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Magnetic properties and promising magnetocaloric performances in the
antiferromagnetic GdFe2Si2 compound

Yikun Zhang1,2,3*, Jian Zhu2, Shuo Li2, Zhenqian Zhang3, Jiang Wang2 and Zhongming Ren2

ABSTRACT The magnetocaloric (MC) effect-based solid-
state magnetic refrigeration (MR) technology has been re-
cognized as an alternative novel method to the presently
commercialized gas compression technology. Searching for
suitable candidates with promising MC performances is one of
the most urgent tasks. Herein, combined experimental and
theoretical investigations on the magnetic properties, mag-
netic phase transition, and cryogenic MC performances of
GdFe2Si2 have been performed. An unstable antiferromagnetic
(AFM) interaction in the ground state has been confirmed in
GdFe2Si2. Moreover, a huge reversible cryogenic MC effect and
promising MC performances in GdFe2Si2 have been observed.
The maximum isothermal magnetic entropy change, tem-
perature-averaged entropy change with 2 K lift, and re-
frigerant capacity for GdFe2Si2 were 30.01 J kg−1 K−1,
29.37 J kg−1 K−1, and 328.45 J kg−1 at around 8.6 K with the
magnetic change of 0–7 T, respectively. Evidently, the values
of these MC parameters for the present AFM compound
GdFe2Si2 are superior to those of most recently reported rare-
earth-based MC materials, suggesting the potential applica-
tion for active cryogenic MR.
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INTRODUCTION
Magnetic materials with promising functional performances
have attracted increasing research interests due to their own
potential or practical applications in various industries and our
daily life aspects [1–10]. The magnetocaloric (MC) effect-based
solid-state magnetic refrigeration (MR) technology has been well
recognized as an alternative technology to the presently used
commercialized gas compression technology [5–9]. The MC
effect is an inherent thermodynamic response, and it generally
exists in various types of magnetic materials. The magnitudes of
the MC effect have a strong correlation with the corresponding
magnetic phase transition (MPT); therefore, the investigation of
the MC effects of magnetic materials can provide considerable
valuable information for the better understanding of MPT [5–9].
Therefore, many magnetic materials have been synthesized and
systematically determined with regard to the magnetic proper-

ties, MPT, and MC performances not only to search for suitable
candidates for active MR application at cryogenic and near room
temperature but also to better understand the MPT of magnetic
materials [11–25]. However, a large gap still exists at the present
stage between the practical MR application requirements and
the performances of known MC materials. Thus, exploring
suitable candidates with promising MC performances is one of
the most urgent tasks.
In the last several decades, investigations have been performed

on the MPT and MC effects in the rare-earth (RE)-based
materials in amorphous and crystallized states owing to the large
magnetic moments of RE ions, which result in considerable MC
effects [18–25]. Law and Franco [13] reviewed the MC perfor-
mances in RE-based high-entropy alloys. Li and Yan [8] sum-
marized several RE-based intermetallic compounds with regard
to the structural, magnetic, and MC properties. Similarly, we
summarized the magnetic properties and MC performances of
RE2T2X series intermetallic compounds [7]. Li et al. [19]
experimentally and theoretically studied the structural, mag-
netic, and MC properties of RE2ZnMnO6 compounds. They
observed that Gd2ZnMnO6 exhibited the largest MC effect with
the peak value of the isothermal magnetic entropy change
(−ΔSMmax) up to 25.2 J kg−1 under a magnetic field change (ΔH)
of 0–7 T at around 6.5 K [19]. Xu et al. [20] recently reported an
MC effect in ferromagnetic Sr2GdNbO6 double-perovskite oxide
with the −ΔSMmax value of 29.7 J kg−1 K−1 under ΔH of 0–7 T at
around 2 K. In recent years, we have fabricated several series of
RE-based materials and checked their magnetic properties,
MPT, and MC effects in detail; several of these materials
exhibited promising MC performances. For instance, large MC
effects in a wide temperature range from the liquefaction tem-
perature of H2 to N2 have been noted in RE6Co2Ga compounds
[24]. A table-like MC effect has been achieved in the high-
entropy Er20Ho20Gd20Ni20Co20 amorphous alloys [25]. Thus,
numerous RE-based materials with potential promising MC
performances deserve to be further investigated.
The ternary RE-based intermetallic compounds with a general

composition of RETM2X2 (TM = 3d transition metals; X = P, As,
Si, Ge), which mainly crystallize in the layered ThCr2Si2-type
crystal structure belonging to the space group I4/mmm, have
attracted considerable research interest in recent years [26–32].
Depending on the consistent elementals, various physical
properties, such as superconductivity, multilevel MPTs, heavy-
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fermion behavior, promising thermoelectric performance, and
large/giant MC effects, have been observed [26–32]. The
CeCu2Si2 is the first heavy-fermion superconductor that has
shown a multiband behavior and unexpected deficiency of nodal
quasiparticles [26,27]. A large reversible anisotropic MC effect
has been reported in EuFe2As2, which is also known as a pro-
mising iron-based superconductor candidate [28]. Hou et al.
[29] demonstrated that REMn2Ge2 compounds can host sky-
rmionic bubbles at room temperature. Several Eu- and Yb-based
compounds exhibit low lattice thermal conductivities, which is
beneficial for thermoelectric applications [30]. Li et al. [31]
reported a giant reversible cryogenic MC effect in ErMn2Si2 with
the −ΔSMmax of 25.2 J kg−1 K−1 under ΔH of 0–5 T at around
4.5 K, which is related to a second-order MTP (SO-MPT).
Moreover, successive MTPs, together with table-like MC effect,
have been found in TbMn2Si2 [32]. Although the REFe2Si2 series
compounds [33–36] were fabricated successfully more than
twenty years ago, only some primary physical properties have
been reported up to now. Ma et al. [36] studied the magnetic,
MPT, and MC properties of NdFe2Si2 and PrFe2Si2 compounds,
and considerable cryogenic MC effects were reported with
−ΔSMmax values of 6.4 and 12.4 J kg−1 K−1 under ΔH of 0–5 T,
respectively. In continuation of our series of studies exploring
the RE-based MC materials and further understanding the
physical properties of RETM2X2 compounds, in this work, a
systematic determination of the structural, magnetic properties,
MTP, and MC effect in GdFe2Si2 was performed experimentally
and theoretically. A substantial MC effect with the −ΔSMmax of
23.25 J kg−1 K−1 under ΔH of 0–5 T at around 8.6 K was
achieved in GdFe2Si2. The present results illustrated that the
GdFe2Si2 possesses excellent cryogenic MC performances and
can be a good candidate material for active cryogenic MR
applications.

EXPERIMENTAL AND CALCULATION DETAILS
The polycrystalline GdFe2Si2 with a total weight of around 5 g
was fabricated by the conventional arc-melting method. First,
the stoichiometric elements (Gd, Fe, and Si) with purities all
greater than 99.9 wt% were directly melted four times under an
argon atmosphere. Second, the arc-melted ingot was polished
and sealed in a vacuum quartz tube. Then, the quartz tube with
the samples was annealed at 880°C for six days to improve the
homogeneity. Finally, the quartz tube with the samples was
directly quenched in ice water. The crystal structure of GdFe2Si2

was characterized by X-ray diffraction (XRD) technology, and
the FULLPROF software [37] was used to perform the refine-
ment. All the samples were stable in the air for up to several
months. The magnetic measurements, including the temperature
(T) and magnetic field (H) dependences of magnetization (M)
for GdFe2Si2, were performed by using the SQUID magnet-
ometer (MPMS model-7T, Quantum Design).
First-principle calculations on the basis of the density func-

tional theory (DFT) were performed to understand the electro-
nic and magnetic properties of GdFe2Si2. The standard Vienna
ab initio Simulation Package (VASP) [38–40] was employed
using plane waves to reproduce one-electron wave functions
with an energy cutoff of 520 eV to construct the basis set and
project the augmented wave pseudopotentials for the species
involved. The k-point mesh of 13 × 13 × 5 was applied in all
calculations. The valence electron contributions in pseudopo-
tentials were [5s25p64f75d16s2] for Gd, [3p63d64s2] for Fe, and
[3s23p2] for Si. The electronic correlation and exchange were
modeled by the Perdew-Burke-Ernzerhof functional within the
spin-polarized generalized gradient approximation (GGA) [40].
The Hubbard U was introduced into the calculation to improve
the on-site Coulomb repulsion of the localized Fe-3d electrons.
In addition, the Ueff = U − J was set to 4 eV, where U is the
Coulomb parameter, and J is Hund’s exchange parameter.

RESULTS AND DISCUSSION
Fig. 1a shows the XRD pattern obtained experimentally at room
temperature for GdFe2Si2 along with the Rietveld refinement by
the FULLPROF software [37]. All the diffraction peaks can be
well indexed and fitted by using the ThCr2Si2-type structure
(space group of I4/mmm). The refinement parameters of RF and
Rwp are 1.67% and 9.02%, respectively, which indicate the high
phase purity and crystallographic information of GdFe2Si2. The
lattice parameters a, b, and c are 3.9420(9), 3.9420(9), and
9.9895 (3) Å, respectively. Fig. 1b–d illustrate the crystal struc-
ture and near-neighbor environments of the GdFe2Si2 com-
pound, in which the Gd, Fe, and Si atoms occupy the 2a, 4d, and
4e positions, respectively. Each Fe atom coordinates with four Si
atoms to form a FeSi4 tetrahedron. Si atoms exists as squares
forming two interlaced layers on both sides of Fe atoms. Thus,
the FeSi4 tetrahedra are connected with each other by corner and
edge sharing. The Gd atoms are aligned between the FeSi4 layers.
The bond lengths of GdSi8 and FeSi4 units are 2.889 and 2.627 Å,
respectively.

Figure 1 Experimental room-temperature XRD and Rietveld refinement patterns (a), crystal structure (b), and near-neighbor environments of Gd (c) and Fe
(d) for GdFe2Si2.
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To understand the magnetic and MPT properties, we deter-
mined the temperature (T)-dependent magnetization M(T)
curve (left-scale) and reciprocal susceptibility (1/χ = H/M, right-
scale) for GdFe2Si2 with the external field H of 1 T (Fig. 2a). The
inset in Fig. 2a gives the M(T) curves for the GdFe2Si2 com-
pound measured in terms of field cooling (FC) and zero-FC
(ZFC) protocols with the H of 0.1 T. The value of M increased
monotonously with the decrease in temperature and showed a
sharp peak at around 8.6 K, which then decreased continuously
with the further decrease in temperature. These results suggest a
typical long-range MPT from paramagnetic (PM) to anti-
ferromagnetic (AFM) state. Moreover, the FC and ZFC M(T)
curves for GdFe2Si2 overlapped well in the whole measured
temperature regime, and thus, no thermal hysteresis can be
observed during their MPT in GdFe2Si2, which is desirable for
practical MR applications. Additionally, the 1/χ(T) curve above
20 K showed a linear character, i.e., it followed the Curie-Weiss
law: χ(T) = C/(T − θP), where C denotes the Curie constant with
C = N(μBμeff)2/3κB (μeff refers to the effective magnetic moment,
and κB is the Boltzmann constant), and θP indicates the PM
Curie temperature (Tc). Their linear fits yield a negative θP value
of −1.26, which further confirms the AFM interaction at the
ground state. The μeff value of 8.44 μB f.u−1, which is larger than
that of the theoretical calculated free Gd3+ ions (7.94 μB), indi-
cates that the contribution of Fe could not be ignored. In gen-
eral, the total μeff values can be evaluated by the equation
μeff (calc) = [μB(RE)2 + 2μB(Fe)2]1/2, by setting the μeff value for
free Gd3+ to 7.94 μB. The μeff value per Fe ion in GdFe2Si2 was

2.02 μB. Fig. 2b presents the M(T) curves in FC protocols under
several selected magnetic fields from 0.3 to 4 T for GdFe2Si2,
which are also in good agreement with the unstable AFM
ground state. These experimentally observed magnetic proper-
ties for GdFe2Si2 are consistent with those attained below the
theoretically calculated results.
To further identify the magnetic and MPT properties of

GdFe2Si2, we measured the series isothermal magnetization
M(H) and illustrated the curves in Fig. 2c. The value of M
increased linearly with the increase in H up to 2 T at low tem-
peratures and showed a saturation-like effect under a high
magnetic field. The magnetic moment reached 7.73 μB per for-
mula. A large reversible MC effect was expected around the
transition temperature since M is sensitive to the magnetic field
and temperature, and a large M value can be inspired at low
temperatures. Additionally, the MC effect of magnetic materials
has strong relationships with the corresponding MPT. There-
fore, the order type of MPT for GdFe2Si2 was further confirmed
based on the Banerjee criterion [41] by using the Arrott plots
(H/M vs. M2), as presented in Fig. 2d, which were directly
transferred from the M(H) curves. In principle, the negative or
positive slopes in the M2 vs. H/M plots are indicative of a first-
order (FO)- or SO-MPT for a magnetic material. The Arrott
plots at low temperatures showed significantly negative slopes as
illustrated in Fig. 2d, proving the FO-MPT nature of GdFe2Si2 at
low temperatures.
The ab initio calculations based on DFT were also performed

to further understand the magnetic and electronic structures at

Figure 2 M(T) (left-axis) and 1/χ(T) (right-axis) curves under H of 1 T (a), M(T) curves under various magnetic fields (b), and M(H) (c) and Arrott plot
(H/M vs. M2) curves (d) for GdFe2Si2. Inset in (a) presents the M(T) curves with ZFC and FC modes under 0.01 T for GdFe2Si2.
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the ground state by GGA and GGA + U methods [38–40]. Four
magnetic configurations based on different atomic positions in
the unit cell have been considered, which are demonstrated in
Fig. 3a for the FM coupling and in Fig. 3c–e for various AFM
couplings. The calculated total energies (Etot) were −44.7383(8),
−44.7349(9), −44.7352(5), and −44.7508(7) eV f.u.−1 for the
above four magnetic structures. Notably, the differences in Etot
among different magnetic coupling types were well above the
error of theoretical calculation, which is at the level of 10−6 eV,
and the Etot for the AFM (IV-type) was lower than that of FM
coupling, indicating an unstable AFM ground state for GdFe2Si2.
Furthermore, the atomic magnetic moments were 6.942 μB for
Gd and 2.727 and −2.782 μB for Fe. The ground-state total
magnetic moment was 6.848 μB f.u.−1. Fig. 3e shows the charge
density of GdFe2Si2, which describes the charge distribution
around atoms. Remarkably, a great deal of charge accumulated
around Gd and Fe atoms, and the localized charge offered Gd
and Fe atoms a large magnetic moment. A small amount of
charges were distributed between Fe and Si atoms, which led to
the formation of a chemical bond between Fe and Si. The Fe
atoms in different layers bonded in opposite directions with Si
atoms because the Si layer lay between two Fe layers. The reason
is probably the AFM coupling of Fe atoms. Furthermore, the
total and partial density of states (DOS) were calculated by ab
initio calculations based on the AFM coupling, and the illus-
trations for GGA and GGA + U methods are provided in

Fig. 3f, g, respectively. Notably, regardless of using GGA or GGA
+ U method, the total DOS was continuous at the Fermi level,
indicating the metal nature of the electronic structure of
GdFe2Si2. Then, the metallic characteristic was confirmed by the
d-orbit partial DOS of Fe atom. The f-orbit partial DOS of Gd
atom was mainly distributed within −4.302 to −3.765 eV below
and 0.638–1.712 eV above the Fermi level. Moreover, the mag-
netic moment of Gd atoms was close to the theoretical value
(7 μB). The d-orbit partial DOS of Fe atom was continuous.
However, the peaks moved from −3.021–0.412 eV by GGA to
−6.074 to −3.604 eV by GGA + U. Moreover, the partial DOS of
the Fe atom was symmetrical in spin up and down states, which
indicated the AFM coupling between adjacent Fe atom layers. In
addition, a splitting behavior was observed, demonstrating the
magnetic contribution of Fe atoms for GdFe2Si2. Thus, reason-
able magnetic and electronic properties consistent with the
observed experimental results were successfully obtained based
on the DFT calculations, which further proved the unstable
AFM coupling at the ground state and large magnetic moment
of GdFe2Si2.
In general, the determination of the MC effect is primarily

based on the estimation of the magnetic field change (ΔH) and
temperature (T) dependence of isothermal magnetic entropy
change, ΔSM(T, ΔH), which can be evaluated indirectly from the
M(T, H) curves based on the Maxwell thermodynamic relation
[6–8]:

Figure 3 Four potential magnetic structures (a–d), charge density (e), and the DOS at ground state obtained by GGA (f) and GGA + U (g) methods for
GdFe2Si2.
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Fig. 4a illustrates the evaluated −ΔSM(T) curves for GdFe2Si2,
with ΔH values of up to 0–7 T. The −ΔSM values were negative
at the low-temperature region with ΔH of 0–1 and 0–2 T, con-
sistent with the inverse MC effect in the AFM region. Mean-
while, the maximum value of positive −ΔSM (−ΔSMmax) for
GdFe2Si2 increased linearly with the increase in ΔH, as presented
in Fig. 4b. The values of −ΔSMmax were as high as 7.73, 23.25, and
30.01 J kg−1 K−1 at the ΔH values of 0–2, 0–5, and 0–7 T,
respectively. A magnetic field higher than 2 T is difficult to
generate when using a commercial permanent magnet. The
practical application of the moderate value of −ΔSMmax with ΔH
of 0–2 T (7.73 J kg−1 K−1) will be limited by the use of a per-
manent magnet. Meanwhile, other figures of merit for GdFe2Si2
were used to check the performances of MC materials, including
the temperature-averaged entropy change (TEC, as given in
Equation (2)) [42], refrigerant capacity (RC, as given in Equation
(3)) [6–8], and relative cooling power (RCP, as given in Equa-
tion (4)) [6–8] which have also been determined.
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In general, the TEC considers the mean ΔSM with a certain
temperature lift (ΔTlift), and Tmid is the temperature at the center
of the average and selected largest value for each ΔTlift. Fig. 4b
presents the resulting values of TEC(2) and TEC(5) as a function
of ΔH. Similar ΔH-dependent trends of TEC(2), TEC(5), and
−ΔSMmax for GdFe2Si2 can be observed. The obtained values of
TEC(2)/TEC(5) were as high as 22.62/21.01 and 29.37/
27.74 J kg−1 K−1 at the ΔH of 0–5 and 0–7 T, respectively. Evi-
dently, the values of TEC(2) were notably closer to the corre-
sponding −ΔSMmax compared with the values of TEC(5), and this
finding was ascribed to the slightly narrow peak width. Thus, a
small ΔTlift will result in less reduction of the TEC. The RC and
RCP are well-known correlated factors [6–8] that enabled us to
roughly estimate the amounts of energy that can be transferred
in an ideal MR cycle between the hot and cold ends. The inte-
gration limits (Tcold and Thot) represent the two sides at
1/2|∆SMmax| value of the −ΔSM(T) profile and δTFWHM (= Thot −
Tcold). Fig. 4b shows the values of RC and RCP as a function of
the ΔH. Significantly, the RC and RCP values showed similar
increasing tendencies with the continuous increase in ΔH. The
obtained RC/RCP values were 205.67/276.56 and
328.45/441.72 J kg−1 for GdFe2Si2 at the ΔH of 0–2 and 0–7 T,
respectively. Table 1 summarizes the MC parameters, including
the values of ΔSMmax, TEC(5), and RCP/RC with ΔH of 0–5 T for
GdFe2Si2 together with several known reported RE-based cryo-

Figure 4 −ΔSM(T) curves with ΔH from 0–1 to 0–7 T (a), magnetic field change ΔH dependence of TEC(2)/TEC(5) and −ΔSMmax together with the RCP and
RC (b), (ΔSM(T)/ΔSMmax) vs. rescaled temperature (θ) curves (c), and −ΔSM(T) and the corresponding exponent n at the ΔH of 0–1, 0–3, and 0–5 T (d–i) for
GdFe2Si2.
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genic MC materials [19,20,36,43–50] with magnetic ordering
temperature (TM) around 8 K, for comparison. Evidently, the
values of these MC parameters for GdFe2Si2 are much larger
than those of PrFe2Si2 and NdFe2Si2 [36] and superior to those of
most popular RE-based MC materials [19,20,43–50]. These
results indicate that the presently studied GdFe2Si2 can be an
excellent candidate material for cryogenic MR applications.
Additionally, a phenomenological constructed universal curve

[51,52] was proposed by normalizing the −ΔSM(T) curve to the
−ΔSMmax as ΔS’ (= ΔSM(T)/ΔSMmax) and by rescaling the tem-
perature to (T−Tpeak)/(Tr−Tpeak) as θ, which can be expressed as
follows:

T T T T T T
T T T T T T

=
( ) / ( ),

( ) / ( ), > ,
(6)

peak r1 peak peak

peak r2 peak peak

where Tpeak denotes the temperature of −ΔSMmax, and Tr1 and Tr2
represent the temperatures of ΔSM equal to the 0.6 × ΔSMmax

above and below the TC for each ΔH, respectively. Fig. 4c
illustrates the rescaled ΔS’(θ) curves for GdFe2Si2. All the ΔS’(θ)
curves collapsed into a single curve above the MPT, and distinct
branches can be observed in the ΔS’(θ) curves below it, which
further confirmed the existence of SO- and FO-MPTs for the
studied GdFe2Si2 at different temperature zones.
The order of MPT can be checked by the novel MC criterion

proposed by Law et al. [24,53,54], i.e., based on the field
dependence exponent n of the ΔSM(T) curves, which can be
estimated using the following formula:

( )n T H
d S

d H, =
ln

ln . (7)M

Fig. 4d–i illustrate the temperature dependence of −ΔSM and
exponent n under different ΔH of 0–1, 0–3, and 0–5 T for
GdFe2Si2. A previous investigation suggested that a clear over-
shoot of n above 2 should exist in the n(T) curves for an FO-
MPT material around its transition temperature [54]. For ΔH of
0–1 T, an evident characteristic spike can be observed, as dis-
played in the shaded green zone, suggesting the switch from
inverse to conventional MC effect. The n value showed a small
increase up to around 2 within the inverse-MC-effect region,
and this result was ascribed to the ultralow MPT of GdFe2Si2
(Fig. 4d, e). For ΔH of 0–3 T, the overshoot feature (n above 2)
can be noted at low temperatures, indicating the FO-MPT nat-

ure (Fig. 4f, g). By comparison, no overshoot of n > 2 was
observed near the MPT for ΔH of 0–5 T, indicating the SO-MPT
nature (Fig. 4h, i). Moreover, a minimum n value below 1
typically existed around the transition temperature, which fur-
ther confirmed that a single MPT occurred in the studied
material [54]. These results are consistent with those obtained by
the methods of Banerjee criterion and phenomenological uni-
versal curves.

CONCLUSIONS
In summary, a high-quality polycrystalline GdFe2Si2 has been
successfully fabricated, and combined experimental and theo-
retical investigations have been performed with regard to its
structural, magnetic, MPT, and MC properties. GdFe2Si2
revealed an unstable AFM interaction with a large magnetic
moment in the ground state. Moreover, a huge reversible
cryogenic MC effect and promising MC performances in
GdFe2Si2 have been observed, accompanied by a magnetic field-
induced FO-MPT. Outstanding MC performances at around
Néel temperature (TN) of 8.6 K have been realized in GdFe2Si2
with the −ΔSMmax, TEC(2), RC, and RCP values as high as
30.01 J kg−1 K−1, 29.37 J kg−1 K−1, 328.45 J kg−1, and
441.72 J kg−1 at the ΔH of 0–7 T, respectively. Evidently, these
MC parameters of GdFe2Si2 are better than those of most
recently reported known cryogenic RE-based MC materials,
making it attractive for practical cryogenic MR applications.
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反铁磁GdFe2Si2化合物的磁性和低温磁热性能研究
张义坤1,2,3*, 朱剑2, 李硕2, 张振乾3, 王江2, 任忠鸣2

摘要 基于磁性材料相变过程中伴随的磁热效应而发展起来的磁制冷
技术因其绿色环保和高效节能等优点而被广泛关注. 高性能磁制冷工
质材料的探索一直是本领域的研究热点也是难点之一. 本文中, 我们通
过实验研究结合第一性原理计算, 对GdFe2Si2化合物的晶体结构、磁
性、磁相变以及低温磁热效应进行了系统研究, 结果表明GdFe2Si2化
合物基态为反铁磁且具有大的低温可逆磁热效应. 在0–7 T的磁场变化
下 , 其磁制冷参数包括等温磁熵变最大值和制冷能力分别高达
30.01 J kg−1 K−1和328.45 J kg−1. 这些磁制冷参数优于大多数目前已报
道的同温区高性能稀土基磁制冷材料, 表明反铁磁GdFe2Si2化合物在
低温磁制冷领域同样具有潜在的应用前景.
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