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The magnetism and magnetocaloric effect (MCE) of rare-earth-based tungstate compounds R3BWOy (R = Gd, Dy,
Ho) have been studied by magnetic susceptibility, isothermal magnetization, and specific heat measurements. No obvious
long-range magnetic ordering can be found down to 2 K. The Curie—Weiss fitting and magnetic susceptibilities under
different applied fields reveal the existence of weak short-range antiferromagnetic couplings at low temperature in these
systems. The calculations of isothermal magnetization exhibit a giant MCE with the maximum changes of magnetic entropy
being 54.80 J/kg-K at 2 K for GdzBWOqg, 28.5 J/kg-K at 6 K for Dy3BWOy, and 29.76 J/kg-K at 4 K for Ho3BWOy,
respectively, under a field change of 0-7 T. Especially for Gdi3BWOy, the maximum value of magnetic entropy change
(—ASY*) and adiabatic temperature change (—AT3**) are 36.75 J/kg-K and 5.56 K for a low field change of 0-3 T,
indicating a promising application for low temperature magnetic refrigeration.

Keywords: magnetocaloric effect, short-range spin correlation

PACS: 75.30.Sg, 75.40.—s

1. Introduction

Over the past few decades, materials with giant mag-
netocaloric effect (MCE) have received considerable atten-
tion due to their potential applications in magnetic refriger-
ation technology with higher energy efficiency and environ-
ment friendly.l'# A large MCE near room temperature can
be used in the field of industrial refrigerant.’>¢! In cryogenic
temperature region, a large MCE can be used for space sci-
ence, medical instrumentation, and liquefaction of hydrogen
and helium!”! The isothermal magnetic entropy change (ASy)
and adiabatic temperature change (AT,q) under a varying ex-
ternal magnetic field are two main parameters to character-
ize the MCE. For a certain system, most of entropy change
is released near the magnetic transition temperature. Thus, to
achieve a large MCE at low temperature, especially for liquid-
helium temperature or sub-kelvin temperature, it is necessary
to search new materials with low magnetic transition temper-
ature. In addition, a large spin quantum number, negligible
magnetic anisotropy, and no thermal and field hysteresis are
three key factors for giant MCE materials. Based on these
considerations, the researches of MCE materials mainly fo-

[8-

cus on the rare-earth-based compounds.®131 Among them,

Gd-based compounds exhibit remarkable performance in gi-

DOI: 10.1088/1674-1056/abf916

ant MCE at low temperature due to the large spin quantum
number (S = 7) and no orbital angular momentum of Gd>*
ions. The typical examples include intermetallics GdzRu,['4]

151 molecular-based com-

perovskite oxide GdFe(5Cry 503,
plex [Mnf‘“Gd}‘H]Calix[4]arene,[16J frustrated antiferromagnet
SrGd, 04,1171 4f-3d spin system GdCrTeOg, '8! amorphous al-
loy GdgNi37Cos and GdsoCos, %29 etc.[?1-26]

Recently, the rare-earth-based systems R3BWOQOg (R =
Gd, Dy, Ho) have attracted attention as searching for quan-
tum spin liquid candidates.*”] These compounds crystallize
in hexagonal structure with the space group P63, where the
magnetic ions are connected by oxygen ions and form a dis-
torted Kagome lattice in the ab plane. Along the c axis, the
nearest neighboring rare-earth ions form a frustrated zigzag
chain structure. The distance of interlayer rare-earth ions
is comparable with the intralayer distance, constituting a
three-dimensional framework. The magnetic property stud-
ies showed paramagnetic ground states without thermal or
magnetic hysteresis in these systems.!”’”! Under a small ap-
plied magnetic field, the weakly coupled spins can easily ro-
tate towards the direction of the magnetic field, accompany-
ing a large magnetic entropy change in the magnetization pro-
cess. Thus, a considerable MCE is expected in the series com-
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pounds.

In this paper, we studied the magnetism and MCE of
R3BWOy (R = Gd, Dy, Ho) compounds by using magnetic
susceptibility, isothermal magnetization, and specific heat
The isothermal magnetic entropy changes
have been calculated according to the Maxwell thermody-

measurements.

namic relations. Due to the absence of long-range magnetic
ordering at low temperature, a large MCE was observed in
these compounds.

2. Experimental details

The polycrystalline R;BWOqg (R = Gd, Dy, Ho) were syn-
thesized using standard solid-state reaction method by mix-
ing stoichiometric amounts of high purity rare-earth oxides,
H3BO3;, WO3, and MoOs. In order to remove hydroxide im-
purity, the rare-earth oxides were dried at 900 °C for 12 hours
before mixing. Then, the powders were ground together and
sintered in air at 1200 °C for 72 hours with several intermedi-
ate regrindings. The purity and morphology of samples were
examined by powder x-ray diffraction (XRD) at room temper-
ature. The relative Rietveld powder diffraction profile fitting
software FullProf was used to refine the crystal structure.[?8]
Magnetic susceptibility and isothermal magnetization were
measured by using a SQUID-VSM (Quantum Design). The
temperature dependence of the specific heat was measured by
using a physical property measurement system (PPMS, Quan-
tum Design) from 50 K to 2 K.

3. Results and discussion

Figure 1 shows the Rietveld refinements of powder XRD
patterns for RsBWOQOg (R = Gd, Dy, Ho) at room temperature.
All samples are single phase without any detectable impuri-
ties. Table 1 lists the unit-cell parameters obtained by Rietveld
refinements, which are in good agreement with the results of
previous report.[>”] Due to the lanthanide shrinkage, the lattice
parameters decrease gradually with the decrease of the rare-
earth ionic radius.

The temperature dependence of magnetic susceptibility
x(T) curves measured at different applied fields are shown
in Fig. 2. At 0.1 T, no obvious magnetic transition can be
observed down to 2 K for the three compounds. The corre-
sponding inverse susceptibility y ~!(T) exhibits a typical lin-
ear behavior above 50 K. Compared with Gd3BWOy, the rel-
atively obvious slope changes of ¥ ~!(T') can be found around
50 K in DysBWQOg and Ho3BWOy, indicating the possible

existence of short-range spin correlations at low temperature.
Table 1 exhibits the Weiss temperatures Ocw fitted by Curie—
Weiss law x(T) = C/(T — 6cw) and the calculated effective
magnetic moments ¢ at two different temperature regimes
of 100-300 K and 2-25 K. For all temperature regions, these
compounds exhibit negative Weiss temperatures, revealing the
dominant antiferromagnetic (AFM) exchanges between the
rare-earth ions. The calculated effective magnetic moment of
Gd3BWOy is 7.97 up at low temperature, which is close to the
theoretical value 7.93 ug of free Gd>* ions (S =7 /2,¢="2.0).
For Dy;BWOg and Ho3sBWOy, the calculated effective mag-
netic moments are 10.44 ug and 10.23 ug, respectively, which
are slightly larger than the theoretical values of free Dy>*+ and

Ho>* jons.
Gd3;BWOy experimental
’ ' ——calculated
— difference
+ Bragg peaks
i i I
) i ok A
y T
DysBWOQOy ¢ ¢
>
ia
ko
=]
9]
it
kel a2
| i L d
T R A T
HO3BW09
i i AﬁA add Mo
I 1 l \‘ l 1 Ij:‘ ) |:| I: |||||‘:H I e i

10 20 30 40 50 60 70 80
20 (°)
Fig. 1. The Rietveld refinements of XRD data for R;BWOg (R = Gd, Dy,
Ho) with experimental and calculated XRD patterns and difference between
them. The vertical bars represent the expected Bragg reflection positions.

The derivative dy/dT curves under different applied
fields have been provided to further analyze the spin corre-
lations below 20 K. As shown in the insets of Figs. 2(b), 2(d),
and 2(f), a common feature is the sharp decrease of dy/dT
with decreasing temperature when H < 1 T for the three com-
pounds. The minimum value of dy/dT occurred at 2 K for
Gd3BWOg and 4 K for Dy3;BWOg and Ho3BWOy, confirming
the existence of short-range spin couplings at low temperature.
Beyond that, with the increase of the applied magnetic fields,
the decrease of dy/dT has been suppressed gradually, sup-
porting a field-induced ferromagnetic (FM) transition in these
systems at low temperature.

Table 1. The lattice parameters and magnetic parameters fitted by Curie—Weiss law of R;BWOq (R = Gd, Dy, Ho).

High T (100-300K)

Low T (2-25 K)

a(A) c(A)

Materials

Ocw (K) Hefr (UB) Ocw (K) Hefr (UB)
Gd3;BWOg 8.5574(3) 5.3958(4) 3.33 8.15 0.87 7.97
Dy3;BWOy 8.5015(7) 5.3352(3) 10.99 11.27 0.73 10.44
Ho3;BWOQOqg 8.4714(2) 5.3078(3) 14.49 11.14 0.77 10.23
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Fig. 2. Temperature dependence of susceptibility x(T') curves under different applied magnetic fields and inverse susceptibility ' (T) curves
at 0.1 T of RsBWOy (R = Gd, Dy, Ho). The pink and green solid lines indicate the Curie—Weiss fitting at different temperature regions. The
insets of (a), (d), and (f) exhibit the first-order derivative d/dT curves under different applied magnetic fields below 20 K.
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Fig. 3. The isothermal magnetization curves of R3BWQOg (R = Gd, Dy,
Ho) measured at different temperatures.

Figure 3 shows the isothermal magnetization curves of
R3BWOy (R = Gd, Dy, Ho) measured from 2 K to 50 K
with different temperature steps. The magnetization increases
smoothly with increasing magnetic field and no field hysteresis
was observed for the whole temperature range. Here, only the
H-increasing curves are presented in Fig. 3. With increasing
temperature, the magnitude and curvature of the magnetization
curve decrease, suggesting a strong effect of thermal perturba-
tion on spin alignment. For Gd3BWOy, the magnetic moment

at 2 K and 7 T is derived to be 7.11 ug, which is close to the
saturated magnetic moment of free Gd*>* ions. For Dy;BWOq
and HozBWOQgy, the maximum magnetic moments at 2 K are
5.50 up and 5.37 ug, respectively.

According to the isothermal magnetization curves, the
magnetic entropy change ASy can be calculated by integrat-
ing the Maxwell’s equation ASy = fi' (M /AT)dH. The
temperature dependence of —ASy for different applied fields
is shown in Fig. 4. For Gd3;BWOQy, the value of —ASy
increases monotonously with decreasing temperature and
reaches 36.75 J/kg-K and 54.80 J/kg-K at 2 K for field ranges
of 0-3 T and 0-7 T, respectively (see Fig. 4(a)). Especially for
arelatively small field change of 0-2 T, the value of —ASy™ is
25.13 J/kg-K, which is highly desired for practical applications
of MCE materials. For Dy;BWOgy and Ho3BWOy, the tem-
perature dependence of —ASy under different field changes
exhibits similar behavior, as shown in Figs. 4(b) and 4(c). The
values of —ASy increase monotonously with decreasing tem-
perature and reach 28.50 J/kg-K at 6 K for Dy;BWQOg and
29.76 J/kg-K at 4 K for Ho3BWOy, under a field change of
0-7 T. Compared with Gd3BWOg, DysBWOg and Ho3BWOg
exhibit relatively smaller magnetic entropy changes and higher
characteristic temperatures of —ASy™ under the same field
change. It should be noted the crystalline electric field (CEF)
effect of Dy>* and Ho>" ions can also have significant in-
fluence on the anisotropy magnetic interaction and magnetic
ground state at low temperature. However, since the effective
magnetic moments are very close to those of the free rare-
earth ions, as shown in Table 1, the CEF may have negli-
gibly small effect on the magnetic properties of the present
materials. The relatively higher characteristic temperatures of
—ASy™ in Dy3;BWO9 and HosBWOg may originate from the
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spin correlations below 50 K, in accordance with the analy-
sis of magnetic susceptibility (see Fig. 2). In addition, the
characteristic temperature of —ASy* for Dy3;BWOy shifts to
high temperature with the increase of field change. The in-
sets of Figs. 4(b) and 4(c) provide the corresponding magnetic
dependence of refrigerant capacity (RCP) for Dy;BWOg and
Ho3BWOy. The RCP defined as ASy™ Spmum, is an impor-
tant quality factor to measure the amount of heat transfer in an
ideal refrigeration cycle, where dpmpumM is the full width at half
of —ASwy curves The obtained RCP is 358 J/kg for Dy;BWOg
and 384 J/kg for HosBWOQOg with a field change of 0-7 T, re-
spectively.
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Fig. 4. Temperature dependence of magnetic entropy change —ASy; for
R3BWOy (R = Gd, Dy, Ho), respectively. The insets of (b) and (c) give
the RCP as a function of magnetic field.

In order to further investigate the MCE of Gd3BWOy, the
specific heat has been measured from 50 K to 2 K. The tem-
perature dependence of the specific heat under different ap-
plied magnetic fields is shown in Fig. 5(a). The zero-field
specific heat data indicates the absence of long-range mag-
netic order down to 2 K, in agreement with the results of
magnetic susceptibility, but exhibits an upturn at 7 < 8 K.
With increasing fields, a broad peak appears around 5 K for
H =3 T and shifts to higher temperatures gradually. Simi-
lar with GdCrTiOs and BiGdOs, such behaviors indicate the
existence of short-range spin correlations at low temperature

[25,29

in this system. I The background specific heat of phonon

contribution can be described by Cpn = BT + BsT° + 7T
with B =112 x 1073 J/mol-K*, Bs = —4.66 x 10~7 J/mol-KS,
B7 = 7.40 x 10~!'! J/mol-K®. By integrating (C, — Cpn)/T
from 50 K to 2 K, the temperature dependence of the mag-
netic entropy is obtained and shown in Fig. 5(b). The obtained
values of magnetic entropy are 6.4 J/mol-K for H = 0 and
38.5 J/mol-K for H = 7 T, which are 12% and 74% of the
theoretically maximum magnetic entropy 3R1n 8 for fully po-
larized Gd** ions, respectively. The small change of entropy
at zero field confirms the existence of spin correlations below
2K.

(a) 60
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Fig. 5. (a) Temperature dependence of the specific heat measured at
different magnetic fields for Gd3BWOg. The red line represents the
phonon contribution. (b) The temperature dependence of magnetic en-
tropy Smag-
Based on the temperature dependence of the specific heat
curves under different applied magnetic fields, the magnetic
entropy change of GdzBWOg can be calculated using the

equation

dT.

Asy / C(T,Hy) — C(T, Ho)

T
As shown in Fig. 4(a), the temperature dependences of ASy
calculated from isothermal magnetization M(7T,H) and spe-
cific heat C(T,H) exhibit same tendency. The adiabatic tem-
perature change AT,q as another important parameter to char-
acterize the MCE materials can be calculated by using the

1 (o,
o Co(H)\dT

Figure 6 shows the temperature dependence of —AT,y for

equation

ATad =

Gd3;BWOy. Due to the existence of short-range spin correla-
tions and field-induced FM transition, the characteristic tem-
perature of —AT3** shifts towards higher temperature with in-
creasing field and reaches 2.86 K, 5.56 K, and 9.16 K with the
field changes of 0—1 T, 0-3 T, and 07 T, respectively. Table 2
provides a comparison of magnetic entropy changes with some
Gd-based oxides for the same magnetic field ranges of 1 T,
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3T, and 7 T. The —ASy values of Gd3BWOy are comparable
or even larger than those of many Gd-based oxides within the
same magnetic field region.

10

ATad (K)

0 1 1
0 10 20 30 40 50

T (K)

Fig. 6. Temperature dependence of adiabatic temperature change —AT,q
for Gd3sBWOy.

Table 2. A comparison of the MCE between Gd3 BWOg and some other
Gd-based oxides under the magnetic field changes of 1 T, 3 T, and 7 T.

Materials ASm (kg K)
1T 3T 7T Ref.
GdPOy ~24.00 ~50.00 62.00 [10]
GdCrTeOg 10.90 30.30 41.80 [18]
GdMnO3 1.60 6.80 15.40 [21]
GdCrOy4 7.70 16.50 28.30 [22]
GdFeOs3 1.70 16.20 44.00 [23]
BiGdO3; ~1.30 ~ 8.00 25.00 [25]
GdFeTeOg 10.90 23.60 38.50 [26]
Gd3;BWOq 9.22 36.75 54.80 this work

Compared with the magnetic order systems, the rare-
earth ions in R3BWOy (R = Gd, Dy, Ho) are located in a
three-dimensional frustrated framework, which may enhance
the disorder of spins at low temperature. These weakly cou-
pled spins can easily rotate towards the direction of magnetic
field and generate a large magnetic entropy change under a
small applied magnetic field. Thus, rare-earth-based oxides
R3BWOg (R = Gd, Dy, Ho) can be considered as the poten-
tial magnetic refrigerant materials at low temperature without
field and thermal hysteresis in the magnetization process.

4. Summary

In summary we have synthesized a series of rare-earth-
based boron tungstate compounds R3BWOQOg (R = Gd, Dy, Ho)
by the solid-state reaction method. All three compounds ex-
hibit no long-range magnetic order down to 2 K. Under an
external magnetic field, the weakly AFM coupled spins can
rotate towards the direction of the applied field and yield a
large MCE. For a field range of 0-7 T, the maximum val-
ues of the magnetic entropy change reach 54.80 J/kg-K at
2 K for GdzBWOy, 28.50 J/kg-K at 6 K for Dy3;BWOy, and
29.76 J/kg-K at 4 K for HosBWOy. Especially for GdsBWOy,

the value of —ASy™ is 25.13 J/kg-K at 2 K with a small field
change of 0-2 T. Without the thermal and field hysteresis,
R3BWOQOg (R = Gd, Dy, Ho) can be considered as potential
candidate materials for magnetic refrigeration at low tempera-
ture.
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