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Abstract
In this work, we fabricated a polycrystalline Tb2FeCrO6 double perovskite (DP) oxide by a solid-state reaction method and 
determined its structural, magnetic, and magnetocaloric (MC) properties. The Tb2FeCrO6 DP oxide was found to crystal-
lize in a DP-type structure with the Pbnm space group and to undergo a paramagnetic-to-antiferromagnetic transition at a 
temperature of ~ 8.5 K. A large low-temperature MC effect was observed in the Tb2FeCrO6 DP oxide. The MC parameters 
in terms of maximum magnetic entropy changes, temperature-averaged entropy change (5 K), and relative cooling power 
for Tb2FeCrO6 DP oxide under a magnetic field change of 0–7 T were 12.9 J/kg K, 12.7 J/kg K, and 341.4 J/kg, respectively. 
These parameters were consistent with similarly high levels in recently updated MC materials, making the material a suitable 
candidate for low-temperature magnetic cooling applications.
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Introduction

Solid-state magnetic cooling based on the magnetocaloric 
(MC) effect1–3 of magnetic solids is considered one of the 
most promising cooling methods1–8 due to its remarkable 
benefits in both social and economic aspects. It is known 
that the MC effect is a magneto-thermodynamic property1–3 
which can be identified by the changes in temperature (adia-
batic process) or magnetic entropy (isothermal process) with 
the change in external magnetic field. A crucial prerequisite 
for this cooling method is the development of magnetic sol-
ids with good MC performance. Therefore, many magnetic 
solids have been fabricated and evaluated systematically in 
recent decades to assess their MC properties9–15 not only 
for exploring suitable materials for magnetic cooling appli-
cations but also for deepening our understanding of their 
magnetic properties. However, large gaps still exist between 
the requirements of magnetic cooling applications and the 

performance of reported magnetocaloric materials. Thus, the 
development of suitable candidate materials with large MC 
effects and promising MC performance remains an urgent 
research task for magnetic cooling applications.

In recent years, many rare earth (RE)-transition metal 
(TM)-based magnetic solids16–27 have been fabricated 
and their MC effects determined. Some are reported to 
exhibit good MC performance and are of great interest 
for low-temperature magnetic cooling. For example, pure 
and doped (RE1−xAx)MnO3 oxides16,17 with perovskite-
type structure have recently been reported to exhibit good 
room-temperature MC performance. RE(Al, Co, Ni)2-based 
compounds19,20 have recently been reported to be good can-
didate materials for low-temperature magnetic cooling. The 
magnetic phase transition (MPT) of RECo12B6 compounds21 
were determined by Ma et al. in which considerable revers-
ible MC effects were reported and the MPT obeys the 3D 
Heisenberg model. The structural and magnetic properties 
of RE3RuO7 oxides24 were determined by He et al., in which 
large MC effects were reported in Gd3RuO7 and Tb3RuO7 
oxides.24  The MPT and MC properties in RECu2Si2

25 and 
RECu2Ge2

26 compounds were determined by Wang et al., 
in which considerable low-temperature reversible MC 
effects were reported which are related to first-order type 
MPT. The structural and magnetic properties in Sr2RETaO6 
oxides were determined by Xu et al.,27 who reported large 
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low-temperature reversible MC effects. These studies indi-
cated that there are some RE-based alloys and oxides with 
high potential to exhibit large MC effects and good MC per-
formance, and are worthy of further study.

The RE-based double perovskite (DP)-type oxides28–37 
with the general formula RE2TMTM′O6 have engen-
dered intense research interest in recent years. The 
RE2TMTM′O6 DP oxides are derived from the standard 
ABO3-type perovskite28–31 where the A-site is occupied 
by RE elements and the B-site is occupied by two differ-
ent TM elements. These DP-type oxides were reported to 
exhibit interesting optical, electrical, and magnetic proper-
ties.28–37 Moreover, large low-temperature MC effects and 
good MC performance31–37 were also reported in some 
heavy RE-based DP-type oxides. For example, our group 
previously fabricated RE2CuMnO6,32 RE2FeAlO6,33 and 
RE2CrMnO6

34 DP oxides and reported considerable low-
temperature reversible MC effects. RE2NiTiO6 DP oxides36 
were very recently fabricated by Zhang et al., in which a 
large low-temperature reversible MC effect was reported 
in Gd2NiTiO6 DP oxide.36 RE2FeCoO6 DP oxides37 were 
fabricated by Dong et al., in which large low-temperature 
reversible MC effects were reported. The MPT and mag-
netic properties of RE2ZnMnO6 DP oxides were determined 
by Li et al.,38in which a large low-temperature reversible 
MC effect was reported in Gd2ZnMnO6 DP oxide,38 which 
is attractive for low-temperature magnetic cooling. In con-
tinuation of our series investigation on magnetic and MC 
properties of RE-TM-based magnetic solids32–35,39–41 and 
to deepen our understanding of the magnetic properties of 
RE2TMTM′O6 DP oxides, we herein fabricated Tb2FeCrO6 
DP oxides and experimentally determined their structural, 
magnetic, MPT, and MC properties. Large reversible MC 
effects were observed, making the present Tb2FeCrO6 DP 
oxides applicable for low-temperature magnetic cooling 
applications as well.

Experimental Detail

Polycrystalline Tb2FeCrO6 DP oxide was fabricated using 
a solid-state reaction from the oxides of Tb4O7, Fe3O4, and 
Cr2O3 with purity better than 99.9%. Firstly, the raw oxides 
were weighed in a stoichiometric ratio and ground thor-
oughly. The obtained mixed powders were then cold-pressed 
into pellets and sintered at 1020°C for 10 h in alumina cru-
cibles. Next, the obtained pellets were broken into pieces 
by hand and re-ground. Finally, the powders were again 
cold-pressed into small thin pellets and annealed at 1120°C 
in alumina crucibles for another 38 h to obtain the poly-
crystalline Tb2FeCrO6 DP oxide. X-ray powder diffraction 
(XRD, Bruker D8 Advance) patterns of Tb2FeCrO6 oxide 
at room temperature were collected using monochromatic 

Cu-Kα radiation. Rietveld refinement of XRD was per-
formed using FullProf software.42  The microstructure and 
elemental composition of Tb2FeCrO6 DP oxide were deter-
mined using field-emission scanning electron microscopy 
(FE-SEM, SM-7800F) coupled with energy-dispersive x-ray 
spectroscopy (EDS). The magnetization measurements of 
Tb2FeCrO6 DP oxide were determined using the magnetic 
property measurement system (MPMS-3, QD).

Results and Discussion

The crystal structure and phase purity of Tb2FeCrO6 oxide 
were analyzed using room-temperature XRD technology. 
The experimental XRD patterns with fitting curves for 
Tb2FeCrO6 oxide are presented in Fig. 1. All the observ-
able diffraction peaks are consistent with a double perovskite 
(DP)-type structure belonging to the space group  Pbnm. The 
lattice parameters a, b, and c for Tb2FeCrO6 DP oxide are 
determined to be 5.292, 5.562, and 7.596 Å, respectively. 
The reliability factors of Rb, Rwp, and Rexp for Tb2FeCrO6 
DP oxide are 4.89%, 6.73%, and 2.84%, respectively. These 
small values confirm good accordance between the experi-
mental and refined patterns, indicating high purity and 
single-phase characteristics. The microstructure and phase 
homogeneity of Tb2FeCrO6 DP oxide were checked using 
SEM, as presented in Fig. 2. The size and distribution of 
the grains are almost uniform, indicating good homogeneity. 
The distribution of constituent elements was further checked 
using the area EDS mapping analysis. The mapping results 
for Tb2FeCrO6 DP oxide with constituent elements Tb, Fe, 
Cr, and O are presented in Fig. 2b–e, respectively. Notably, 
these elements are uniformly distributed at the micrometer 
scale, confirming the homogeneity of Tb2FeCrO6 DP oxide. 

Fig. 1   XRD patterns for Tb2FeCrO6 DP oxide.
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The average atomic ratios were determined to be 19.6 at.% 
for Tb, 9.2 at.% for Fe, 12.5 at.% for Cr, and 58.7 at.% for 
O, respectively, which are consistent with the expected 
chemical composition (2:1:1:6). Thus, the XRD, SEM and 
EDS results all confirmed that the studied Tb2FeCrO6 DP 
oxide has high purity, good homogeneity, and single-phase 
characteristics.

Temperature (T)-dependent magnetization (M) was 
assessed to understand the magnetic transition of Tb2FeCrO6 
DP oxide. The field-cooling (FC) and zero-field-cooling 
(ZFC) M(T) curves for Tb2FeCrO6 DP oxide are presented in 
Fig. 3a with a magnetic field (H) of 0.2 T. Significant signals 
from paramagnetic (PM)-to-antiferromagnetic (AFM) tran-
sition for Tb2FeCrO6 DP oxide with a magnetic transition 
temperature (TN) of around ~ 8.5 K can be noted. Moreo-
ver, only a slight difference is  found between the FC and 
ZFC curves at the low-temperature range for Tb2FeCrO6 DP 
oxide, demonstrating weak thermal hysteresis which is good 
for magnetic cooling applications. The M(T) curve (corre-
sponding to the left scale) together with the inverse sus-
ceptibility (1/χ = H/M; corresponding to the right scale) for 
Tb2FeCrO6 DP oxide are presented in Fig. 3b, with H of 1 T. 
Notably, the 1/χ (T) curves in the PM region for Tb2FeCrO6 
DP oxide obeying the Curie–Weiss law,

(1)�(T) = C∕
(
T − �P

)
,

where C and θP represent the Curie constant and 
paramagnetic Curie temperature, respectively, and 
C = N

(
�B�eff

)2
∕3�

B
 (where �eff denotes the effective 

magnetic moment). The linear fittings from 50 K to 150 K 
produced a negative θP value of −2.7 K for Tb2FeCrO6 DP 
oxide, which further confirms the AFM transition. The cor-
responding value of �effwas determined to be 10.89 μB/RE, 
which is larger than when only considering the theoretical 
magnetic moment of Tb3+ ions (9.72 μB). These results indi-
cate that the Fe and/or Cr ions also play crucial roles in the 
magnetism of Tb2FeCrO6 DP oxide.

To explore the MC performance of Tb2FeCrO6 DP 
oxide, series magnetization isotherms, the M(H) curves, 
were determined and are presented in Fig. 4a. For the low-
temperature curves, the values of M for Tb2FeCrO6 DP 
oxide increased linearly with increasing H in the low H 
region, showing a saturation-like behavior in the high H 
region. Moreover, the MC effect and MC performance are 
strongly related to the corresponding nature of the mag-
netic transition. According to the Banerjee criterion,43 the 
magnetic transition is of first-order (FO) type if some of 
the Arrott plots (H/M versus M2) show negative slopes, 
whereas once all the Arrott plots have positive slopes, 
this transition becomes second-order (SO). Therefore, 
to examine the order type of the magnetic transition, the 
Arrott plots (H/M versus M2) for Tb2FeCrO6 DP oxide, as 
presented in Fig. 4b, were obtained based on the Banerjee 
law,43 where the results were directly transferred based on 

Fig. 2   (a) SEM images for Tb2FeCrO6 DP oxide and (b–d) EDS mapping results of Tb, Fe, Cr, O in Tb2FeCrO6 DP oxide.
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the above M(H) data. The Arrott plots exhibited negative 
slopes in Tb2FeCrO6 DP oxide for the low-temperature 
curves at the low H region, as presented in the inset of 
Fig. 4b, demonstrating the presence of FO type magnetic 
transition for Tb2FeCrO6 DP oxide.

The MC effect and MC performance are estimated pri-
marily by the values of magnetic entropy change, ΔSM, 
which can be indirectly calculated using the following 
equations,32–35

based on the Maxwell thermodynamic relation,

then,

(2)

ΔSM(T ,ΔH) = SM(T ,H) − SM(T , 0) =

Hmax

∫
0

(
�S(H, T)

�H

)

T

dH,

(3)
(
�S(H, T)

�H

)

T

=

(
�M(H, T)

�T

)

H

;

Thus, the ΔSM values can be calculated from the experi-
mentally obtained M(H) data by:

The calculated temperature-dependent −ΔSM curves for 
Tb2FeCrO6 DP oxide are presented in Fig. 5a. The −ΔSM 
values increase gradually with the increases in ΔH. Under 
ΔH of 0–3, 0–5 T, and 0–7 T, the maximum −ΔSM values 
(−ΔSM

max) found for Tb2FeCrO6 DP oxide are 7.8, 11.0, 
12.9 J/kg K, respectively. Moreover, the −ΔSM

max and the 
respective peak temperatures (Tpeak) gradually shifted to 
higher temperatures with increasing ΔH. Additionally, a 

(4)

ΔSM(T ,ΔH) = SM(T ,H) − SM(T , 0) =

Hmax

∫
0

(
�M(H, T)

�T

)

H

dH,

(5)ΔSM(T ,ΔH) ≈
∑

i

M
i+1

(
T
i+1,H

)
−M

i

(
T
i
,H

)

T
i+1 − T

i

ΔH.

Fig. 3   (a) FC and ZFC M(T) curves with H of 0.2 T for Tb2FeCrO6 
DP oxide. (b) M(T) and 1/χ (T) curves with H of 1 T for Tb2FeCrO6 
DP oxide.

Fig. 4   (a) M(H) curves for Tb2FeCrO6 DP oxide. (b) Arrott plots 
(H/M versus M2) for Tb2FeCrO6 DP oxide.
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phenomenological −ΔSM(T) universal curve44 for the MC 
materials was proposed by changing the Y and X axes to 
ΔST(T)/ΔSM

max and θ, respectively. The θ is expressed above 
and below TC independently, as follows:

Here, Tr1 and Tr2 (Tr1 < TC < Tr2), corresponding to ΔS 
(Tr1, Tr2) = 0.6 × ΔSM

max, are two reference temperatures. 
The constructed ΔSM/ΔSM

max versus θ curves for Tb2FeCrO6 
DP oxide are presented in Fig. 5b. Obvious deviation can be 
observed in the low-temperature region, further confirming 
the presence of a FO-type magnetic transition for Tb2FeCrO6 
DP oxide.

In addition to −ΔSM, the parameters of temperature-
averaged entropy changes (TEC, as given in Eq. 7)32–35,45 

(6)𝜃 =

{
−
(
T − TC

)
∕
(
Tr1 − TC

)
for T ≤ TC(

T − TC

)
∕
(
Tr2 − TC

)
for T > TC

and relative cooling power (RCP, as given in Eq. 8)32–35 
have also been widely used to assess the performance of 
MC materials based on experimentally obtained −ΔSM(T) 
results.

where Tmid represents the central temperature at which 
TEC(ΔTlift) reaches the maximum value. Here, ΔTlift of 
3 and 5 K was selected at around TN, and the resulting 
TEC(3)/TEC(5) values for Tb2FeCrO6 DP oxide under 
ΔH of 0–3, 0–5, and 0–7 T were found to be 7.7/7.6 J/
kg K, 10.9/10.8 J/kg K, and 12.8/12.7 J/kg K, respec-
tively. The corresponding values of RCP were 122.7 J/kg, 
230.3 J/kg, and 341.4 J/kg, respectively. Then, the MC 
performance of Tb2FeCrO6 DP oxide was compared with 
recently reported RE-based oxide candidate materials. The 
above-mentioned MC parameters of −ΔSM

max, TEC(5), 
and RCP for Tb2FeCrO6 DP oxide are lower than those 
of some of the famous Gd-based magnetocaloric materi-
als,35–38 whereas they are at similarly high level as the 
recently updated low-temperature RE-based MC mate-
rials including RE2CrMnO6,34 RENiGa2,46 RE3RuO7,24 
GdFe2Si2,47 RE2BaZnO5,48 RECu2Ge2,26 Sr2RETaO6,27 
and RE2CuMnO6,32 making Tb2FeCrO6 DP oxide a good 
candidate for low-temperature magnetic cooling applica-
tions as well.

Conclusions

In summary, a single-phase polycrystalline Tb2FeCrO6 DP 
oxide was fabricated and its structure, magnetic transi-
tion, MC effect, and MC performance were investigated. 
The Tb2FeCrO6 DP oxide is crystallized in a double per-
ovskite-type structure with Pbnm space group and under-
goes a PM-to-AFM transition at a temperature of ~ 8.5 K. 
Large MC effects and considerable MC performance were 
observed. The −ΔSM

max, TEC(5), and RCP values obtained 
for Tb2FeCrO6 DP oxide under ΔH of 0–7 T are 12.9 J/kg 
K, 12.7 J/kg K, and 341.4 J/kg, respectively. These find-
ings indicate that Tb2FeCrO6 oxide can be considered a 
good candidate for magnetic cooling applications at low 
temperatures.

Conflict of interest  The authors declare that they have no conflict of 
interest.

(7)

TEC
(
ΔTlift

)
=

1

ΔTlift
max
Tmid

{

∫
Tmid+

ΔTlift

2

Tmid−
ΔTlift

2

ΔSM(T)ΔH, T dT

}

,

(8)RCP = |
|ΔS

max

M
|
| × �TFWHM,

Fig. 5   (a) −ΔSM curves for Tb2FeCrO6 DP oxide. (b) Constructed 
ΔSM/ΔSM

max versus θ curves for Tb2FeCrO6 DP oxide.
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