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As materials with suppressed ordering temperatures and enhanced ground-state entropies, frustrated
magnetic oxides are ideal candidates for cryogenic magnetocaloric refrigeration. While previous material
design focused on tuning the magnetic moments, their interactions, and the density of moments on the
lattice, relatively little attention has been paid to frustrated lattices. Prior theoretical work has shown that
the magnetocaloric cooling rate at the saturation field is proportional to a macroscopic number of soft mode
excitations that arise due to the classical ground-state degeneracy. The number of these modes is directly
determined by the geometry of the frustrated lattice. For corner-sharing geometries, the pyrochlore lattice
has 50% more modes than the garnet and kagome lattices, whereas the edge-sharing fcc lattice has only a
subextensive number of soft modes. Here we study the role of soft modes in the magnetocaloric effect of
four large-spin G&** (L = 0,J = § = 7/2) Heisenberg antiferromagnets on a kagome, garnet, pyrochlore,
and fec lattice down to 7 = 2 K. By comparing measurements of the magnetic entropy change AS,, of
these materials at fields up to 9 T with predictions obtained with use of mean-field theory and Monte Carlo
simulations, we are able to understand the relative importance of spin correlations and quantization effects.
We observe that tuning the value of the nearest-neighbor coupling has a more significant contribution to
the magnetocaloric entropy change in the liquid-He cooling regime (2—20 K) than tuning the number
of soft mode excitations. Our results provide a base for future refrigerant-material design in terms of

dimensionality, degree of magnetic frustration, and lattice geometry.

DOI: 10.1103/PRXEnergy.2.033005

L. INTRODUCTION

The ever-increasing need for refrigeration in mod-
ern technologies, as well as the scarcity of helium, has
motivated the search for sustainable cooling alternatives
[1]. One such alternative cooling technique is adiabatic
demagnetization refrigeration (ADR) based on the mag-
netocaloric effect. Historically, ADR was the first cool-
ing method able to reach temperatures below 1 K [2].
Today, ADR coolers are widely used on satellites under
microgravity conditions to increase the sensitivity of
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telescope detectors. ADR technology is also attractive for
laboratory applications since it enables fast low-temperature
characterization of quantum materials and nanodevices.
The expanding niche for low-temperature ADR applica-
tions requires a systematic study of the magnetocaloric
effect across a wide range of magnetic materials with the
aim of optimizing performance and finding the most suit-
able refrigerant for a given range of temperatures and
fields.

Common early adiabatic demagnetization refrigerants
were based on dilute paramagnetic salts such as cerous
magnesium nitrate (CMN) and ferric ammonium (FAA)
[3]. Research interests shifted later from dilute paramag-
netic salts and superparamagnets to dense magnetic lattice
magnets, when it was shown that frustration can enable
an enhanced magnetocaloric effect via (i) a suppressed
ordering temperature at the same magnetic density and
(i1) a large ground-state entropy [4]. Gd3;GasO1,, perhaps
the most-well-known frustrated magnetocaloric material,
exhibits a magnetic entropy difference of 13.0 JK~! mol(*}cll
in a field change from 7 T to zero field at 2 K, with
cooling capabilities down to approximately 0.8 K [5,6].

Published by the American Physical Society
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Other notable Gd*™ examples include the inorganic
frameworks GdF; (15.3 JK~! molacll) and Gd(OH)F,
(16.3 JK! molacll), the dense metal-organic framework
Gd(HCOO); (16.3 JK™! mola(li), and the frustrated mon-
azite antiferromagnet GdPO4 (15.6 JK~! mol(_}é), all again
in a field change from 7 T to zero field at 2 K [5,7-9].

In the case of Heisenberg Gd*", current magnetocaloric
research for cooling in the liquid-He regime has focused
on minimizing anisotropy of magnetic ions and their
superexchange interactions to maximize spin polarizabil-
ity [5,8,10]. However, using the subtle effects of magnetic
frustration to enhance the magnetocaloric effect and to
suppress the magnetic ordering temperature remains a rel-
atively unexplored area of research [11,12]. In a system
with strong magnetic frustration, the geometry of the mag-
netic lattice leads to a degeneracy in the magnetic ground
state and a significant suppression of the magnetic ordering
temperature. In frustrated magnetic oxides, the main tuning
parameters are the magnetic ions and the atomic lattice. In
this way, the superexchange and dipolar interactions and
the crystal electric field environment of individual ions are
manipulated.

In the case where dipolar and crystal electric field con-
tributions are negligible, prior theoretical work has shown
that the lattice geometry can dictate an enhancement of the
magnetocaloric cooling rate, (07/0H)s,, o< —(3S,,/0H)r,
that scales with the macroscopic number of soft modes Ny
at the saturation field [4]. The soft modes are ultimately a
result of the macroscopic ground-state entropy that frus-
tration introduces. These modes have been modeled for
the three corner-sharing geometries shown in Fig. 1: the
pyrochlore lattice, with the number of pyrochlore modes
scaling as N, and the garnet and kagome lattices, with
2N /3 soft modes, where N is the number of lattice sites
[4]. Figure 1 also shows an edge-sharing geometry: the fcc
lattice, for which the number of soft modes has not been
reported.

In this work, we seek to test experimentally the role
of these fundamental soft modes in the measured mag-
netocaloric effect in four representative frustrated oxide
materials in the liquid-He regime (2—20 K). Of particular
interest is answering the question of the optimal frustrating
geometry to inform future magnetocaloric material design.
Four Gd>*-based oxides were chosen as model systems
since the contribution of crystal electric field effects to the
magnetism are negligible (L = 0 and hence J = S = 7/2
and g; = g = 2). The four compounds investigated are
Gd3Mg,Sb30y4, in which the Gd*" ions lie on kagome
layers separated by triangular layers of nonmagnetic Mg>*+
ions [13]; Gd3GasO1», in which Gd** ions lie on two inter-
penetrating rings of triangles [14]; Gd,;Sn, 05, in which
the Gd®>" ions form a pyrochlore lattice (corner-sharing
tetrahedra); and Ba,GdSbOg, an fcc lattice of Gd** ions
(edge-sharing tetrahedra).

kagome
Gd3Mg2Sb3014

garnet
Gd3Ga5012

pyrochlore

GdoSny07 BapoGdSbOg

FIG. 1. Frustrated lattice geometries in two dimensions
(kagome) and three dimensions (garnet, pyrochlore, and fcc).

We find that, upon normalization for the differences in
superexchange across the materials, the normalized mag-
netic entropy change +/J;AS,, in this temperature range
qualitatively scales with the number of soft modes for
the 3D lattices as predicted in Ref. [4]. However, we
find that the fcc lattice exhibits a 30%—95% greater mag-
netic entropy change AS,, than the corner-sharing lattices,
which can be attributed to its paramagnetic response [15].
We compare the experimental results with Monte Carlo
simulations of classical Heisenberg spins as well as with
mean-field superexchange calculations in the paramagnetic
regime that account for the quantized nature of the spins.
These allow us to show that, in the temperature and field
regimes of interest in this study, the effect of correlations is
dominant over quantization in corner-sharing compounds,
whereas the opposite is true for the fcc case. The fact
that the magnetocaloric cooling rate of the corner-sharing
geometries cannot be fully described by a mean-field
superexchange model in the paramagnetic regime is con-
sistent with a significant contribution of soft modes to the
total magnetic entropy change measured.

For the compounds studied, we find that the param-
agnetic contribution to the magnetic entropy outweighs
that of geometric frustration. In particular, the threefold
reduction in the superexchange J; of the garnet com-
pound (J; ~ 300 mK [15]) results in a 50% increase in
the magnetic entropy change extracted in comparison with
the pyrochlore lattice. Our results allow us to demon-
strate that combining a frustrated magnetic lattice and
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a small exchange interaction results in an enhancement
of the magnetocaloric effect for Heisenberg spins in the
liquid-He regime. The future of magnetocaloric material
design should make use of both these factors, allowing
the possibility of significantly enhanced cooling at lower
temperatures, where soft modes become the dominant
contribution.

I1. SOFT MODE MODEL: VALIDITY IN THE
LIQUID-He REGIME

In prior work [4], one of us predicted a strongly
enhanced magnetocaloric effect for geometrically frus-
trated magnets with high classical degeneracy in the
ground state. The work also included classical Monte
Carlo simulations, which are generally valid for large-S
magnetic materials, for Heisenberg antiferromagnets with
three typical frustrated geometries based on corner-sharing
plaquettes: the 2D kagome lattice (a network of corner-
sharing triangles), the garnet lattice (its 3D analogue), and
the pyrochlore lattice (a network of corner-sharing tetra-
hedra); see Fig. 1. Here we revisit these geometries and
compare them with an fcc lattice.

The spin Hamiltonian consists of a nearest-neighbor
(NN) superexchange term, assumed to be uniform across
all NN pairs, and a Zeeman term:

H=n) 8 8 -H-) S, (1)
(i) i

where J; is the NN superexchange and a factor gup has
been absorbed into the definition of the field H for conve-
nience. Dipolar interactions are also present in the system,
but we disregard them in our simulations. Considering the
system parameters reported Table I, we expect this to be
a reasonable approximation for the three corner-sharing
lattices. In the fcc system, superexchange and dipolar inter-
actions at nearest-neighbor distance are of similar strength;
however, they are small compared to temperatures in the
range of interest in our study, and therefore truncating them
to nearest-neighbor distance is a valid approximation.

In the low-temperature cooperative paramagnetic state,
a condensation of a macroscopic number N4 of soft modes
[16] at the saturation field H, is predicted to occur, due to
the enhanced ground-state entropy afforded by the under-
constraint of frustration [4]. In contrast, ordered nonfrus-
trated antiferromagnets exhibit a canted phase for fields
in the range 0 < H < Hgyy, and at H = Hg, the magnon
gap closes only at a single point £ = Q in momentum
space, which becomes an ordering wave vector for the
canted antiferromagnetic state for H < Hg,y. Soft modes
have been measured experimentally in Gd;GasO,, and
correspond to spin waves localized to ten site loops [17].
An example of the predicted magnon dispersion for the
kagome lattice at Hgy is shown in Fig. 2, while disper-
sions for the pyrochlore and fcc lattices can be found

(b)

—_—
Tl

FIG. 2. (a) Predicted magnon dispersion of Heisenberg spins
on the kagome lattice at Hg,y = 6J1S [4]. The dispersionless soft
modes are indicated by the flat brown surface at zero energy.
(b) A possible spin arrangement in a kagome soft mode in
which spins around a single hexagonal plaquette (red or blue)
alternatively cant in directions perpendicular to the applied field.

in Refs. [4] and [18], respectively. The saturation field
Hg,, defined as the threshold beyond which the energy
becomes dominated by the Zeeman term, has been pre-
dicted [4] to be 6J,S for the kagome and garnet lattices
and 8/,S for the pyrochlore lattice; see Table 1. Using the
same frustrated block decomposition [19], we obtain here
Hg, = 16JS for the nearest-neighbor fcc antiferromagnet
(see Appendix A).

The magnetocaloric rate, (9S,,/0H)r, at the saturation
field is predicted to follow the scaling relation

(as "’) - wHm—m 2)
— ——— atH = Hg.
0H )7y, IT o

TABLE 1. Predicted number of soft modes N4 for a lat-
tice with N sites of Heisenberg spins and predicted saturation
field Hgaheory [4] versus measured saturation field Hggops for
Gd3G3,5012, Gd3MgZSb3O14, GdZSn207, and BazGdSbO(,. The
observed saturation field, Hgyobs, Was determined as the field at
which the measured temperature gradient of the magnetization
(0M /aT)y is maximized at 7T = 2 K. We estimate the expected
scaling for the number of soft modes for fcc Ba,GdSbOg on the
basis of the magnon spectrum at Hg, derived in Ref. [18]. Error
bars listed for the measured saturation field are based on the 0.2-T
step size for the M (H) measurements.

Compound Lattice Ny Hgattheory  Hiat,obs
(T) (T)
Gd>Sn, 07 Pyrochlore N =63 58(2)
Gd;Mg,Sb;O14  Kagome %N % =47 4.6(2)
Gd;GasOp, Garnet IN /Lf =17 2.0Q)
Ba,GdSbOg fee ~ N3 ‘;Z—I; =0.5 1.4Q)"

2As we discuss in the main text, the temperature at which the
measurement is made may be too high for the value of Hgyy s to
be accurate in the fcc Ba, GdSbOgq case.
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tocaloric materials. The superexchange constant J; was determined from Curie-Weiss fits of the measured zero field cooled (ZFC)
(1000 Oe) magnetic susceptibility x from 8 to 50 K. Comparisons with the values reported in the literature for each compound are
also provided. J; , and D, refer to the NN superexchange and dipolar term reported for the pyrochlore Gd,Sn,O7 [26,30]. The lowest
temperature of validity of the classical soft mode theory discussed in the main text is 7% ~ J; S.

Estimated NN superexchange J; =

and dipolar interaction D =

for select Gd-based frustrated magne-

Kagome Pyrochlore Garnet fce
Gd3Mg2Sb3014 Gd28n207 Gd3Ga5012 BazGdSbOG
z=4) (z=06) (z=4) (z=12)
Refs. [24,25] x ! fit Refs. [26,30] ¥ fit Refs. [27,31] x ! fit x ! fit
® (K) —6(1), —6.70 —6.8(1) —-9.6(1) —8.6(1) —2.6(1) —2.30(1) —0.78(1)
Ji (K) 0.3,0.32 0.324(5) 0.3 0.273(3) 0.107 0.110(1) 0.0124(2)
J1/J1p 1 1.1 1 0.9 0.4 0.4 0.04
D (K) 0.0502 0.0496 0.0457 0.0116
D/D, 1 1 0.9 0.2
D/J, 0.16-0.17 0.17 0.43 0.94
T* (K) 1 1 0.4 0.04

This is in addition to the conventional contribution to
(0S,,/0H ) from the paramagnetic (unfrustrated) ordinary
dispersive modes (;) [20] of the system:

EAY 1 1
—x — 3
<8H>T,N2 > 2Xk:(H—Hsat>S+e(k>’ @

where the excitation energies €(Kk) are non-negative and
vanish for £ corresponding to the propagation vectors of
degenerate classical ground states in zero field [4].

For nonfrustrated, 3D Heisenberg magnets above the
ordering temperature, (9S,,/9H )z, is the only contribu-
tion and there is no enhancement in the magnetocaloric
cooling rate, which is a temperature-independent con-
stant for H = Hgy [4]. In frustrated systems where N4
is macroscopic (i.e., Ny & N, where N is the number
of lattice sites), one expects (9S,,/dH )y, to dominate
at low-enough temperatures (where it grows as approxi-
mately 1/ ﬁ') However, when Ny o« N* with 0 < o < 1,
as is the case for fcc Ba,GdSbOg (discussed below), there
will always be a system size beyond which (3S,,/0H) 7y,
dominates, for any given temperature: N > 1/T/[2(1=],

By classical spin-wave calculations in the saturated
(collinear) state, the number of soft modes in the
pyrochlore lattice was found to scale with the number
of lattice sites, N4 ox N; see Table 1 [4]. The kagome
and garnet lattices are predicted to have 2/3 as many
soft modes as the pyrochlore lattice. Thus, it could be
expected that the pyrochlore lattice may have a greater
magnetocaloric effect than a comparable garnet or kagome
lattice. Indeed prior work has shown that the pyrochlore
Gd,Ti,O; exhibits an increased cooling rate compared
with the garnet Gd;GasO,;, but that work does not address
the overall magnetic entropy change (and hence total cool-
ing) available from each material nor their differing super-
exchange [21].

The number of soft modes for an fcc lattice has not been
reported, but it is expected to be lower than that for the
corner-sharing geometries, as its zero-energy modes corre-
spond to lines (rather than surfaces) in the Brillouin zone
[22]. The appropriate scaling for the number of fcc soft
modes can be predicted from the magnon spectrum at the
saturation field reported in Ref. [18]:

€(q) = 4J1S(1 + cos gy cos gy, + oS g, COs g
“4)

+ cos g, c0sq.).
The zeros of this equation correspond to soft modes and are
given by q = (7, ¢,0) and the “cubic related lines” [18].
Along a given dimension of a material with N lattice sites,
there are N''/3 such q states for which this is the case. Thus,
the fcc lattice has a subextensive number of soft modes
compared with the corner-sharing lattices.

The soft mode theory described here is valid for classi-
cal (large-spin) Heisenberg magnets [4]. The lower limit of
this temperature regime, 7%, is approximated by 7" =~ J, S,
below which quantum statistics must be used to analyze
spin excitations [23]. Among the compounds studied, the
superexchange is largest for the pyrochlore and kagome
compounds, J; ~ 0.3 K in Table II, corresponding to a
limiting temperature 7% ~ 1 K. Thus the liquid-He tem-
perature range investigated here, 2—20 K, should provide
reasonable insight into the role of soft modes in the mag-
netocaloric effect, as classical statistics of magnon modes
apply at these temperatures.

III. EXPERIMENTAL RESULTS

A. Magnetic characterization

The measured magnetic susceptibilities of Gd;Mg,
Sb3014, GdySn, 07, GdzGasO;,, and Ba,GdSbOg from
1.8 to 300 K are depicted in Fig. 3. Details of sample
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FIG. 3. (a) Measured static magnetic susceptibility x of Gd-

based kagome (Gd;Mg,Sb30,4), pyrochlore (Gd;Sn,07), garnet
(Gd3Gas0,), and fce (Ba,GdSbOg) compounds versus temper-
ature (the inset shows the inverse magnetic susceptibility). (b)
Dimensionless inverse magnetic susceptibility versus dimension-
less temperature (the inset shows the percent deviation from the
Curie-Weiss law for an enlarged region near zero temperature).
Both axes are scaled with the appropriate factors of the Curie-
Weiss temperature © and Curie constant C. All compounds
exhibit positive deviations from paramagnetic behavior (black
line) indicative of possible antiferromagnetic short-range correla-
tions. The fcc lattice is effectively paramagnetic with deviations
of less than 2% from Curie-Weiss behavior [15]. All measure-
ments were made over the same temperature range, 1.8-300 K,
but exhibit different dimensionless temperature ranges due to
different ®.

preparation and structural characterization can be found
in Appendix F. The negative Curie-Weiss temperatures,
see Table II, confirm the antiferromagnetic superexchange
required for frustration and are consistent with previous lit-
erature reports [24—27]. Rearranging the Curie-Weiss law
into the dimensionless form

C T
— =41,
®lx 19]

0 <0, (5)
where ® is the Curie temperature and C is the Curie con-
stant, we can compare the strength of magnetic short-range
correlations between spins across different compounds

.
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FIG. 4. Isothermal magnetization at 2 K versus applied

field uoH of Gd-based kagome (Gd;Mg,Sbs;014), pyrochlore
(Gd,Sn,07), garnet (Gd;GasOy;), and fec (Ba,GdSbOg) com-
pounds. The solid black line gives the theoretically predicted
behavior for uncoupled Heisenberg spins with § = 7/2.

[28]. Positive deviations from the Curie-Weiss law indicate
antiferromagnetic short-range correlations, while negative
deviations signify ferromagnetic correlations. As shown in
Fig. 3(b), all corner-sharing geometries exhibit antiferro-
magnetic short-range correlations, while the fcc compound
is qualitatively paramagnetic down to 7= 1.8 K, con-
sistent with the literature [14,15,25,29-31]. A mean-field
estimate for the NN superexchange can be computed from
the Curie-Weiss law using

310|

T SS+1) ©

1

where z is the number of nearest neighbors.

Table II lists the reported values for the NN superex-
change J; and dipolar interaction D for each compound;
these values are in agreement with the values obtained
from the Curie-Weiss fits of the measured magnetic sus-
ceptibility in Fig. 3. Notably, J; is of similar magnitude for
the kagome and pyrochlore compounds (approximately 0.3
K), and is about 3 and 30 times smaller for the garnet and
fcc compounds, respectively. The smaller magnitude of J;
for the fcc lattice is consistent with the minimal antifer-
romagnetic deviations in the dimensionless susceptibility.
The dipolar interaction D in the kagome, garnet, and
pyrochlore lattices is around 50 mK, and is much smaller
in the fcc lattice, approximately 10 mK, due to the larger
distance between nearest neighbors. The pyrochlore and
kagome compounds have the lowest D/J; ratio, around
0.2, while the garnet compound has D/J; ~ 0.4 and the
fcc lattice has D/J; ~ 0.9. Hence, the measured NN
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FIG. 5. Approximate magnetocaloric cooling rate

—(AM/AT)y ~ —(0M /dT)y versus field for Ba,GdSbOg,
Gd;Gas0,,, Gd3;Mg,Sb3014, and Gd,Sn, 07 at 2 K. The values
were obtained from experimental measurements of isothermal
magnetization with AT =2 K. The resulting value of the
saturation field Hgy for each material is indicated by the arrows.

coupling from the Curie-Weiss fit for Ba,GdSbOg may
contain contributions from dipolar interactions. For all
subsequent analysis, we consider Ba,GdSbOg to be
a weakly interacting antiferromagnet, as discussed in
Sec. IV.

The isothermal magnetization M (H) was measured at 2
K; see Fig. 4. Within a field of 9 T, all compounds reach

Kagome: GdaMg 2Sb3014

Pyrochlore: Gd,Sn,0.,
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a maximum value around the 7z per Gd** ion predicted
for uncoupled Gd** Heisenberg spins. The fcc compound
exhibits an isothermal magnetization that agrees well with
the uncoupled Heisenberg spin prediction, owing to its
small, approximately 10 mK superexchange and dipolar
interactions, as shown in our prior work [15].

The saturation field of each compound was estimated
from the field at which the temperature gradient of the
magnetization, —(0M /0Ty = —(3S,,/0H)7, shown in
Fig. 5, is maximized [4,21]. This method of estimating
the saturation field should be reliable in the tempera-
ture range where spin correlations are relevant, i.e., for
T < J1S(S + 1). Theoretical predictions for Hg, (at zero
temperature) based on the Heisenberg Hamiltonian, Eq.
(1), are listed in Table I. The observed values for mate-
rials with the corner-sharing geometries agree well with
the predictions, indicating that the compounds are well
described by the nearest-neighbor Heisenberg model. This
suggests that for 7 > 2 K, nearest neighbors in the para-
magnetic regime superexchange J; play a key role in the
magnetocaloric cooling rate, (9S,,/0H)r. As described
in Sec. IV, the fcc compound Ba, GdSbOg can best be
described as a weakly frustrated Heisenberg antiferromag-
net. At 2 K, its magnetocaloric cooling rate can be modeled
well with a mean-field superexchange model in the para-
magnetic regime, in which spatial spin correlations are
altogether ignored. Because of its small superexchange,
J1S(S+ 1) ~ 0.2 K, lower-temperature M (H) measure-
ments are needed to measure the saturation field with our
experimental protocol. This is beyond the scope of the

Garnet: Gd,Ga,0,, fcc: Ba,GdSbO,

3.5

1

Gd

o = N R ] o N o ©
~(AMIAT),, (4 K" mol
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T(K)

9
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0 2 4 6 8 10 12 14 16 18 20
T(K)

0 2 4 6 8 10 12 14 16 18 20
T(K)

—Asm/HIn(ZSH)

Measured temperature gradient of the magnetization —(AM /AT)y ~ —(d0M /3T)y (with AT = 2 K) and resulting magnetic

entropy change AS,,, normalized by the maximum free-spin value, R In(2S + 1), from 2 to 20 K under applied fields of 0-9 T for the
Gd-based frustrated magnetocaloric materials discussed in this work.
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FIG. 7. (a) Magnetic entropy change AS,, per mole of Gd ver-

sus temperature at fields of 7 and 2 T (the inset shows AS,, versus
the field at 2 K). The maximum possible entropy change for a
paramagnetic salt, R In(2S + 1) (17.28 JK~! molg,), is indicated
by the dashed line. (b) Superexchange-normalized magnetic
entropy change AS,, x +/J; versus temperature at fields of 7 and
2T.

present work, and for completeness we report here the
estimate of the saturation field at 7 =2 K, the lowest
temperature measured.

B. Magnetocaloric effect

From one of Maxwell’s relations, the isothermal field
gradient of the magnetic entropy is related to the tem-
perature gradient of the magnetization at constant field
via (0S,,/0H )y = (M /dT)y. Thus, the magnetic entropy
change, AS,,, can be measured using the isothermal mag-
netization via

Hmax AM(T,H)
ASy(To, Hnax) = —
0 H

o7 dH. (7)

T=T,

The magnetic entropy change AS,, of each Gd-based
compound was measured from 2 to 20 K in fields of up
to 9 T from the isothermal magnetization; see Figs. 6 and
7(a). The magnetization data were measured in tempera-
ture steps of 2 K, and thus we are able to measure the finite
difference ratio (AM /AT)y only as an estimate for the
magnetocaloric cooling rate (0 M /dT)y prior to computing
the magnetic entropy change via Eq. (7) (see Appendix D).

Per mole of Gd, the maximum entropy change
attainable for a paramagnetic salt is RIn(2§54 1)
(17.28 JK‘lmolaé). We find that the fcc Ba, GdSbOg
exhibits the greatest magnetic entropy change —AS,,
reaching 0.9RIn(2S + 1) in a field of just 7 T at 2 K.
On the other hand at 2 K and a larger field of 9 T,
the corner-sharing geometries exhibit entropy changes of
0.8RIn(2S + 1), 0.7RIn(2S + 1), and 0.6R In(2S 4 1) for
the garnet, kagome, and pyrochlore lattices, respectively.
At a low field of 2 T, the fcc and garnet compounds are
still the best performing, with —AS,, of 0.4RIn(2S + 1)
and 0.2RIn(2S + 1), respectively, compared with approx-
imately 0.05RIn(2S + 1) for the kagome and pyrochlore
compounds; see Fig. 7(a). Despite having the largest num-
ber of soft modes, the pyrochlore material achieves the
smallest magnetic entropy change per Gd** ion.

IV. DISCUSSION

The enhanced performance of the fcc Ba,GdSbOg
and garnet Gd;GasO;, compared with the pyrochlore
Gd,Sn, 07 is at first surprising, given the reduced num-
ber of soft modes (Table I). However, from Egs. (2)
and (3) we see that the measured magnetocaloric cool-
ing rate results from two different contributions, one due
to the number of soft modes N, (frustrated response) and
one due to ordinary dispersive modes N, (paramagnetic
response). To investigate this in greater detail, we com-
pare the experimental data with mean-field modeling [15]
and classical Heisenberg Monte Carlo simulations of the
finite difference ratio —(AM /AT)y for each of the four
systems (see Fig. 8). For reference, we show in Fig. 10
in Appendix B a comparison between the finite difference
ratio —(AM/AT)y and the exact magnetocaloric effect
—(0S,/0H)r = —(0M /0T)y for the mean-field results
and the Monte Carlo results. Details for the Monte Carlo
simulations can be found in Appendix C.

Our results show that the fcc compound is described
quantitatively well in the paramagnetic regime by the
mean-field NN superexchange model [15] across the full
range of temperatures of interest in this study [32]. This
finding suggests that the paramagnetic response dominates
for this compound in the temperature and field regime of
interest. We recall indeed that the fcc lattice is predicted
to have only a subextensive number of soft modes, and
therefore the contribution (3S,,/0H)z , at the saturation
field becomes irrelevant in the thermodynamic limit. The
paramagnetic term (3S,,/0H)zy, is expected to be the
dominant contribution to the measured magnetic entropy
change AS,,.

In contrast, for the other three (corner-sharing) com-
pounds we clearly see an increasing discrepancy between
the mean-field results and in the experimental results
at lower temperatures (2 and 4 K). This is consistent
with the 10-30-fold larger values of J; in these systems,
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FIG. 8.

Approximate magnetocaloric cooling rate —(AM /ATy ~ —(0M /0Ty = —(3S,,/0H)r extracted from the measured

isothermal magnetization with A7 =2 K (data points) compared with predictions based on the magnetization M for Heisenberg
S = 7/2 spins in the mean-field superexchange model (MFT) (solid lines) and classical Monte Carlo simulations (MC) (dotted lines).
These results show that the fcc compound is well described by mean-field quantum spins, which ignore spatial correlations. Con-
versely, the better agreement of the classical Monte Carlo simulations for the corner-sharing geometries highlights the importance of

magnetic correlations in those compounds.

resulting in correspondingly stronger correlations. The
latter are generally expected to have two effects: (1)
to reduce the N, contribution to the magnetocaloric
effect (the spins have reduced ability to fluctuate inde-
pendently of one another) and (2) to give rise to an
extensive number of frustrated collective soft modes
Ny, which contribute with a prefactor scaling as 1/+/T
to (0S,,/0H)r. The comparatively better agreement of
the experimental curves with classical Monte Carlo
simulations, with respect to the mean-field results,
demonstrates how the simulations are able to capture
both the paramagnetic contribution and the soft mode

contribution, with corrections at large fields due to quanti-
zation effects [33].

Our having established the importance of soft modes
in the magnetocaloric performance of the corner-sharing
geometries, it remains to be seen why the garnet lattice
outperforms both the pyrochlore lattice and the kagome
lattice. This can be explained by the fact that the mea-
sured entropy changes in Figs. 6 and 7(a) do not account
for differences in the value of the superexchange coupling
J1. To account for the role of superexchange in the pre-
dicted enhancement at the saturation field, Eq. (2), the
magnetic entropy maps were scaled by /J;; see Figs. 7(b)
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and 9. While the soft mode contribution to the magnetic
entropy change is expected to vanish for the fcc lattice due
to its subextensive N, we include BayGdSbOg for ease
of comparison. After normalization, the pyrochlore lattice
becomes the top performer among the 3D geometries at 7
T, as predicted by Ref. [4], while the kagome lattice is the
top performer overall.

The experimental variations of the magnetic entropy
normalized by the superexchange value for each material,
—/JiAS,,, agrees with the qualitative behavior predicted
by the soft model analysis. From Eq. (2), the maximum in
(0S,,/0H) 1 at the saturation field Hy, should scale propor-
tionally to the number of soft modes N4, once normalized
by the square root of the superexchange +/.J;. This quali-
tative agreement is striking as it reproduces the predicted
ranking for the 3D frustrated lattices of the pyrochlore
compound (N4 ~ N), followed by the garnet compound
(N4 ~ 2N/3), and then the fcc compound (N4 ~ N'/3)
for applied fields greater than or equal to saturation (i.e.,
H > 5.8 T). At the low field of 2 T, the kagome and
pyrochlore compounds are not fully saturated, explaining
why, as might be expected, the garnet and fcc lattices
exhibit the greatest —+/J; AS,,; see Fig. 7(b). A more quan-
titative assessment of the agreement with the model at
lower fields is not possible, likely due to other minor con-
tributions (e.g., dipole-dipole interactions and disorder),
which were not accounted for in our study.

The implication of this experimental validation is that
while the order of soft modes of frustrating lattices can be
accurately captured in experiments, soft modes are not the
leading contribution in the magnetocaloric performance of
a frustrated magnet in the liquid-He regime. Rather, as
demonstrated in Figs. 6 and 7, materials with the smallest
superexchange (i.e., the fcc and garnet compounds) exhibit
the greatest performance, as the paramagnetic contribution
to the entropy change is not constrained by short-range
correlations, so spins can fluctuate independently of one
another. It is conceivable that at lower temperatures rel-
ative to the superexchange J; (much less than 2 K), soft
modes may become the determining factor in the magne-
tocaloric effect. However, such low temperatures would
soon require a revision of the model to include quantum
statistics to study spin excitations.

Another interesting result from this study is that in
the limit where superexchange determines the magne-
tocaloric cooling rate, differences between the pyrochlore
and kagome lattices are not predicted by the model. In
this case, they may arise from the presence of site disorder
[10.5(2)%] in Gd3Mg, Sb3O,4 (Appendix F) relieving frus-
tration, or spin anisotropies not included in this analysis,
which applies only to isotropic Heisenberg spins.

This study has focused on four frustrated oxides. How-
ever, there are many other magnetic lattices where a high
magnetocaloric effect is reported, including the 2D trian-
gular (GdBOj; [34]) and Shastry-Sutherland (Gd; Be, GeO,

[35]) lattices and quasi-1D spin chains [Gd(HCOO)s;,
GdOHCO3, CasGdO(BO3); [8,36,37]]. In many of these
systems, the presence of polyanions (BO3~, HCOO™,
etc.) or molecular ligands may complicate the soft mode
analysis presented in Ref. [4] due to changes in the hydro-
gen bonding or other molecular interactions [38,39]. Mag-
netostructural coupling, which results in changes in the
structure, phonon properties, and electronic properties on
application of a magnetic field, as reported in the high-
temperature magnetocaloric measurements on MnB [40],
will also result in more complex magnetocaloric behav-
ior. Such materials are beyond the scope of this initial
study. Future work could incorporate the soft mode analy-
sis of other geometrically frustrated magnetic lattices, e.g.,
edge-sharing motifs such as the edge-sharing triangles in a
honeycomb arrangement in SrLn,Oy4 [41].

The mean-field nature of the analysis conducted here is
applicable only to Heisenberg spins. However, we note
that on the basis of literature reports, the magnetic and
magnetocaloric properties of all four magnetic lattices
studied here vary significantly for lanthanide ions with
nonzero angular momentum, L [13,15,42—48]. Anisotropic
magnetic systems such as those based on Dy** (47,
L=5,J=15/2, S=5/2, and g; =4/3) have been
found as useful magnetocaloric candidates at low fields
(e.g., woH < 2 T), compared with the Gd** counterparts.
For example, the magnetic entropy change of Ising gar-
net Dy;GasO;, reaches 4 times that in the Heisenberg
Ga3;Gas0; for a 1 T field at 2 K [42]. Adiabatic tem-
perature measurements have shown that the Ising spin
ice Dy,Ti,O7 can cool from approximately 1 K to 0.3
K in a field of just 0.8 T, while Gd,;Ti,O; requires a
field of approximately 9 T to cool to 0.5 K from the
same starting temperature [44,45]. Extending this analysis
to anisotropic systems is an interesting avenue for future
research, likely requiring nontrivial microscopic modeling
of the single-ion anisotropy.

These results suggest that future research for cryogenic
magnetic refrigeration should focus on frustrated magnets
with the smallest superexchange. The strategy of solely
reducing the exchange by increasing the distance between
magnetic ions, as in the dilute magnetic salts ferric ammo-
nium alum and cerous magnesium nitrate, is not effective.
When the four materials studied here are normalized by
volume and mass, see Appendix E, the fcc lattice is the
poorest performer despite having the weakest superex-
change coupling. This highlights the importance of reduc-
ing J; while maintaining a dense magnetic lattice [15]. Fur-
thermore, in these dense lattices, soft modes could provide
an additional cooling mechanism at lower temperatures.

V. CONCLUSION

This work examines the role of lattice geometry in
maximizing the magnetocaloric effect via soft mode

033005-9



ELISEANNE C. KOSKELO et al.

PRX ENERGY 2, 033005 (2023)

Kagome: Gd ;Mg ,Sb,0,,

Pyrochlore: Gd,Sn,0,

Garnet: Gd,Ga,0,,

fce: Ba,GdSbO,

J,=03K J,=03K J,;=0.107K J,=0.0124(2) K
9 9 9 9 0.30
8 8 8 8
0.25
7 7 7 7 <
k3
6 6 6 6 0.20
—~ =
E 5 5 5 5 ES
Ry 0.15 &
L4 4 4 4 o
3 3 3 3 010 &
0
2 2 2 2 4
0.05
1 1 1 1
0 0 0 0 0.00
0 2 4 6 8 101214161820 0 2 4 6 8 101214 161820 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
T(K) T(K) T(K) T(K)
5 5 5 5 0.30
4 4 4 4 0.25 -
k3
020 o
83 3 3 3 3
Iﬁ 0.15 ﬁ
T2 2 2 2 z
T
0.10 =
(”E
1 1 1 1 T
0.05
0 0 0 0 0.00

o

50

100
.

150

o

500

1000 1500

T,

1 1

FIG. 9. Measured magnetic entropy change normalized by the NN superexchange, AS,, x +/J;. When we account for the differences
in the superexchange term, the pyrochlore lattice becomes the best performing among the 3D frustrated lattices. The top row shows
AS,, x /J7 as a function of absolute temperature T and applied field woH, while the bottom row has the temperature axis rescaled by
J1 and the field axis rescaled by the observed saturation field 1oHsatobs for each compound.

spin excitations. Four representative Heisenberg (3D,
Gd-based) spin systems were investigated, including
the three corner-sharing garnet (Gd;GasOy;), pyrochlore
(Gd2Sn,07), and kagome (Gd;Mg,Sb;0y4) lattices and
the edge-sharing fcc lattice (Ba,GdSbOg). For the liquid-
He temperature range investigated (2—20 K), magnetic
entropy change measurements indicate that the smaller
superexchange of the fcc and garnet lattices allows bet-
ter magnetocaloric performance than the strongly coupled
pyrochlore analogue, despite its larger number of soft
modes. Our results show that a paramagnetic response
dominates over geometric frustration in enhancing the
magnetocaloric effect. However, the contribution to the
magnetocaloric effect in systems with an extensive num-
ber of frustrated magnetic soft modes is expected to
take over at lower temperatures, thus providing an addi-
tional channel for maximizing the magnetocaloric effect in
highly frustrated magnetic lattices. Our results highlight
the importance of the magnetic lattice geometry and its
role in the observed magnetocaloric effect. Future magne-
tocaloric material design should focus on both the superex-
change and the magnetic lattice to optimize the trade-
off between spin polarizability and frustrated soft mode
enhancement.

Data associated with this publication can be found
online [49].
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APPENDIX A: SATURATION FIELD OF THE fcc
MODEL

One can use frustrated block decomposition to obtain
the saturation field H, for the nearest-neighbor fcc antifer-
rromagnet, above which spins become fully aligned with
the applied field. We start with the spin Hamiltonian

(A1)

HZleSi'Sj —HZS,Za
(i) i
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where the gup prefactor in the Zeeman term has been
absorbed into H. An fcc lattice can be represented as an
edge-sharing arrangement of tetrahedra, which are labeled
by an index «. Introducing the tetrahedron magnetization
L, =) ., Si, and using the fact that every site belongs to
eight tetrahedra, one can show that

1
ZSf:§ZLg.

Similarly, since every NN bond of the fcc lattice belongs
to two tetrahedra, we find that

1
; Si-S; = Z 2:(L0()2 + const.
i o

(A2)

(A3)

The Hamiltonian (A1) can be now rewritten, up to an
irrelevant constant, as

1 H
=- ) |[JLE - =L
H= g i - ]

o

Ji L "+ const
= — «— — nst.
4 £ 4, cons

(A4)
For a single tetrahedron, the energy is minimized when
L, = (H/4J))z. If this condition can be met for all tetra-
hedra simultaneously, then it is the lowest-energy state of
the system and its zero-temperature state.

Because |S;| =S, L, is upper bounded by the max-
imum possible value (L)max =4S, if H > 16J;S, then
the minimum-energy condition cannot be achieved and
the lowest-energy state corresponds the uniformly polar-
ized spin configuration. This value is referred to as the
“saturation field,”

gipHsr = 16J,S. (AS5)

APPENDIX B: MEAN-FIELD APPROXIMATION

A mean-field approximation (random-phase approxi-
mation) [15,25] was used to estimate the paramagnetic
contribution to the magnetocaloric cooling rate (3S,,/0H) 1
for each compound, with the interactions truncated at
nearest-neighbor distance. The antiferromagnetic coupling
between S = 7/2 spins amounts to an exchange field, Heyc,
which adds to the external field, Hey, to produce the net
field, Hy, experienced by a single spin.

Note that dipolar interactions can be ignored for the
corner-sharing lattice compounds considered in this study
since they are weak in comparison with the nearest-
neighbor exchange (see Table II). This is not the case for
the fcc material. However, the contribution of dipolar inter-
actions for a cubic Bravais lattice vanishes identically in

TABLE III. Mean-field saturation magnetization parameter
M, determined by our fitting the observed saturation magneti-
zation, as well as the NN superexchange J;, for each compound,
and R? of the fit.

Compound Mgy (25) FitJ; (K) R?

Gd;Mg,Sb;0y4 1.0268 0.312(3) 0.9982
Gd,Sn, 07 0.9744 0.273(2) 0.9976
Gd;Gas0q; 0.9257 0.114(1) 0.9997
Ba, GdSbOg 1.04 0.0113(3) 1.0000

the case of a (uniform) mean-field approximation, due to
rotational lattice symmetry.

Since L = 0 for Gd*™, the exchange constant J; can be
assumed to be isotropic, so the exchange field is given by

.
2 MHexts

Hexc = aexZM]:]ext = z
8" KB

(B1)

where M is the bulk magnetization in units of the Bohr
magneton and aey is the “field parameter” in units of the
magnetic field [25]. The bulk magnetization of the system
at a given temperature 7 and external field Hey is given
by the solutions of the transcendental self-consistency
equation

M — gSBs ([Hit(M)|,T) = 0, (B2)

where By is the Brillouin function given by

25+ 1 25+ 1 1 y
Bs(y) = th — — coth —>,
s) =g o ( 28 y) 25 ©° (
(B3)

withy = woHgupS/(ksT), where H = [Hyo| [25].

As a further consistency check, we leave J; as a
free parameter in our model. Global least-squares fits to
the measured isothermal magnetization M (H) (2-20 K)
using Eq. (B2) were used to determine the NN superex-
change J; in Ba,GdSbOg4, Gd;Sn, 07, Gd;GasO,,, and
Gd3Mg,Sb30y4. The fit J; values, Table III, are in agree-
ment with the values reported in the literature and Curie-
Weiss fits; see Table II. The free-spin magnetization
Ms—7,2 = gSBs(|[Hex|, T) was used as an initial guess to
solve iteratively the mean-field self-consistency condition,
Eq. (B2). The observed saturation value of the magneti-
zation at the maximum field can vary due to experimen-
tal uncertainty, so all compounds were fit with a scaled
fraction of Mg = gS to match the observed value; see
Table I1I.

The approximate magnetocaloric cooling rate
(AM/AT)y was then calculated from the model pre-
dictions of M(H) using the fit NN superexchange
constants J;, Eq. (D1), at the same resolution as
the experimental data (i.e., AT =2 K). In the limit
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that AT — 0, one recovers the exact magnetocaloric
cooling rate, limaro(AM/AT)y = (M /0T)y. A com-
parison between the exact magnetocaloric cooling rate
and the approximate magnetocaloric cooling rate obtained
from mean-field theory is shown in Fig. 10 for all four
materials (computed via a converged numerical derivative
with AT = 0.001 K).
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FIG. 11. Rietveld refinement of Gd;Mg,Sb;04 from powder
XRD.

APPENDIX C: MONTE CARLO SIMULATIONS

The classical Monte Carlo simulations were performed
on periodic lattices with 20004000 spins. Since in the
temperature range studied all materials remain in the para-
magnetic state, the simulated system sizes are sufficient to
obtain the bulk behavior without additional finite-size scal-
ing. We simulated the nearest-neighbor antiferromagnetic
model

(CD)

7:lc=ZSi'Sj —H'Zsi,
(i) i

where the spins s; are classical vectors of unit length, |s;| =
1. A hybrid Monte Carlo algorithm was used with canoni-
cal Metropolis sweeps over the lattice followed by micro-
canonical over-relaxation steps. At each temperature/field
point, 10* Metropolis steps were used for equilibration,
with subsequent 10° hybrid Monte Carlo steps for mea-
surements. In addition, we performed averaging over 100
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TABLE IV. Measured magnetocaloric effect at 7 =2 K and puoH =9 T for the corner-sharing geometries and at 7 =2 K and
noH = 7T for the fcc lattice, normalized by volume and by mass. Mass densities p were determined from Rietveld refinement for the
kagome, garnet, and fcc lattices (see Appendix F) and from the value reported in the literature for the pyrochlore lattice [53].

Compound AS, UK 'mol;y)  Molarmass (gmol™")  p(gem™)  AS, (mJK'em™)  AS, (mJK'kg™")
Gd3;Mg,Sb;0y4 0.71RIn(2S + 1) 1109.63 6.75 220 33
Gd,Sn, 07 0.62RIn(2S + 1) 663.92 7.72 250 32
Gd3GasOy; 0.77RIn(2S + 1) 1012.36 7.09 280 39
Ba, GdSbOg 0.92RIn(2S + 1) 649.66 7.09 170 24

independent Monte Carlo runs. Relative statistical errors
do not exceed 0.5% for all quantities obtained.

The approximate magnetocaloric cooling rate (AM/
AT)y was computed from the magnetization using the
finite difference method, Eq. (D1), at the resolution of
the experimental data (i.e., temperature steps of 2 K).
The exact magnetocaloric cooling rate (M /dT)y was
computed from the energy-magnetization cumulant:

Sn)
0H ),

where (...) denotes statistical averaging. Figure 10 shows
a comparison between the exact and approximate values
for reference. It also allows a comparison between the clas-
sical Monte Carlo results and the mean-field modeling in
Appendix B; the enhanced magnetocaloric effect in the
latter is likely due to the quantized nature of the spins.
Rescaling between dimensionless values obtained from
the classical Monte Carlo simulations [Eq. (C1)] and real
physical properties of each material was done with the

oM 1
(W>H = (M) - By, (©2)

FIG. 12. Refined crystal structure of Gd;Mg,Sb3;O4. The
compound exhibits some site disorder, with 10.5(2)% of Mg?*
ions from the 3a site lying on the kagome Gd** 9d site: see Table
V. Gd** ions and corresponding O polyhedra are shown in pur-
ple, Mg?* ions are shown in orange, Sb>" ions are shown in gray,
and O%~ ions are shown in red. This figure was generated from
the refined crystal structure file with use of VESTA [56].

conversion factors

LS
moHexpt. = ——Hwc,  kpTexp. = J18(S + 1) Tvic,
gMUB

(aM) _ gmusN4 (aM)
T expL_Jl(SJrl) T J e

Here S = 7/2 and g ~ 2 are the spin and the g factor of
Gd** ions, J; is the nearest-neighbor exchange, kg is the
Boltzmann constant, and N4 is the Avogadro number.

(©3)

APPENDIX D: EXPERIMENTAL METHODS

1. Sample preparation

Polycrystalline samples were prepared by a solid-state
method consistent with prior reports in the literature [15,
24,27,30]. Reactants oxides were ground with use of a
mortar and pestle and then heated in air in an alumina
crucible at 7'~ 1300°C for several days with intermit-
tent grindings to ensure a complete reaction. As described
in Appendix F, x-ray diffraction (XRD) indicates phase
pure samples (less than 1 wt% impurities of Gd;SbO;
in Ba,GdSbOg) with crystal structures consistent with the
values reported in the literature.

2. X-ray diffraction and crystal structure refinements

Room-temperature powder XRD measurements were
conducted with a Bruker D8 Advance diffractometer (Cu
Ka radiation, A = 1.54 A). Data were collected with
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FIG. 13. Rietveld refinement of Ba,GdSbO¢ from powder
XRD.
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FIG. 14. Rietveld refinement of Gd,;Sn, 07 from powder XRD.

d(260) = 0.01° from 20 = 15° to 26 = 150°, with an over-
all collection time of 2—3 h. Rietveld refinements [50]
of the powder XRD data were done with DIFFRAC.SUITE
TOPASS [51]. The background was modeled with a 13-term
Chebyshev polynomial and peak shapes were fit with a
pseudo-Voigt function [52]. All Debye-Waller factors were
set constant to the values reported in the literature.

3. Bulk magnetic measurements

Bulk magnetic measurements of the magnetic suscep-
tibility x (T) = dM /dH were conducted with a Quantum
Design magnetic properties measurement system (MPMS)
with a superconducting interference device (SQUID). Sus-
ceptibility measurements were made at uoHd = 0.01 T,
in the low-field limit where x(7) =dM /dH ~ M /H in
zero-field-cooled conditions from 1.8 to 300 K. M (H)
measurements (described below) were linear at this field,
confirming that this linear approximation of x is valid.
Isothermal magnetization M (H) was measured with the
ACMS option of a Quantum Design physical proper-
ties measurement system (PPMS) for Gd;Mg,Sb3;0y4,
Gd;Gas0y,, and Gd,;Sny O and a Quantum Design MPMS
SQUID for Ba,GdSbOg4. M (H) measurements were made
at temperatures of 2—22 K in steps of 2 K over a field range
of 0-9 T in steps of 0.2 T (up to only 7 T for Ba,GdSbOg).
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FIG. 15.
XRD.

Rietveld refinement of Gd;GasO;, from powder

TABLE V. Structural parameters of Gd3Mg,Sb;Oy4. Powder
XRD refinements were performed in the space group R3m,
with Mg(1) on the 3a sites (0,0,0), Mg(2) on the 3b sites
(0,0,1/2), Gd(1) on the 94 sites (1/2,0,1/2), Sb on the 9e
sites (1/2,0,0), O(1) on the 6¢ sites (0,0,z), and O(2) and
O(3) on the 184 sites (x,x,z). Partial occupancy between the
3a and 9d sites was also refined according to the formula
[GA(1)1-Mg(3).JoalMg (1)1 -3:Gd(2)s3,]sq as in Ref. [54].

Parameter Value
a(A) 7.3634(1)
c(A) 17.4511(3)
Mg(1)/Gd(2) (3a) Occupancy 0.686(6), 0.314(6)
Gd(1)/Mg(3) (9d) Occupancy 0.895(2), 0.105(2)
o(1) z 0.113(1)
0(2) x 0.5261(7)

z 0.8974(6)
0(3) x 0.4714(8)

z 0.3591(5)
Overall Bjs, (A?) 0.76(2)
Gd3SbO; (wt %) 0.83(4)
Ryp 9.69
x2 1.42

4. Magnetocaloric effect calculations

The magnetic entropy change for a field Hy,x relative
to zero field was calculated from the measured M (H)
by our first computing the temperature derivative of the
magnetization using the finite differences approximation,

IM(T,H)
(55,

and then integrating it across fields as in Eq. (7). The mag-
netization data M (H) were linearly interpolated along the
field direction in steps of 0.1 T before extraction of the
magnetic entropy.

_ M(Tiy1,H) — M(T;, H)
T=T; TH—I _Ti ’

(D1)

APPENDIX E: MAGNETOCALORIC
PERFORMANCE PER MASS AND VOLUME

The measured magnetocaloric effect, normalized by vol-
ume and by mass, at 7 = 2 K for a field change from 9 to 0
T for Gd;Mg,Sb30,4 (kagome), Gd,Sn,O; (pyrochlore),
and Gd;GasO1; (garnet) and for a field change from 7 to 0
T for Ba,GdSbOg (fcc), can be found in Table V.

APPENDIX F: STRUCTURAL REFINEMENTS OF
Gd COMPOUNDS

Rietveld analysis of the XRD data shows that the refined
structures are consistent with the structures reported in
the literature [24,25,27,29,30]. The Rietveld refinement
of Gd;Mg,Sb3;0;5 and the corresponding refined crys-
tal structure are shown in Figs. 11 and 12, respectively.
Refinements for Ba,GdSbOg, Gd,Sn, 07, and Gd;GasO;
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are shown in Figs. 13—15, respectively. Recently, the fam-
ily of kagome compounds of the form Ln;Mg,Sb3;0;4 was
found to exhibit sample-dependent cation site disorder, in
which the Ln** ion on the 94 Wyckoff site of a kagome
layer swaps places with a Mg?* ion on the interlayer 3a
site (see Fig. 12) [54,55]. We find a 10.5(2)% cation site
disordering in the Gd;Mg,Sb;O4 sample in this work.
A comparable amount of site disorder has been found in
other samples of Ln3Mg,Sb304, including the emergent-
charge-ordered kagome Ising magnet Dy;Mg,Sb3014 [54]
and the dipolar kagome ice Hoz;Mg,Sb304 [55].
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