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In the present work, the structure, magnetic properties, and cryogenic magnetocaloric effect of weberite-type oxides Gd;MO; (M
=Nb, Sb, and Ta) are reported through powder X-ray diffraction, bulk susceptibility, and heat capacity measurements, as well as
scaling law analysis and a mean-field approach. A remarkably large isothermal magnetic entropy change of 354.0 mJ K em’is
observed for Gd;SbO; under an external field of 9 T at 2.0 K. The relative cooling power is estimated to be 618.9 ] 1(;{l
“4.81] cm73) for an applied field of 8.9 T, with the largest adiabatic temperature change being 22.4 K at 6.3 K. The magneto-
caloric performance of these oxides is quite impressive when compared with the benchmark magnetic refrigerant, gadolinium
gallium garnet (Gd;GasO,,, GGG). Therefore, Gd;MO; (M = Nb, Sb, and Ta) are promising alternatives for cryogenic cooling
techniques, especially for the magnetic liquefaction of helium.
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1 Introduction

Magnetic cooling is a field-driven refrigeration process as-
sociated with the magnetocaloric effect, which describes the
change of magnetic entropy following the application of
varied external fields. The overall efficiency of magnetic
cooling can approach 60% of that of the theoretical Carnot
cycle, making magnetocaloric materials a promising alter-
native to current refrigeration techniques [1-5]. A desired
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magnetocaloric material possesses a large isothermal mag-
netic entropy change, —ASy;, and moderate heat capacity;
thus, the heat generated during adiabatic magnetization-de-
magnetization cycles can result in a larger temperature
change. In addition, technologically promising candidates
should be able to cope with the demands of high mass den-
sity, easy processability, and have considerably robust re-
sistance to chemical and mechanical erosion [3,6,7].
Intermetallic compounds containing lanthanides, metal-
organic complexes, and rare earth ceramics are those typi-
cally proposed as efficient magnetic refrigerants [8]. In the
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cryogenic temperature range, Gd™” containing ceramics are
particularly appealing for their resistance to corrosive
working substances, such as liquid hydrogen [2,4,9,10]. Gd**
possesses a half-filled electron shell with the spherically
symmetric ground state 887/2, and a large spin-only magnetic
moment can be expected for its relatively weak crystal
electric field effects [6,11]. The total available molar mag-
netic entropy of one Gd* ion is Rin(2J + 1) =
173 7K " mol’ (R is the gas constant), which is the highest
entropy change value that can be reached for a single rare
earth ion. Gadolinium gallium garnet (Gd;Gas0,,, GGG),
which was explored in the 1980s, has long been known to be
the benchmark magnetocaloric material for cryogenic re-
frigeration, with a —ASy, of 3002 mJK 'cm under an
applied field change of 9 T below 5 K [5]. Further elemental
doping of GGG to improve its magnetocaloric performance
has also been thoroughly investigated [12,13]. However, the
—ASy of GGG is far from satisfactory compared with the
theoretical limit 0f 51.9 J K ' mol™' determined for materials
containing three free Gd”" ions. It is therefore appealing to
explore new materials that express a more pronounced
magnetocaloric effect, which is essential for the fabrication
of future magnetic cooling devices with less energy con-
sumption.

The ternary oxides Ln;MO;, are derived from polymorphic
modifications of fluorite lattice M*Og; Ln represents rare

earth elements, and M represents pentavalent elements of
Nb, Ta, Sb, Mo, Re, Ru, Ir, etc. These oxides show fasci-
nating electrical, magnetic, and thermal properties due to
their internal one-dimensional nature [14,15]. Among the
Ln;MO; family, the weberite-type structure forms when Ln*
is in moderate ionic size and when M = Nb, Sb, and Ta. This
structure crystallizes in an orthorhombic supercell with di-

mensions @ & 2dguie and b = ¢ = 2 a g, .. [16]. The oc-

tahedrally coordinated [MOg] polyhedrons form infinite zig-
zag chains along the orthorhombic c-axis and are well se-
parated by rare earth chains of eight-coordinated [LnOq]
polyhedrons and seven coordinated [LnO,] polyhedrons that
occupy crystallographically inequivalent positions. This re-

sults in a relatively large density of magnetic ions and varied
magnetic interactions. It is reasonable to infer that weberite-
type oxides with Gd** occupying the rare earth sites may
possess a large magnetocaloric effect, as evidenced by their
large mass density and pronounced antiferromagnetic cor-
related ordering. Furthermore, the heat capacity of Gd;MO;
(M = Nb, Sb, and Ta) shows a moderate lattice contribution,
indicating more efficient use of spin entropy changes, which
lowers the internal heat load during magnetization-de-
magnetization cycles [15,17].

In the present work, we report on the structural, magnetic,
and cryogenic magnetocaloric properties of weberite-type
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oxides Gd;MO, (M = Nb, Sb, and Ta) through powder X-ray
diffraction, bulk magnetization, and heat capacity measure-
ments along with scaling analysis. A remarkably large iso-
thermal magnetic entropy change, —ASy(H, 7), and relative
cooling power (RCP) are identified such that Gd;MO, oxides
exhibit potential as working alternatives for cryogenic
magnetic cooling, especially for the magnetic liquefaction of
helium.

2 Materials and method

Polycrystalline Gd;MO-; (M = Nb, Sb, and Ta) powders were
prepared using a traditional solid-state reaction process with
Gd,05 (5N, Adamas), Nb,O; (4N, Adamas), Sb,0O; (3N,
Sigma-Aldrich), and Ta,0s (4N, Adamas) as starting mate-
rials. The Gd,0; was dried at 1173 K for 20 h before use to
remove adsorbed carbonate and water. Stoichiometric
amounts of the raw oxides were mixed in an agate mortar,
pressed into a ¢-2-cm tablet under 2 tons of pressure, heated
to 1673 K at a rate of 10 K h™' for 12 h, and heated again to
1723 K for 12 h durations with re-grinding and re-pelleting
in between.

The products were investigated using powder X-ray dif-
fraction collected on a Rigaku Ultimate IV diffractometer
equipped with Cu-Ka radiation at room temperature. Riet-
veld analysis was performed using the GSAS package with
the EXPGUI interface [18]. The background and peak shapes
were modeled by a Chebyshev polynomial of the first kind
and a pseudo-Voigt function.

Heat capacity measurements were conducted using the
thermal-relaxation method on pressed powder samples in a
commercial physical property measurement system (PPMS-
9, Quantum Design) with Apiezon N-grease under a tem-
perature range of 1.9-40 K and constant external fields of 0,
2, and 8.9 T. Magnetic susceptibility and magnetization data
were collected using another PPMS (PPMS®DynaCool™,
Quantum Design) with an applied field of 10 mT in the
2-300 K temperature range. Isothermal magnetization curves
were collected in a field range <9 T and temperature range of
2-25 K with a 1-K step after cooling in zero field.

3 Results and discussion

3.1 Crystallographic parameters

Figure 1(a) shows experimental powder X-ray diffraction
patterns for Gd;NbO; (GNO), Gd;SbO, (GSO), and
Gd;TaO; (GTO) collected at room temperature, along with
the theoretical fit using Bragg positions of the C222, crys-
tallographic symmetry. The more symmetrical Cmcm space
group is excluded due to the presence of weak 40/ reflections
with even % and odd /, e.g., the (201) reflections at ap-
proximately 20.4° [17]. Rietveld refinement was carried out
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Figure 1 (Color online) (a) Room-temperature X-ray powder diffraction
patterns and Rietveld analysis for Gd;MO; (M = Nb, Sb, and Ta). (b)
Lattice parameters and bond lengths of Gd;MO, (M = Nb, Sb, and Ta). (c)
Schematic crystal structures of Gd;SbO,; the gray solid line represents the
unit cell, and [Gd10Og] and [SbO¢] polyhedra are shown in gray and blue,
respectively.

using the GSAS-EXPGUI package, and all of the observed
diffraction peaks could be well indexed with the orthor-
hombic unit cell of C222, space symmetry (Y;TaO;-type)
[18]. A goodness of fit, )(2, of 1.581, 1.279, and 1.903 was
achieved for GNO, GSO, and GTO, respectively.

Lattice parameters determined from the Rietveld analysis
are listed in Table 1 and are consistent with previously re-
ported values [15]. The variation of unit cell dimensions
a/2, b, ¢, and the Gd—Gd bond lengths against the M sites

are plotted in Figure 1(b). The lattice dimension a/~/2 of
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GNO is slightly smaller than GTO, while b and ¢ dimensions
are larger. However, the six-coordinated Nb*" and Ta’" are
almost in the same Shannon ionic radius (0.64 A) [19]. GSO
shows the largest rare earth bond lengths: 3.6045(53) and
3.6731(59) A for the nearest and the next nearest Gd—Gd
lengths, respectively.

Two kinds of one-dimensional chains exist in the weberite-
type lattice, as in the GSO, of which six-coordinated anti-
mony atoms and eight-coordinated gadolinium atoms form
zig-zag chains running parallel to the <001> direction, as
depicted in Figure 1(c). In the distorted [SbOg4] polyhedron,
two of the equatorial Sb-O bonds are 2.256(31) A, while the
left two are slightly shorter (2.050(30) A). The [SbOg]
polyhedra are connected by sharing apical oxygens [O5] and
tilt along the c-axis, while rare earth chains are formed by
edge-sharing [Gd10g4] pseudocubes. The left Gd”" ions, de-
noted as Gd2, occupy a crystallographically inequivalent
position, which is seven-coordinated by oxygen atoms and
exists between the [SbOg] and [Gd10g] slabs (Figure 1(c)).

3.2 Magnetic susceptibility

Figure 2(a) depicts the zero-field-cooled magnetic suscept-
ibility of Gd;MO; (M = Nb, Sb, and Ta) measured under an
applied field of 10 mT. The results show no indication of
long-range magnetic order for GNO or GTO but an anti-
ferromagnetic ordering transition for GSO, as evidenced by
the sharp peak cusp in the dc susceptibility curve. For T >
7 K, all of the dc susceptibility curves can be well described
in terms of the Curie-Weiss law, giving an antiferromagnetic
Weiss temperature, 6qy, of —7.2, —13.5, and —9.1 K for
GNO, GSO, and GTO, respectively, as shown in the
Figure 2(a) inset. A negative Weiss temperature indicates
that the dominating interactions are antiferromagnetically
correlated [20]. The calculated effective magnetic moments
are 7.95 ug, 8.04 g, and 7.95 uy for GNO, GSO, and GTO,
respectively, and are broadly consistent with values expected
for spin-only Gd** according to Russel-Saunders coupling
(°Sy, term).

Notably, the long-range ordering transition temperature is
less than 1/4 of the Oy for all three weberites, indicating a
possibly inherent frustration or competitive interactions of

Table 1 Crystallographic data and Rietveld analysis results for Gd;MO, (M = Nb, Sb, and Ta)"')

Formula M, (g/mol) Crystal system S.G. Unit cell dimensions (A) Ver (A%) Asyﬁlr?i‘ltetric ( g/pccﬁrlﬁ) 7 R indices”
: _ _ _ . R, =2.30%
GANbO, 67665  orthorhombic €222, a=10.6143(5) b =75318(4) c=7.5475(4) 603383  Bsites 74505 1581 Ry = T30
, = 1.
: _ _ _ . R, = 4.14%,
Gd,SbO; 70551 orthorhombic €222, a = 10.6378(8) b = 7.5249(5) ¢ =7.5439(5) 603877 8 sites 77622 1279 Ry~ L1400
, = 3.
: _ _ _ . R,, = 2.76%
Gd,TaO;,  764.69  orthorhombic €222, a = 10.6278(9) b=75251(6) c=7.5445(6) 603373  Ssites 84193 1903 Ry = 2760
), = 2.

2 1/2
AR, = waf(y, *}i(X)) 12wy, 2} . R, = Y|1,00)~ L) / L, (0).
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Figure 2 (Color online) Magnetic characterization of Gd;MO; (M = Nb,
Sb, and Ta). (a) DC magnetic susceptibility collected under an applied field
of 100 Oe. Inset: Curie-Weiss fitting of the inverse magnetic susceptibility,
mel. (b) Field variance of the isothermal magnetization curves at 2 and
15 K. Theoretical curves of the Brillouin function corresponding to free
three-ion systems with J = § = 7/2 are shown by the dashed lines. (c)
Derivative, dM/dH, of the magnetization curves for GSO at 2 and 3 K. (d)
Standard Arrott isotherms showing the Banerjee criterion for GSO.

the Gd** spin network. By calculating f'= Ocw/Ty, f= 5.6 is
deduced for GSO, which corresponds to a moderately fru-
strated magnetic system [21]. The frustration possibly arises
from geometric configurations of Gd™", as the C222, crys-
tallographic symmetry can be viewed as an intricate three-
dimensional pyrochlore lattice, which is composed of dom-
inating triangular plaquettes and square plaquettes for two-
thirds of the Gd*" ions [22]. The remaining rare earth sites
form an interlocked second pyrochlore lattice, in direct
analogy with a typical pyrochlore compound Ln,Ti,0; (Ln =
rare earth) [23].

The splitting of the (2J+1)-fold ground state primarily
arises from the anisotropic orbital angular momentum. Thus,
crystal electric field effects are expected to be relatively
feeble in the Gd* ions spin network. The seven electrons in
Gd”" form a half-filled f shell with quenched angular mo-
mentum, generating an isotropic spin-only S =J=7/2 [11].
Therefore, the comprehensive interactions can be realisti-
cally interpreted via a standard mean-field (M.F.) estimate,
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parameterized by the strength of the nearest-neighbor inter-
action, J,,, and the dipolar interaction, D,, [11,13].

Table 2 shows the changes in the approximately calculated
exchange J,, and the D,,, and their ratio D,/ J,,. D,, is almost
the same magnitude for all Gd;MO,; (M = Nb, Sb, and Ta),
while the J,, of GSO (—2.45 K) is obviously larger than the
other two compounds (—1.53 and —1.73 K for GNO and
GTO, respectively), indicating a stronger antiferromagnetic
interaction [13]. The changes in exchange J,, are further
revealed by the suppression of both the magnetic suscept-
ibility, y.,, and the isothermal magnetization, M, under wide
temperature (2 to 24 K) and field ranges (0 to 7 T). This
indicates that the interplay between J,, and D,, exerts in-
tensively on the magnetic ground state, as depicted in Figure
2(b).

The isothermal magnetization curves measured at 2 and
15 K are shown in Figure 2(b), as well as the theoretical
description of the M-H dependence of the non-interacting
three-ion system with J = § = 7/2 using the Brillouin function
[11]. At the highest experimental field of 9 T, the magnetic
moment per Gd’" for GSO reaches approximately 90% and
75% of that of the saturation moment for theoretical inter-
pretations at 2 and 15 K, respectively. The magnetization
curves follow a linear behavior up to an applied field of
around 3 T; no saturation effect sets in, even at the highest
experimental field H = 9 T. The field dependence of iso-
thermal magnetization curves is in stark deviation from the
Brillouin description of non-interacting paramagnetic ions,
indicating the presence of effective internal fields generated
by the interactions of dipolar and the exchange nature. This is
in agreement with the susceptibility measurement.

Above Ty, dM/dH of GSO exhibits monotonic, continuous
behavior, while a broad maximum is discernible under
temperatures below 7y. This characterizes a possible field-
induced transition, as shown in Figure 2(c). Standard Arrott
isotherms for GSO are plotted in Figure 2(d). A negative
slope is observed in the field-induced transition region (ap-
plied field H< 3 T, T=2 K), which is typically attributed to a
first-order transition, while the antiferromagnetic-para-
magnetic phase transition is second order in nature, accord-
ing to the Banerjee criterion [24].

3.3 Heat capacity

Temperature and field variance of heat capacity normalized

Table 2 Bulk magnetic properties, dipolar interaction (D,,), and the
nearest-neighbor exchange interaction (J,,) for Gd;MO, (M = Nb, Sb, and
Ta)

Compounds g ()~ Oew (K) Dy (K) oy () Dl
GNO 7.95 -72 —0.88 -1.53 0.58
GSO 8.04 -135 -0.86 ~2.45 0.35
GTO 7.95 -9.1 ~0.84 ~1.73 0.49
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to the gas constant for GSO, C,/R, shows long-range anti-
ferromagnetic ordering at 2.4 K. This was identified by dc
susceptibility measurements (Figure 3(a)). The ordering
transition shifts to a lower temperature at 2 T and manifests a
broad feature at 8.9 T, denoting a field-induced transition as
characterized by Arrott isotherms (Figure 2(d)). The lattice
contribution of phonon modes is estimated by fitting the
experimental data at O T in terms of the Debye model with a
polynomial expression: C; = oRT’ + BT’ + CT'. This ex-
pression yields a constant of o = 1.1 X 10", which is com-
parable to that of the commercial cryo-coolant Gd;GasO,,
(GGG, a =3 % 1075) [5]. A low lattice phonon mode will
ultimately favor the magnetocaloric effect as a minor internal
heat load is produced during magnetization-demagnetization
cycles.

Theoretically, the total entropy can be calculated by in-
tegrating the thermodynamic relation:

» CpdT
S,(H,T) = jrf Cpdl

S ()

in which a proper extrapolation of the heat capacity data to 7

— 0 is needed. However, this is not always feasible due to
pronounced peak anomalies, especially those under low ap-
plied fields. In the present case, the highest experimental
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temperature, 7 =40 K, is almost 16 times higher than that of
the antiferromagnetic ordering temperature; thus, a numer-
ical estimation of magnetic entropy for the paramagnetic
state using the M.F. model is applicable. This estimation is
given by

si
Su(H,T) =N kgln

1
o
! 28

5]
28
where B (x) represents the Brillouin function with spin S and
x = SgupoH/kgT.

When x << 1, the first term of eq. (2) can be approximated
to In(2S + 1) and xB(x) ~ CH'2T , where C represents the
Curie constant. For a simple two-sublattice antiferromagnet,
when T'>> T, the above expression can be approximated via
replacing H by a mean-field Hy, = HT/(T+Oyy) [9]. This
gives

X

—xBy(x)), @)

sinh

CH?
AT+ Oup)”
By adjusting the mean-field value, &y = 4.3 K is deduced
to get a good fit of Sy (H,T) using eq. (2) for H=8.9 T at the
temperature range of ~5-10 K, where the phonon contribu-

Su(H,T) =N ,kgln(2S+1) - (3)
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Figure 3 (Color online) (a) Logarithmic representation of the temperature variance of heat capacity normalized to the gas constant, C,/R, collected for
constant fields of 0, 2, and 8.9 T for GSO. The dashed line corresponds to the lattice contribution estimated by the Debye model. (b) Experimentally
determined entropy, S/R, deduced by the integration of C,/T with a dashed line representing the mean-field approximation of eq. (2). Arrows depict the
calculation of the isothermal magnetic entropy change, —AS\(H,7), by S, — Sy and the adiabatic temperature change, 7,4, by Tini — Tin- (¢) —ASu(H,T) in
contour plots as a variation of applied field and temperature for GNO, GSO, and GTO. (d) Temperature variance of —ASy,(H,T) obtained from the Maxwell
relation (open marks) and datasets from the integration of heat capacity (close marks) for selected applied fields of 2, 7, 8.9, and 9 T. The dashed line
corresponds to the magnetic entropy change of GGG at 9 T. (e) Adiabatic temperature change, 7,4, under external fields of 2 and 8.9 T.
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tion is negligible, as depicted in Figure 3(b). Then, eq. (3) is
further used to determine the difference of magnetic entropy
for external fields of 0 and 2 T at the highest experimental
temperature, 7 = 40 K. The obtained entropy diagram, S;-T,
under fields of 0, 2, and 8.9 T is depicted in Figure 3(b).
Notably, the magnetic entropy under a field of 0T ap-
proaches 3RIn8 at ~10 K, where the lattice contributions are
negligibly small. This indicates complete long-range anti-
ferromagnetic ordering among the interacting Gd™” spin
network.

3.4 Magnetocaloric effect

The thermal variance of the magnetic entropy change curves,
—AS\w(H,T), for different constant fields can be calculated
from half of the theoretical Carnot cycle,
ASW(AH,TY=S(H,T)—-S(0,7), (4)
as depicted in Figure 3(b), where the heat released to a warm
source is Q = T;,i(Sy — Sp). During the adiabatic demagne-
tization process, the temperature is then reduced to 7§, at the
isentropic point, (Sy', T4,), giving the adiabatic temperature
Change: Tad = Tini - Tﬁn'

Equivalent datasets of —AS\(H,T) can also be indirectly
evaluated from the isothermal process of magnetization ac-
cording to the Maxwell thermodynamic relation,

as) _ (oM _pH(oM
[@]T = [8T ]H = AS\(H,T) = jo [ aT ]HdH, (5)

of which, for an isobaric process, the integral is numerically
approximated by the sum
(A/[jﬂ - A/[/)
AS(H,T) =
WD) =Y

J

L(H,,~H), (6)

where M;,; — M; represents the incremental changes in
magnetization values under a temperature increment of 7;,; —
T; [3,25]. The stepwise increase of magnetic field /,, — H;
generally starts from H, = 0.

The two corresponding sets of magnetic entropy change
values deduced from egs. (4) and (6) superimpose onto each
other rather nicely, as depicted in Figure 3(d). Further con-
tour plots as a function of 7'and H are depicted in Figure 3(c)
and are quantified from the experimental magnetic isotherms
recorded in the range of 2-25 K for GNO and GTO, and
2-24 K for GSO, respectively.

Among the three weberites, —ASy(H,7) shows a mono-
tonous decrease with increasing temperature. The maximum
values of —AS\(H,T) are observed for GSO around Ty and
are 33.0 and 45.6 JK ' kg ' for an applied magnetic field
variation of 0-7 T and 0-9 T, respectively. The corresponding
entropy changes of GNO and GTO are marginally smaller
than GSO, 32.4 and 28.3 J K ' kg ' under a field of 7 T, due
to decreased magnetic phase transition temperatures. The
volumetric unit, mJ K ' cm ™, taken as the product of the
density, p, and the value of —AS\,(H,T) in gravimetric units,
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are better references for assessing the implementation of
magnetocaloric materials in an engineering apparatus [4,6].
Values of 256.2 and 354.0 mJ K ' cm " are deduced for GSO
under an applied field change of 0-7 T and 0-9 T at 2 K,
respectively, which are significantly large.

The magnetocaloric performance of GSO is quite im-
pressive when compared to GGG (42.4JK 'kg ',
3002mJK 'em™ at 9T) in both gravimetric and volu-
metric units. GGG is the benchmark magnetic refrigerant at
the 1 K <7<5 K regime [5]. Notably, —~AS\(H,7) is superior
for the entire temperature range of ~2-20 K, as depicted in
Figure 3(d). Furthermore, the maximum adiabatic tempera-
ture change, 7,4, is estimated to be 22.4 K for an applied field
of 8.9 T, which is comparable to GGG (20 K for a field
change of 9.4 — 0.7 T), as shown in Figure 3(e) [5]. The
magnetocaloric performance of Gd;MO,; (M = Nb, Sb, and
Ta) is comparable to a series of rare-earth-based magneto-
caloric materials reported in recent literature, such as Gd,-
ZnMnQOg, Gd,FeAlOq, and Sr,GdNbOg [26]. This further
supports the potential application of Gd;MO, (M = Nb, Sb,
and Ta) in cryogenic magnetic cooling, as summarized in
Table 3 [26-37].

The superior magnetic entropy change values are likely
attributed to the combination of large effective moments of
Gd** spins and small magnetic anisotropy, as well as efficient
use of spinentropy for the heat transfer process, as evidenced
by their small phonon contributions to the heat capacity in
Gd;MO;. Furthermore, the corner-sharing [SbO¢] polyhedra
and edge-sharing [Gd1Og] polyhedra form dense one-di-
mensional slabs, resulting in relatively large mass densities,
p = 74505, p = 7.7622, and p = 8.4193 gcmf3 for GNO,
GSO, and GTO, respectively. Consequently, the magneto-
caloric performance of these materials is significantly en-
hanced.

To assess potential applications of Gd;MO,, another
widely used parameter, refrigerant capacity (RC), is adopted.
The RC is characterized by the magnitude of heat transfer
between the cold 7,4 and hot T, reservoirs,

"ot _AS(H, T)dT. 7

Tco]d

RC =

This is generally accomplished by estimating the RCP,
which is defined as the product of the maximum of magnetic
entropy change values and the corresponding full width at
half maximum of the —AS\(H,T) curve [1,3,4,6]. The pro-
nounced maximum of RCP for GSO is 618.9Jkg '
4.81] cmfs) under an external field change of 8.9 T, which is
exceptionally large among rare earth ceramics.

3.5 Scaling analysis

Scaling laws characterizing the applied field variance of
magnetocaloric responses, i.e., the RCP, and the peak value



of magnetic entropy change, AS,,,, at the corresponding
magnetic field variation, are expressed by RCP o« H
AS,..x < H', respectively [25,38]. The critical exponents, &
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and n, which parameterize the power law, are thus extracted
as depicted in Figure 4(a) and (b).
According to the theoretical predictions, scaling exerts

Formula ~ASy (mJ K™ em™) T (K) AH (T) Ref.
Gd;SbO, 354.0 2 9 this work
Gd;NbO, 241.4 2 7 this work
Gd;Ta0O, 238.3 2 7 this work
Gd;Gas0,, (GGG) 300.2 2 9 [5]
GdAIO, 317 2 9 [26]
GdCrO, 303 4 9 [27]
[Gd(HCOO)(bdc)],, 125 2 9 [28]
Gd;BWO, 454 2.4 9 [10]
Gd,ZnTiOq 398.5 3.1 9 [7]
[Gd(C40,)(OH)(H,0),], 112.7 3 9 [29]
K,Gd(BH,)s 59.8 5 9 [30]
EuHo,0, 267 2 8 [31]
EuDy,0, 224 2 8 [31]
Gd,Cu(SO4,(OH), 212.8 4 8 [32]
K;Li;Gd,(BO;)y 277.2 2 7 [33]
Gd(OH)SO, 276 2 7 [34]
Gd,NiMnOgq 268 4 7 [35]
Gd(HCOO); 215.7 2 7 [36]
[Gdy(S04)4(1;-OH),(H,0)], 198.9 2 7 [37]
@) 3004 GNO 2 (b) ‘o eNno [ 0
- | -
1501 a T L _160
a2 -
o =7 5=1.19 n=1.34 5
= 400 1 GSO i 2o cso [ 0 ;;
o - —a s
4 e - L —
2 200 1 M = 150 §
5 a s 2
Y §=1.42 n=1.66 -300 E
a ) 2y
3004 GTO / —a GTO <
150 1 - ~— L-130
" 1.31 =
]l = - n=1. -
0 . . (.; =1.17 . . ' | | _260
0 2 4 6 8 0 2 4 6 8
Field (T) Field (T)
(Ci.o ] GNO (d)1 ol cso | ©,] GTO
0.8 1 0.8+ . 087
g g £
3 061 2 o6l 2 061
o oz o
- < 041
< 04 < 044
0.2
0.2 1 0.2
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Figure 4 (Color online) (a), (b) Field variance (< 7 T) of the relative cooling power, RCP, and the peak magnetic entropy change, AS,,,. Solid lines
represent fits of the experimental data. (c)-(e) Single master curve behavior showing the collapse of —~AS\(#,T) curves at varied fields.
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near a second-order phase transition, which can be demon-
strated by the universality of the —AS\y(H,T) curves
[4,25,38]. The phenomenological universal curve is pro-
cessed via assessing the equivalent points of temperature and
—ASu(H,T), i.e., by normalizing the magnetic entropy
change curve to the corresponding maximum via ASy; /AS,.
and rescaling the temperature axis to (7 — Tpea)/(Trer = Tpeak)s
where T, represents the temperature of peak entropy
change and T is the reference temperature corresponding to
the half maximum of the peak magnetic entropy change, ASy
(H,Tey) = 1/2AS,., measured at different applied field
changes.

The constructed curves are depicted in Figure 4(c)-(e),
which express a pronounced single master curve behavior,
i.e., the set of —AS\(H,T) curves measured under different
applied magnetic field changes collapse onto a universal
curve, strongly supporting the second-order phase transition
character for Gd;MO,; (M = Nb, Sb, and Ta).

4 Conclusions

In summary, we have prepared a series of weberite-type
compounds, Gd;MO, (M = Nb, Sb, and Ta), through a tra-
ditional solid-state reaction and investigated their crystal-
lographic structure and bulk magnetic properties. The
magnetocaloric effects are experimentally determined by an
indirect approach, yielding a significantly large magnetic
entropy change for GSO of 354.0mJK 'cm > under an
applied field of 9T at 2 K. The RCP is estimated to be
618.9 Tkg ' (4.8 Jcm ) for a field of 8.9 T, with the largest
adiabatic temperature change of 22.4 K at 6.3 K. The su-
perior magnetocaloric performance makes Gd;MO; weber-
ite-type compounds strong candidates as magnetic
refrigerants at liquid helium temperature and competitive
with the benchmark cryogenic magnetocaloric material,
GGG.
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