
https://doi.org/10.1126/science.abb0973
https://doi.org/10.1126/science.abb0973
https://doi.org/10.1063/1.370767
https://doi.org/10.1063/1.370767
https://doi.org/10.1002/adma.201301997
https://doi.org/10.1002/adma.201301997
https://doi.org/10.1103/PhysRevB.90.214423
https://doi.org/10.1039/C5TC02352A
https://doi.org/10.1039/C5TC02352A
https://doi.org/10.1039/C5TC02352A
https://doi.org/10.1016/j.ccr.2020.213357
https://doi.org/10.1016/j.ccr.2020.213357
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.71.094413
https://doi.org/10.1126/science.aaa5326
https://doi.org/10.1126/science.aaa5326
https://doi.org/10.1073/pnas.0832394100
https://doi.org/10.1073/pnas.0832394100
https://doi.org/10.1016/j.jssc.2009.04.015
https://doi.org/10.1016/j.jssc.2009.04.015
https://doi.org/10.1107/S0021889898009856
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S0021889887087090
https://doi.org/10.1107/S0021889887087090
https://doi.org/10.1017/S0885715614000566
https://doi.org/10.1017/S0885715614000566
https://doi.org/10.1017/S0885715614000566
https://doi.org/10.1107/S0021889804022551
https://doi.org/10.1107/S0021889804022551
https://doi.org/10.6028/jres.100.012
https://doi.org/10.1016/j.molstruc.2010.05.024
https://doi.org/10.1016/j.molstruc.2010.05.024
https://doi.org/10.1016/j.molstruc.2010.05.024
https://doi.org/10.1016/j.ceramint.2020.01.168
https://doi.org/10.1016/j.ceramint.2020.01.168
https://doi.org/10.1016/j.ceramint.2020.01.168
https://doi.org/10.1039/b926757c
https://doi.org/10.1007/BF01507527
https://doi.org/10.1016/j.progsolidstchem.2014.08.001
https://doi.org/10.1126/sciadv.aav0693
https://doi.org/10.1126/sciadv.aav0693
https://doi.org/10.1088/0953-8984/21/21/216007
https://doi.org/10.1088/0953-8984/21/21/216007
https://doi.org/10.1103/PhysRevB.83.064407
https://doi.org/10.1103/PhysRevB.83.064407
https://doi.org/10.1103/PhysRevB.102.214414
https://doi.org/10.1103/PhysRevB.102.214414
https://doi.org/10.1103/PhysRevB.102.214414
https://doi.org/10.1039/D1TC01789F
https://doi.org/10.1039/D1TC01789F
https://doi.org/10.1021/acs.inorgchem.5b00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mtphys.2021.100470
https://doi.org/10.1016/j.mtphys.2021.100470
https://doi.org/10.1016/j.mtphys.2021.100470
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(32) Paddison, J.; Ehlers, G.; Petrenko, O.; Wildes, A.; Gardner, J,;
Stewart, J. R. Spin correlations in the dipolar pyrochlore
antiferromagnet Gd,Sn,0O;. J. Phys.: Condens. Matter 2017, 29,
144001.

(33) Petrenko, O. A.; Paul, D. M. Classical Heisenberg
antiferromagnet on a garnet lattice: A Monte Carlo simulation.
Phys. Rev. B 2000, 63, 024409.

(34) Dai, W.; Gmelin, E.; Kremer, R. Magnetothermal properties of
sintered Gd;GasO,,. J. Phys. D: Appl. Phys. 1988, 21, 628—635.

(35) Cooke, A. H. The Establishment of the Absolute Scale of
Temperature below 1 k. Proceedings of the Physical Society. Section A
1949, 62, 269—-278.

(36) Vilches, O. E.; Wheatley, J. C. Measurements of the Specific
Heats of Three Magnetic Salts at Low Temperatures. Phys. Rev. 1966,
148, 509—-516.

(37) Kapadnis, D. Heat capacities of three paramagnetic alums at
low temperatures. Physica 1956, 22, 159—171.

(38) Benzie, R. J.; Cooke, A. H.; Whitley, S. Interaction effects in
some paramagnetic salts. Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences 1955, 232, 277—289.

(39) Cooke, A. H.; Meyer, H.; Wolf, W. P. A new method of
correlating the magnetic temperature scales of paramagnetic salts
below 1° K. Proceedings of the Royal Society of London. Series A.
Mathematical and Physical Sciences 1956, 233, 536—555.

(40) Schiffer, P.; Ramirez, A. P.; Huse, D. A.; Valentino, A. J.
Investigation of the Field Induced Antiferromagnetic Phase Transition
in the Frustrated Magnet: Gadolinium Gallium Garnet. Phys. Rev. Lett.
1994, 73, 2500—2503.

(41) Quilliam, J. A.;; Meng, S.; Craig, H. A.; Corruccini, L. R,;
Balakrishnan, G.; Petrenko, O. A.; Gomez, A.; Kycia, S. W.; Gingras,
M. J. P.; Kycia, J. B. Juxtaposition of spin freezing and long range
order in a series of geometrically frustrated antiferromagnetic
gadolinium garnets. Phys. Rev. B 2013, 87, 174421.

(42) Mustonen, O.; Vasala, S.; Sadrollahi, E.; Schmidt, K. P.; Baines,
C.; Walker, H. C.; Terasaki, I.; Litterst, F. J.; Baggio-Saitovitch, E.;
Karppinen, M. Spin-liquid-like state in a spin-1/2 square-lattice
antiferromagnet perovskite induced by d**—d° cation mixing. Nat.
Commun. 2018, 9, 1085.

(43) Mustonen, O. H. J.; Pughe, C. E.; Walker, H. C.; Mutch, H. M.;
Stenning, G. B. G.; Coomer, F. C.; Cussen, E. J. Diamagnetic d-
Orbitals Drive Magnetic Structure Selection in the Double Perovskite
Ba,MnTeOg. Chem. Mater. 2020, 32, 7070—7079.

(44) Delacotte, C.; Pomelova, T. A.; Stephant, T.; Guizouarn, T.;
Cordier, S.; Naumov, N. G.; Lemoine, P. NaGdS,: A Promising
Sulfide for Cryogenic Magnetic Cooling. Chem. Mater. 2022, 34,
1829-1837. ]

(45) Brasiliano, D. A. P. Etude et realisation d’une ADR spatiale 4 K -
50 mK. Instrumentation et methodes pour I'astrophysique. Ph.D. Thesis,
Universite Grenoble Alpes, 2017.

(46) Wikus, P.; Canavan, E.; Heine, S. T., Matsumoto, K;
Numazawa, T. Magnetocaloric materials and the optimization of
cooling power density. Cryogenics 2014, 62, 150—162.

3450

https://doi.org/10.1021/acs.chemmater.2c00261
Chem. Mater. 2022, 34, 3440—3450


https://doi.org/10.1088/1361-648X/aa5d2e
https://doi.org/10.1088/1361-648X/aa5d2e
https://doi.org/10.1103/PhysRevB.63.024409
https://doi.org/10.1103/PhysRevB.63.024409
https://doi.org/10.1088/0022-3727/21/4/014
https://doi.org/10.1088/0022-3727/21/4/014
https://doi.org/10.1088/0370-1298/62/5/301
https://doi.org/10.1088/0370-1298/62/5/301
https://doi.org/10.1103/PhysRev.148.509
https://doi.org/10.1103/PhysRev.148.509
https://doi.org/10.1016/S0031-8914(56)80021-9
https://doi.org/10.1016/S0031-8914(56)80021-9
https://doi.org/10.1098/rspa.1955.0218
https://doi.org/10.1098/rspa.1955.0218
https://doi.org/10.1098/rspa.1956.0009
https://doi.org/10.1098/rspa.1956.0009
https://doi.org/10.1098/rspa.1956.0009
https://doi.org/10.1103/PhysRevLett.73.2500
https://doi.org/10.1103/PhysRevLett.73.2500
https://doi.org/10.1103/PhysRevB.87.174421
https://doi.org/10.1103/PhysRevB.87.174421
https://doi.org/10.1103/PhysRevB.87.174421
https://doi.org/10.1038/s41467-018-03435-1
https://doi.org/10.1038/s41467-018-03435-1
https://doi.org/10.1021/acs.chemmater.0c02971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c02971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c02971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cryogenics.2014.04.005
https://doi.org/10.1016/j.cryogenics.2014.04.005
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

