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The magnetic and magnetocaloric properties were studied in a stuffed honeycomb polycrystalline antiferromagnet
GdInOs3. The onset temperature of antiferromagnetic ordering was observed at ~ 2.1 K. Negligible thermal and magnetic
hystereses suggest a reversible magnetocaloric effect (MCE) in the GdInO3 compound. In the magnetic field changes
of 0 kOe-50 kOe and 0 kOe-70 kOe, the maximum magnetic entropy change values are 9.65 J/kg-K and 18.37 J/kg-K,
respectively, near the liquid helium temperature, with the corresponding relative cooling power values of 115.01 J/kg and
211.31 J/kg. The MCE investigation of the polycrystalline GdInO3 serves to illuminate more exotic properties in this

frustrated stuffed honeycomb magnetic system.
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1. Introduction

With the increasingly severe issues of global warming
and the energy crisis, the magnetic refrigeration (MR) tech-
nique based on the magnetocaloric effect (MCE) of mag-
netic materials has revealed superior advantages such as higher
energy efficiency, a more robust design, and greater envi-
ronmental friendliness compared to the conventional gas-
compression refrigerant methods by using ozone consum-
ing volatile refrigerants.!'=3 The search for high-performance
magnetocaloric materials has significant meaning in the fu-
ture applications of the MR technique at room temperature for
domestic and industrial purposes,*! with the representative
compounds such as Gd metal,[®! La(Fe, Si),>! Gds(SiGe)s,!”!
MnFe(P, As),!®! FeRh,! and LaAMnO; (A = Ca®*, Ba’",
Na™, K*, and so on).!'%-13] In addition, it is important to ex-
plore magnetocaloric materials at the cryogenic temperature,
which would be beneficial for hydrogen or helium liquefac-
tion and space science.>'4l Over the past few decades, atten-
tion has mostly been paid to cryogenic magnetocaloric materi-
als with rare-earth based alloys and oxides, such as Gd3B50>
(B = Ga, Fe, Al),l] RM, (R = rare earth elements, M = Al,
Ni, Co),!'-181 RpM (M = Zn, Ga),!'*-22! RMX (M = Fe, Co,
X = Al, Mg, C),??*1 R, ,X (T = Cu, Ni, Co, X = In, Al,
Ga, Sn, and so on),?3 RgyCoxNizg (R = Ho and Er),[20]
La],xPerelzB@m] GdonOQOTmzocuzoNizo,[28] DyNiGa,m
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dual-phase HoNi/HoNi, composite,>! RNO; (N = Al, Fe,
Mn, Cr, and so on),[30‘37] and R2M207.[38‘42] In particular,
recent studies have demonstrated that the Gd** and Eu’*
ion-based compounds display great MCE performances due
to the large angular momentum of the half-filled 4f shell
(4f7) and negligible crystal electrical field (CEF) effect with
J=8=7/2, L =0, with the representative compounds
such as GdFeO3,"! GdScO3,[* GdCr0;,1451 GdAlO3, !
GdVO,4,[7481 GdPO,, "1 GdBO3,% and EuTiO3.5152!

In contrast to the conventional magnetic systems with
long range ferromagnetic (FM) or antiferromagnetic (AFM)
ordering, geometrically frustrated magnets possess peculiar
lattice structures, leading to a competition between the neigh-
boring spin—spin interactions. Exotic magnetic properties
such as spin ice and the spin liquid state can be expected
in geometrically frustrated magnets with Kagome, garnet,
and pyrochlore lattices.[’*! As a result, disordered coopera-
tive paramagnetic ground states can remain even at temper-
atures much lower than the paramagnetic Curie—Weiss tem-
perature 6,,. Many geometrically frustrated magnets have
been reported to possess considerable magnetocaloric perfor-
mances in cryogenic temperature regions, since the quasi-
paramagnetic ground states in these systems contribute no
reduced entropy, which can hinder the temperature change
in the adiabatic demagnetization process.!>*! The typical
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cases are antiferromagnet RyM>07 (M = Ti, Mo) with py-

rochlore lattices, 394042541 Gd3Gas0;, with garnet lattice, 1]

(56,571 and

(58]

R3;BWOy with distorted kagome magnetic lattices,
SrGd,04 with distorted honeycomb magnetic lattices,
as well as TmMgGaO4,) RBO;,1%% and Ba3Ln(BO3);
(Ln = Ho-Lu) with two-dimensional (2D) triangular magnetic
lattices. (0"

Rare-earth indium oxides RInO3 possess three main types
of crystal structures.[!] As the radius of rare earth ions de-
creases, the crystal structures can be orthorhombic with the
space group Pnma (for R = La, Pr, Nd, and Sm), hexag-
onal with the space group P63cm (for R = Sm-Ho, Y),
or cubic with the space group Ia3 (for R = Ho, Er, Yb).
Hexagonal RInOj3 displays fascinating properties such as pres-
sure induced hexagonal to orthorhombic crystal structure
transformation, 02 geometric multiferroic behavior, 1631 and
negative thermal expansion.!®*! Notably, the crystal struc-
ture of hexagonal RInO3 consists of 2D triangular layers of
R3* ions separated by non-magnetic layers of corner-sharing

1651 a5 shown in Fig. 1(a). This

[InOs] trigonal bipyramids,
unique magnetic lattice, also called the stuffed honeycomb lat-
tice, is formed by two nonequivalent rare-earth R*>* sites with
the R1 ions in the honeycomb sites and R2 at the center of
each hexagon (see Fig. 1(b)).[% If the anisotropic antiferro-
magnetic interactions caused by spin—orbit coupling exist be-
tween the two R3T sites, also known as bond-dependent Ki-

taev interactions, a frustrated spin liquid ground state with-

out long range magnetic ordering can be expected in the hon-
(67,68

eycomb magnetic system. 1" As one crucial member of

Intensity (arb. units)

hexagonal RInO3, TbInOs3 has recently been revealed to be a
highly frustrating spin liquid magnetic system with a stuffed
Tb3* ion-based honeycomb lattice,7-%° which is very ex-
traordinary because the previous studies on spin-1/2 honey-
comb magnets have focused mostly on the 4d and 5d tran-
sition metal systems such as a-RuClz,[7%7!1 and the A,IrO;3

72731 Similarly, it has been reported that GdInO3 pos-

iridates.
sesses no long-range magnetic ordering down to temperatures
as low as 1.8 K, indicating magnetic frustrated characters at

5.16474] However, more thorough studies with

low temperature
various experimental and theoretical methods need to be con-
ducted to uncover the magnetic structure at the ground state.

In this article, the magnetic and MCE are studied in poly-
crystalline GdInO3. The sharp upturn and the negative Curie—
Weiss temperature indicate the onset of antiferromagnetic or-
dering below Ty ~ 2.1 K in GdInO3. Negligible thermal and
magnetic hysteresis indicate a reversible MCE. For the mag-
netic field changes of 0 kOe-50 kOe and 0 kOe-70 kOe, the
maximum magnetic entropy change values are 9.65 J/kg-K and
18.37 J/kg-K, respectively, near the liquid helium temperature,
with the corresponding relative cooling power (Rcp) values of
115.01 J/kg and 211.31 J/kg. The large reversible MCE of
polycrystalline GdInO3 will provide another avenue for mag-
netocaloric refrigerant exploitation in frustrated magnetic sys-
tems near the cryogenic temperature region and will aid in
understanding the exotic magnetic properties of the frustrated
magnetic ground state in stuffed honeycomb antiferromagnet
GdInOs.

(C) R,=4.728 + Experimental data
R, =6.267 — Rietica fitting
Refinement difference
x?=10.001

I Spectral lines

(d) JCPDS #14—0150

20 30 40 50 60 70 80 90
20 (%)

Fig. 1. (a) The hexagonal P63cm crystal structure of GdInO3. (b) The stuffed honeycomb arrangement of Gd1 and Gd2 sites in the ab plane.
The green, blue, white, and red balls denote Gd1, Gd2, In, and O atoms, respectively. The thick, solid-colored sticks represent the atomic bonds.
The solid black lines represent the crystal unit cells of GdInOs3. (c) XRD pattern of polycrystalline GdInO3 measured at room temperature. The
cross-shaped symbols and the solid red line represent the experimental data and the Rietveld refined results, respectively. The blue line represents
the difference between the experiment and the fitting results. (d) Standard card (No. 14-0150) for powdered GdInO3 in JCPDS database.
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2. Experiments

The GdInO3; powders were synthesized with the con-
ventional solid-state reaction method. High purity Gd;0O3
(99.99%, General Research Institute for Nonferrous Metals)
and Inp 03 (99.99%, GRINM) powders were thoroughly mixed
in an equimolar amount and heated at 1673 K for 72 h with
several intermediate grindings. A Rigaku Miniflex 624 x-ray
diffractometer was used to carefully check the phase puri-
ties and crystal structures of the powders with high-intensity
graphite monochromatized Cu K« radiation at the room tem-
perature. The Rietveld refinement of the x-ray diffraction
(XRD) pattern was carried out by using Rietica software. The
temperature and the magnetic field dependences of the mag-
netizations were measured for powder samles with masses of
~ 2.6 mg by a Quantum Design superconducting quantum
interference device vibrating sample magnetometer (SQUID-
VSM) within the temperature range of 1.8 K-300 K.

3. Results and discussion

The XRD measurement was carried out to confirm the
phase purity of the synthesized powder. Figure 2(c) displays
the room-temperature powder XRD pattern of the synthe-
sized sample with Rietveld refinement. The sample exhibits
a hexagonal structure with a P63cm (No. 185) space group
with refinement factors of R, = 4.728 and Ry, = 6.267, and
no impurity was detected. All the diffraction peaks in the XRD
pattern coincide with the spectral lines of the GdInO3 standard
card (No. 14-0150) in the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) database as shown in Fig. 2(d). The
refined lattice parameters a = 6.3569 and ¢ = 12.3512 agree
well with the previously reported values. 4]

Figure 2 shows the temperature dependences of the mag-
netizations (the left vertical coordinates) in the magnetic fields
of 0.1 kOe, 1 kOe, and 2 kOe. In the field of 0.1 kOe, the mag-
netization data were measured for three circumstances. The
ZFC and FC curves represent the data recorded upon warm-
ing up after being zero-field cooled (ZFC) and field cooled
(FC) from room temperature. In comparison, the FCC curve
denotes the data upon cooling down from room temperature
for a magnetic field of 0.1 kOe. However, for the magnetic
fields of 1 kOe and 2 kOe, the temperature dependent magne-
tization measurements were only performed under ZFC condi-
tions. No splitting was observed among the ZFC, FC, and FCC
curves for 0.1 kOe within the measured temperature range of
1.8 K-300 K, indicating a negligible thermal hysteresis in this
material. The Curie-Weiss fitting of the M(T) data under
1 kOe was performed. This fitting is shown in the right vertical
coordinates of Fig. 2. The deduced effective magnetic moment
Uett = 7.95up /Gd is consistent with the theoretical free Gd>*

ion effective moment (Leo = &7 \/J(JTI) Up = 7.94up with
g/ =2,and J =S =7/2). The negative value of the extrapo-
lated Curie—Weiss temperature 6y, (—7.41 K) indicates an an-
tiferromagnetic feature of the magnetic Gd>* moment corre-
lations. A sharp upturn was observed in the M(T') curves for
all the three measured magnetic fields (0.1 kOe, 1 kOe, and
2 kOe) at ~ 2.1 K, which was also verified by the peaks at
~ 2.1 K in the curves of the first derivative M(T) at 0.1 kOe,
1 kOe, and 2 kOe, as shown in the inset of Fig. 2. All the
above phenomena suggest the onset of antiferromagnetic or-
dering below Ty ~ 2.1 K in the GdInOs.

5 2 kOe
12
4 -
10
— =
o0 3r i
> 1 kOe Hogs = T7.95up 8 %
£ 0,=—7.41 K 5
L 2t ¥ g
= =
1 Fo1xqe
0 L

T (K)

Fig. 2. Left vertical coordinates: The temperature dependences of ZFC, FCC,
and FC magnetizations in magnetic fields of 0.1 kOe, 1 kOe, and 2 kOe.
Right vertical coordinates: the Curie—Weiss fitting of 1 kOe ZFC data in the
temperature range of 50 K-300 K. The inset displays the temperature depen-
dence of the first derivative values of the ZFC magnetizations (blue triangle
symbols) of polycrystalline GdInO3 in fields of 0.1 kOe, 1 kOe, and 2 kOe.
The magnetic field dependent magnetization hysteresis
loops (M—H) and dM /dH curves at 1.8 K and 10 K are shown
in Fig. 3. The absence of hysteresis indicates a reversible
MCE. With the increase of the magnetic field, the growth rate
of the magnetizations at 1.8 K undergoes the first declining
tendency in the magnetic field region of 0 kOe-28 kOe, fol-
lowed by a rising tendency in the 28 kOe—46 kOe field region,
and then a second declining tendency in the 46 kOe—70 kOe
field region. Correspondingly, we observed the anomalies in
the M—H hysteresis loop at £28 kOe with the magnetization
value of 2.081up/f.u. (~ 0.26 times the U, value of the
free G moment). This can be understood as the M, /3
phenomenon induced by the collinear “up—up—down” arrange-
ment of the Gd** moments in the external magnetic field of
the 2D triangular lattices. Similar results were also reported
in other geometrically frustrated systems with 2D triangular
magnetic lattices.[”>-78] However, the growth rate of the mag-
netizations at 10 K has a declining tendency in the entire mea-
sured magnetic field range of 0 kOe—70 kOe, which demon-
strates that the magnetic field induced transition is suppressed
by the thermal fluctuation at high temperatures. At 1.8 K,
the magnetization value reaches 4.81ug /f.u. (107.47 emu/g)
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at 70 kOe, which corresponds to only ~ 60.5% of the ex-
pected theoretical Gd** ion magnetic moments (7.94ug /f.u.).
The isothermal magnetization curves in the temperature range
of 2 K-60 K are shown in Fig. 4(a). Compared to the
other reported Gd>*-based compounds such as GdScOs,[*4]
GdFe03,™ and GdCo03, 8 the field dependent magnetiza-
tions of GdInO3 reveal a slower growth rate and much lower
values at the same magnetic fields. Even at a low tempera-
ture of 2 K and a high magnetic field of 70 kOe, no satu-

120

 (a) 18 K 150
60 412.5
o i 10 K
~
=]
g or 10
L
= —60 1725
ol 450
—80 —40 0 40 80
H (kOe)

M (pg/fu.)

ration value of the magnetization was observed. The above
phenomena can be attributed to the stuffed honeycomb lat-
tice induced magnetic frustrations. Based on the isothermal
magnetizations shown in Fig. 4(a), the Arrott plot of GdInO3
was obtained, as shown in Fig. 4(b). All the data lines display
positive slopes, which confirm a second-order characteristic
of magnetic field induced magnetic transition according to the

Banerjee criterion. 811

2.6

—~ (b) 0kOe —=—18K
‘G)

2

T‘ 201
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Fig. 3. (a) The magnetization hysteresis (M—H) loops measured at 1.8 K (blue line) and 10 K (red line) for polycrystalline GdInO3 in a magnetic
field range from —70 kOe to +70 kOe. (b) The first derivative curves of the magnetic field dependent M—H loops at 1.8 K (blue square symbols)

and 10 K (red circle symbols).

120
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Fig. 4. (a) Magnetic field dependence of isothermal magnetizations in the temperature range of 2 K-60 K. (b) Arrott plot of polycrystalline GdInO3

in the temperature range of 2 K-52 K.

Considering the prominent field dependent magnetiza-
tions with negligible thermal and magnetization hysteresis,
there can be an expectation of a large reversible MCE in poly-
crystalline GdInO3. By using the Maxwell relationship, the
magnetic entropy changes —AS)s were calculated based on the
M-H data, as shown in the following equation: !

H [ 9s
ASy (T, H) :/0 (8[-1) dH
T
H
<8M) .
0 H
_ >AH’

T
where M7, and My, represent the magnetizations at temper-
atures 71 and 7>, respectively, for a magnetic field change

6]

of AH. Figure 5(a) shows the temperature dependences of
the magnetic entropy changes in GdInO3;. The maximums
of the magnetic entropy changes lie in the temperature be-
low 5 K within all the measured magnetic field region, which
then shift to higher temperatures with the increasing magnetic
field change. Only the hot half parts of —ASy peaks are ob-
served, which may have been attributed to the highly geo-
metrical frustrated magnetic lattices in GdInO3. In the mag-
netic field changes of 0 kOe-20 kOe, 0 kOe-50 kOe, and
0 kOe-70 kOe, the maximum magnetic entropy values are
394 J/kg-Kat2.5K,9.65J/kg-Kat3.5K,and 18.37 J/kg-K at
3.5 K, respectively. Additionally, the other two crucial param-
eters used to estimate the MCE performance are the refrigerant
capacity (Rc) and the relative cooling power (Rcp). For con-
venience, these parameters are called R factors in this paper,

067501-4
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and are defined as follows:[82]
Ty
Re=— [ ~ASy(T)dT, 2)
T
Rcp = —ASy™ x 8 Trwnm, 3)

where —ASY™, T1, T>, and 8Tpwrm represent the maximum
value of —AS)y, the cold end, the hot end, and the tempera-
ture interval mark at the half maximum —AS},, respectively.
Because the cold temperature ends of the half —ASy™ val-
ues are below the lowest temperature point (2.5 K) in the
S(T) curves, we adopted 2.5 K as 7], and we obtained the
R factors for different magnetic fields, as shown in the in-
set of Fig. 5(b). For better understanding, the schematic di-
agrams of Rc and Rcp for the magnetic field change from
to 70 kOe are also illustrated in the inset of Figs. 5(a) and
5(b). For the field changes of 0 kOe-50 kOe and 0 kOe-70
kOe, the Rc values are 89.06 J/kg and 161.29 J/kg, respec-
tively, and the Rcp values are 115.01 J/kg and 211.31 J/kg.
For comparison, the transition temperatures and the MCE pa-
rameters of GdInO3 and other cryogenic magnetocaloric mate-
rials were recorded, as shown in Table 1.[42:44-49.52.79.80.83-94]
GdInO3 demonstrates a much lower magnetic entropy change
value than the theoretical limiting value of 54.01 J/kg-K (de-

duced from ASyax = RIn(2J + 1), where R and J represent the
gas constant and the total angular momentum of the magnetic
ion, respectively) as well as other Gd**-based or Eu** based
compounds such as GdScO3, 91 GdCrO3,13%! GdAIO;, 46!
EuTiO3,P1521 GAVOy,*7#81 and GdPO4,**! which may result
from the stuffed honeycomb lattice induced magnetic frustra-
tions between Gd>* moments. However, the maximum mag-
netic entropy change —ASy™ (18.65 J/kg-K) and the R fac-
tors (161.29 J/kg for Rc, 211.31 J/kg for Rcp) with the mag-
netic field change of 0 kOe—70 kOe still show a comparable or
even larger value than some other rare earth based compounds
near the liquid helium temperature, such as RsCoyGa (R =
Gd, Ho),*® R;Mo0,07 (R = Gd, Er, Dy),[*?l DyvwOQg, !
R,CrMnOg (R = Ho and Er),[3! R,FeCrO¢ (R = Er and
Tm),””) RVOy (R = Er, Ho, and Yb),!*’! and RAgAI (R = Er,
Ho).[”?l The experimental results in our work indicate that
GdInO3 possesses a reversible MCE near the liquid helium
temperature. This offers great potential for the applications of
frustrated magnetic systems in future low-temperature mag-
netic refrigeration technology, and will aid the exploration of
the complicated mechanisms in frustrated stuffed honeycomb

magnetic lattices.

Table 1. The phase transition temperature (Tj7) and the maximum magnetic entropy changes —ASy™ of rare-earth-based oxides with the magnetic field
changes of 0 kOe—20 kOe, 0 kOe—50 kOe, and 0 kOe—70 kOe. SG and PO represent single crystals and polycrystals, respectively. The “— symbols illustrate
that the related results have not been reported.

—ASH™ (J/kg-K)

R factors (0 kOe-70 kOe) (J/kg)

Material Tu (K) Reference
0 kOe-20 kOe 0 kOe-50 kOe 0 kOe-70 kOe Rc Rcp

GdInO3 2.1 3.94 9.65 18.37 161.29 211.31 this work
GdScO3 2.8 7.90 39.39 50.77 325.11 436.61 [44]
GdFeO3 3.6 ~8 ~38 50.2 3212 - [79]
GdMnO; 4.5 ~5 ~12 ~18 - 211 [46]
GdAIO3 39 ~4 ~23 ~35 - 203 [46]
GdCrO3 23 - ~30 36.97 - 542 [45]
GdCrOy4 21.3 - 18.8 - - - [83]

EuTiO; 5.6 21.1 40.4 49 500 - [52,84]

GdPO4 0.77 - - 62.0 - - [49]
GdVOy, 2.50 41.1 63 - - [48]
GdCoO; 3.1 ~5 26.7 39.1 278 - [80]
Gd(OH); 27 26.9 ~ 56 62.00 - - [85]
Gd,O0(0OH)4(H;0), 31 17.0 ~52 59.09 - - [85]
Gd;Mo,07 78 4.1 11.1 15.2 467.9 - [42]
Gd>ZnMnOg 6.4 2.03 15.17 25.20 313 407 [86]
Gd,FeAlOg <2 5.2 - 259 240.1 - [87]
Sr, GANbOg 2.0 16.35 26.07 29.71 188.1 267.4 [88]
GdsCo,Ga 55/78/129 ~3 ~9 12.6 - 945.3 [89]
HogCorGa 16 ~2 ~ 10 15.8 - 532.6 [89]
Ho, TiMnO; 7.5 5.98 11.45 13.95 573.2 - [90]
HoVOy, 35 ~2 7.94 - - - [47]
DyVWOg 2.5/5 ~3 ~7 8.45 - - [91]
ErAgAl 14 4.2 10.5 13.7 - 398 [92]
HoAgAl 18 3.8 10.3 13.8 - 525 [92]
Ho,CrMnOg 6.1 3.48 ~9 12.94 246.4 322.7 [93]
HoTiO3 53 5.96 11.56 - - - [94]
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Fig. 5. (a) Temperature dependence of magnetic entropy changes 7ASf,, of polycrystalline GdInO3. (b) The magnetic field dependences of Rc (magenta
hexagon symbols) and Rcp (blue star symbols) curves. The insets in (a) and (b) illustrate the schematic diagrams of Rcp (the magenta area) and Rc (the cyan

area) for the magnetic field change of 0 kOe-70 kOe.

4. Conclusion

In summary, we performed the magnetic and magne-
tocaloric investigations of polycrystalline GdInO3. The onset
of antiferromagnetic ordering was observed at Ty ~ 2.1 K. The
magnetization value of only 60.5% of free Gd** moments at
1.8 K and 70 kOe reveals frustration in this stuffed honeycomb
antiferromagnet system. No thermal and magnetization hys-
teresis was observed, which indicates a reversible MCE per-
formance. In the magnetic field changes of 0 kOe-50 kOe
and 0 kOe—70 kOe, the maximum magnetic entropy changes
of 9.65 J/kg-K and 18.37 J/kg-K, respectively, were obtained
near the liquid helium temperature. Correspondingly, the Rc
values are 89.06 J/kg and 161.29 J/kg, and the Rcp values are
115.01 J/kg and 211.31 J/kg. The relatively lower maximum
magnetic entropy changes of GdInO3 compared to the theoret-
ical changes may be owing to the triangular-honeycomb mag-
netic Gd>* lattice caused magnetic frustration. The MCE per-
formance is expected to facilitate understanding of the frus-
trated magnetic interactions in stuffed honeycomb antiferro-
magnet GdInOs.
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