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First- and second-order phase transitions in
RE;Co,Ga (RE = Ho, Dy or Gd) cryogenic

magnetocaloric materials
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ABSTRACT Rare-earth (RE) rich intermetallics crystallizing
in orthorhombic HosCo,Ga-type crystal structure exhibit pe-
culiar magnetic properties that are not widely reported for
their magnetic ordering, order of magnetic phase transition,
and related magnetocaloric behavior. By tuning the type of RE
element in RE;Co,Ga (RE = Ho, Dy or Gd) compounds, me-
tamagnetic anti-to-paramagnetic (AF to PM) phase transi-
tions could be tuned to ferro-to-paramagnetic (FM to PM)
phase transitions. Furthermore, the FM ground state for
Gd¢Co,Ga is confirmed by density functional theory calcula-
tions in addition to experimental observations. The field de-
pendence magnetocaloric and Banerjee’s criteria demonstrate
that HosCo,Ga and Dy,Co,Ga undergo a first-order phase
transition in addition to a second-order phase transition,
whereas only the latter is observed for Gd¢Co,Ga. The two
extreme alloys of the series, HosCo,Ga and Gd,Co,Ga, show
maximum isothermal entropy change (|AS;," (5T)|) of 10.1
and 9.1 ]kg_1 K ' at 26 and 75K, close to H, and N, liquefac-
tion, respectively. This outstanding magnetocaloric effect
performance makes the RE;Co,Ga series of potential for
cryogenic magnetic refrigeration applications.

Keywords: RE;Co,Ga compounds, magnetic phase transitions,
magnetocaloric effect, rare-earth

INTRODUCTION

The pursuit of energy conservation and environmental
protection has become the mainstream of modern society.
The vapor-compression refrigeration, a widely used

technology in transportation, and residential, commer-
cial, and industrial refrigeration, can no longer meet the
current development needs due to its low efficiency, ad-
verse environmental impact, and noise of the compressor.
Several researchers have shifted their focus to magnetic
refrigeration (MR) based on the magnetocaloric effect
(MCE) of magnetic materials due to their distinguished
performance without relying on any hazardous or ozone-
depleting refrigerant gas and noise-free advantage [1-7].
The use of natural gas as well as H,, He, N,, and O,, is
widely extended with several scientific, industrial, and
commercial purposes. Moreover, their consumption is
expected to increase in future years. For better gas storage
and transport, gas liquefaction is required despite being a
complex process [8]. In recent years, it has been shown
that MR technology could overcome some of the issues
related to conventional methods [9,10]. Therefore, it is of
significance to search for MCE materials suitable for
cryogenic MR applications. The performance of MCE
materials can be evaluated by the magnetic entropy
change in an isothermal process (AS;,) and/or tempera-
ture change in an adiabatic process (AT,), which are
correlated to thermomagnetic phase transitions of the
materials. In general, MCE materials are classified into
the order of thermomagnetic phase transitions they un-
dergo. For those undergoing first-order phase transition
(FOPT), they usually exhibit large AS, values, but their
accompanying thermal and magnetic hystereses can affect
their cyclicality. On the other hand, for those exhibiting

! State Key Laboratory of Advanced Special Steels, Shanghai Key Laboratory of Advanced Ferrometallurgy, School of Materials Science and

Engineering, Shanghai University, Shanghai 200072, China

? Departamento de Fisica de la Materia Condensada, ICMS-CSIC, Universidad de Sevilla, P.O. Box 1065, Sevilla 41080, Spain
? Department of Physical, Chemical and Natural Systems, Universidad Pablo de Olavide, Sevilla E-41013, Spain

¢ Departamento de Fisica Aplicada I, Universidad de Sevilla, Sevilla E-41012, Spain

! Corresponding authors (emails: ykzhang@shu.edu.cn (Zhang Y); jylaw@us.es (Law JY))

2846

© The Author(s) 2021. This article is published with open access at link.springer.com.

November 2021 | Vol.64 No.11


http://link.springer.com
http://link.springer.com
https://doi.org/10.1007/s40843-021-1711-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-021-1711-5&amp;domain=pdf&amp;date_stamp=2021-07-28

SCIENCE CHINA Materials

ARTICLES

second-order phase transition (SOPT), while they exhibit
no hysteresis, their AS;, values may be lower than those
of FOPT materials [11-13].

In the past decade, a large number of MCE materials
have been reported [14-20], among which rare-earth
(RE) based alloys show great significance for MR appli-
cations at cryogenic temperatures. In particular, those
crystallizing in orthorhombic Ho,Co,Ga-type structures
(space group Immm) could exhibit both inverse (positive
AS;,, under magnetization process) and direct MCE (ne-
gative AS;, under magnetization process) despite show-
ing peculiar and complex magnetic behavior [21-36]. For
example, S-shaped curves of magnetization versus mag-
netic field M(H) were reported for REsCo,(Al/Sn), (x =
2.2-2.5 and y = 0.5-0.8), whereby all of them adopted the
HoCo,Ga-type structure [21-23]. Inverse and direct
MCE were then reported for isostructural DyCo,sSn, s
[21] and RE4Co,,Aljs (RE = Dy or Tb) [22], in which
authors suggested that the magnetic ordering of HosCo,-
Ga-type compounds is determined by the orthorhombi-
cally distorted octahedral RE sublattice, which in turn can
yield similar magnetic structure and properties for such
compounds despite their selection for the elements.
Opverall, these investigations centered on using composi-
tions that can crystallize into orthorhombic HoyCo,Ga-
type structure; nevertheless, the studies on nominal
RE¢Co,Ga compositions, which are directly adopted from
the structure itself, are less reported [24,25] and mainly
on their crystal structures while their thermomagnetic
and MCE properties have not been explored.

Hence, in this paper, we aim to systematically in-
vestigate the influence of various RE elements on the
structures, thermomagnetic phase transitions, and mag-
netocaloric properties of RE;Co,Ga-type compounds by
changing RE from Ho to Dy and Gd. Using the recently
developed criterion based on MCE [37] and the con-
ventional Banerjee’s criterion [38], we report the nature
of the order of magnetic phase transition undergone by
these compounds. It is found that the Ho- and Dy-con-
taining compounds exhibit low-temperature FOPT while
the Gd-containing one exhibits SOPT. Density functional
theory (DFT) calculations are performed for these com-
pounds, further supporting the magnetic ordering ob-
served from the experimental results.

EXPERIMENTAL AND SIMULATION
DETAILS

Polycrystalline samples with nominal compositions of
RECo,Ga (RE = Ho, Dy or Gd) were synthesized by arc
melting from raw pure materials RE (99.9 %), Co (99.9 %)
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and Ga (99.999 %) in an argon atmosphere. Since RE
elements could be easily volatilized during melting,
2 wt.% excess was added to ensure the nominal stoi-
chiometry. The ingots were re-melted four times for good
compositional homogeneity. They were sealed in a quartz
tube filled with argon and then annealed in a muffle
furnace at 600°C for seven days, followed by quenching
with ice water. X-ray diffraction (XRD) patterns of the
samples at room temperature were collected by a Bruker
D8 diffractometer (Cu-Ka radiation) for studying their
microstructures. Magnetization measurements were car-
ried out using the vibrating sample magnetometer (VSM)
option of the physical properties measurement system
(PPMS-9). AS;,, one of the parameters to quantify the
MCE of materials, was indirectly determined from the
measured magnetic isotherms using thermodynamic
Maxwell relation:

oM (T, H)

H]
AT H) = o [ | ==

] ad, (1
H
where M, H, and T represent the magnetization, magnetic
field, and temperature, respectively. In order to in-
vestigate the order of the phase transition by the novel
MCE criterion, the field-dependent exponent of AS;,, was
calculated from the following formula [37]:
dIn|AS

dinH = 2)

In addition, DFT calculations were performed for un-
veiling the magnetic behavior of RE;Co,Ga compounds,
whereby we exclusively focused on Gd;Co,Ga as the latest
and the most sophisticated DFT methods are limited in
accurately describing the complex magnetic behavior of
some RE elements, such as Ho and Dy. For this purpose,
we employed the standard Vienna Ab-initio Simulation
Package (VASP) 5.4.1 [39], using plane waves to re-
produce the one-electron wave functions with a kinetic
energy cutoff of 400 eV for constructing the basis set and
projected augmented wave pseudopotentials [40,41] for
all the species involved. In particular, the valence elec-
trons excluded in the pseudopotentials were 3d*4s' (9) in
Co, 4524p1 (3) in Ga and 5s25p64f75d16s2 (18) in Gd. Thus,
the f electrons of Gd were explicitly considered to prop-
erly describe its magnetism. The electronic exchange and
correlation were modeled using a hybrid functional,
namely the HSE06, which contained 25% of exact Har-
tree-Fock as exchange, following the implementation of
the VASP code [42,43]. As a start, the standard Perdew-
Burke-Ernzerhof (PBE) functional [44] was used but it
was later found insufficient for such a complex system. In
particular, it failed when resolving the on-site magnetism

n(T,H) =
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of the compound. As spin polarization was required for
all calculations, we used the Vosko-Wilk-Nusair inter-
polation [45] for this task.

Using the geometry provided by XRD data [24] for the
analysis of the compound, structural optimizations using
a conjugate gradient algorithm, sampling the reciprocal
space with a 4 x 4 x 4 Monkhorst-pack grid, were per-
formed until forces upon atoms were smaller than
0.01eV 10\71, and each self-consistent electronic loop
converged to a tolerance better than 10 *eV [46]. At PBE
level, the obtained structure remains very similar to the
experimental configuration with minimal displacement in
atomic coordinates (only up to 0.1 A in the worse sce-
nario). This relaxed structure was further analyzed using
the HSE06 hybrid functional. In all cases, we deal with a
primitive 18-atom cell, which corresponds to a Niggli
reduced cell. This is a quasi-rhombohedral unit cell (with
a=8323A, a = 107.25°, B =109.96°% and y = 111.23°)
generated using the VESTA software [47]. It possesses a
unit cell volume and a number of atoms that are small
enough to allow calculations with hybrid functionals de-
spite the high proportion of RE metals. Even in that case,
we had to reduce the k-point grid to a 2 x 2 x 2 mesh due
to the enormous computational demand.

RESULTS AND DISCUSSION

Crystal structure

XRD patterns for the RE;Co,Ga (RE = Ho, Dy or Gd)
series at room temperature and their corresponding
Rietveld refinement results are shown in Fig. 1. The re-
sults show that all the samples successfully crystallize into
a single phase Ho,Co,Ga-type structure. Details of the
refined lattice parameters and the refinement factors are
tabulated in Table 1, which shows that the cell volume
and lattice parameters increase as RE changes from Ho to
Dy and Gd. The c cell parameter for Dy,Co,Ga (9.8153 A)
is smaller than those for DysCo,sSnys (9.8754A) and
Dy,Co,Al (9.9265A), which is in line with Ref. [22]
whereby authors predicted that lattice parameter ¢ in-
creases from Ga to Sn and Al in RE;Co,X compounds.
Fig. 2a and b illustrate the detailed crystal structures of
the RE,Co,Ga compounds and the atomic environments
of RE1, RE2, RE3, Col, Co2, Gal, and Ga2 sites. The
Wryckoft sites of RE1, RE2, RE3 atoms are 81, 8m, and 8n
with the .m, .m., and m.. point symmetry, respectively.
Col and Co2 atoms occupy the Wyckoft sites of 4 and 4h
with the mm2 and m2m point symmetry, respectively.
Gal occupies the 2b sites with the mmm point symmetry
and Ga2 occupies the 2d sites with the mmm point
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Figure 1 The XRD patterns and their corresponding Rietveld refine-

ments for HogCo,Ga (a), DysCo,Ga (b), and GdsCo,Ga (c).

symmetry.

Magnetic properties

Fig. 3 displays the M(T) curves and their reciprocal sus-
ceptibility (1/y= H/M) under a magnetic field of 0.5T.
HoCo,Ga (Fig. 3a) shows a magnetic phase transition
from antiferromagnetic to paramagnetic (AF to PM) at
around 16K and a plateau at 16-25K, followed by a
paramagnetic behavior. For Dy,Co,Ga in Fig. 3b, a phase
transition from AF to PM is noticed at ~47 K, with the
subsequent paramagnetic behavior at higher tempera-
tures. Gd¢Co,Ga shows three consecutive features at
around 55, 78, and 129K (pointed by the arrows), in-
dicating three thermomagnetic phase transitions (Fig. 3c).
The effective magnetic moment values (y.s) and para-
magnetic Curie temperature (6p) were deduced by the
fittings of the linear part of the 1/y-T plots, yielding:

November 2021 | Vol.64 No.11
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Table 1 Refined lattice parameters and refinement factors for RE;Co,Ga compounds
Parameter a (A) b (A) c (A) V (A% a () B ) y ) Ry (%) Ry (%) Ry (%) %
HogCo,Ga 9.2710 9.4078 9.8153 856.09 90 90 90 5.59 7.07 6.03 1.37
Dy4Co,Ga 9.2891 9.4654 9.8439 865.53 90 90 90 7.48 9.48 8.79 1.16
Gd4Co,Ga 9.3863 9.5968 9.9799 898.97 90 90 90 8.46 10.9 9.75 1.25

RE1 (8/, m..) RE2 (8m, m..)
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Figure 2 (a) The crystal structures of RECo,Ga compounds; (b) atomic environments of RE1, RE2, RE3, Col, Co2, Gal, and Ga2 sites.

pef. = 29.105 % 0.006 i, 29.629 + 0.007 g, and 21.635
+ 0.020 pp for HosCo,Ga, DysCo,Ga, and Gd¢Co,Ga,
respectively. Assuming the effective magnetic moment of
Co atoms is 1.8 p, the effective magnetic moment per RE
atom for all three compounds can be calculated from

Hogr = J6 * u(RE) +2 x u 5(Co)» resulting in p.(Ho) =
11.837 + 0.002 pp, pe(Dy) = 12.051 + 0.003 pp and
Ueir(Gd) = 8.771 £ 0.008 pp. The calculated 8, values are
~1.5, ~3.2, and ~99.1K for Ho,Co,Ga, DyCo,Ga, and
GdyCo,Ga, respectively. In the cases of HosCo,Ga and
DyCo,Ga, the 6, values are close to zero, which indicates
that there are almost no ferromagnetic (FM) interactions
in PM regions.

The zero-field-cooled (ZFC) and field-cooled (FC) M(T)
curves for H = 0.05 T of HosCo,Ga, Dy,Co,Ga, and
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Gd¢Co,Ga are shown in Fig. S1. A small splitting in FC
and ZFC M(T) curves for GdysCo,Ga and Dy¢Co,Ga is
detected at low temperatures, which could probably be
due to the domain wall pinning effects [48]. At higher
temperatures, the ZFC and FC curves are well overlapped
with each other for all the compounds, demonstrating no
thermal hysteresis during their magnetic phase transi-
tions. Such absence/negligible thermal hysteresis even in
the first-order transformations for RE-based alloys makes
these materials highly interesting from a technical point
of view [49-51].

Fig. 4 displays the field dependence of magnetization
measured at 3K. Weak magnetic hysteresis can be ob-
served in HozCo,Ga and DyCo,Ga, which is common in
FOPT materials. For Gd¢Co,Ga, there is no hysteresis,
which is beneficial to practical applications. It can be seen
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Figure 3 Temperature dependence of magnetization (left-axis) and
reciprocal susceptibility (right-axis) under a field of 0.5 T for HosCo,Ga
(a), DysCo,Ga (b), and Gd¢Co,Ga (c).
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Figure 4 The field dependence of magnetization measured at 3K.

that the magnetization isotherms for Ho¢Co,Ga and
Dy,Co,Ga compounds show a significant increase for
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certain applied magnetic fields (fields between 2 and 4.5 T
for HogCo,Ga and DyCo,Ga, respectively), indicating the
existence of metamagnetic transitions. This is in agree-
ment with the S-shaped M(H) curves previously reported
for isostructural DyyCo,Al and ErsCo,Al compounds
[23]. On the other hand, for Gd,Co,Ga, the M(H) shape
indicates the FM character at 3K.

In addition to experimental observations, DFT calcu-
lations enable the determination of the distribution of the
magnetic moments in Gd¢Co,Ga by using hybrid func-
tional (the standard generalized gradient approximation
fails to describe this issue). In particular, a reasonable
geometry very similar to the experimental result is suc-
cessfully obtained from the calculations using the PBE
functional, which suggests a strong FM ground state, or at
least, a configuration with a high total magnetic moment.
However, if we try to resolve the on-site magnetism, this
simple approximation does not lead to a reasonable value
for the magnetic moments of Gd atoms, being too small
compared with the experimental observations. In addi-
tion, the spin moments associated with the Co atoms get
unstable, assuming that they have some magnetic mo-
ments that are ferro- or antiferromagnetically coupled to
the RE elements in the compound. Conversely, more
advance functionals, such as the HSE06, which includes
25% of exact Hartree-Fock exchange, could properly re-
produce the magnetic behavior of complex Gd¢Co,Ga
compound. Namely, we confirm that the magnetic
ground state of Gd4Co,Ga corresponds to a state in which
all Gd atoms have a strong magnetic moment of about
7.5 pp, pointing in the same direction whereas Co atoms
couple in the opposite direction with a magnetic moment
of around 1.8 . No magnetic moment is observed for Ga
atoms. Only a minimal difference among Gd atoms be-
longing to different Wyckoff sites is found: the exact
values are 7.49-7.51 up (81), 7.64-7.65 uz (8m), and
7.47 ug (8n). The same trend is also observed for Co
atoms, whose magnetic moments are within the range of
1.77-1.78 pp. We have also calculated the spin-resolved
projected density of states of the different species present
in the Gd¢Co,Ga compound as shown in Fig. 5. The
strong magnetic moments observed for Gd atoms are
reflected in their densities of states as strong localized
states, mainly appearing around —4 eV spin up below the
Fermi level. These states arise from the Gd f orbitals, re-
sembling the fingerprint of the FM phase of pure Gd [52].

In the cases of Ho and Dy in RE,Co,Ga compounds, it
is not possible to assume any trivial magnetic moment
distribution for the constituent atoms that can be com-
patible with the experimental magnetic moments of RE

November 2021 | Vol.64 No.11
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Figure 5 Spin-resolved projected density of states of each species
(colored curves) and total density of states (black dotted curve) in
Gd4Co,Ga calculated with DFT. The contributions of Co (blue) and
Ga (red) have been multiplied by a factor to enhance visualization, since
their contributions are very small. Contributions arising from the three
different Gd sites of the crystal structure (green curves) are plotted
together with the total Gd contribution.

atoms. This suggests that the magnetic behavior of these
two compounds is much more complex than the case of
Gd, which could likely involve non-collinear behavior as
reported in other isostructural compounds, such as
TbsCo,,Al s and ErgNi,Sn [22,36]. The calculated total
magnetic moment of Gd¢Co,Ga lies between 41-45 i per
f.u., in good agreement with the experimental saturation
magnetization values (43.35 pg per f.u. for GdsCo,Ga at
7T obtained from Fig. 4). It is worth noting that the
estimated value is 45 pg per fu., while the summation
over the individual contributions of the constituent atoms
leads to 41.6 p; per f.u. The first estimation is supposed to
be a more accurate value for the total magnetic moment.

A large number of possible magnetic configurations as
starting guesses for the electronic self-consistency calcu-
lation were performed but only two stable configurations
were obtained. One is described above, and the second
stable configuration is with the total FM solution, which
is less energetically favorable. Other explored configura-
tions include possible AFM couplings among Gd atoms
belonging to different crystallographic sites, but none of
them remain stable. It is interesting to note that the 18-
atom primitive cell could still contain an even number for
all species in all Wyckoft sites, which is a useful condition
needed to properly study possible FM or AFM config-
urations. We did not find any other stable solution con-
sidering AFM couplings among Gd atoms. A similar
analysis was also made at PBE level, without finding any
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reasonable conclusion.

Overall, the results of DFT calculations are in good
agreement with the experimental observations of
Gd¢Co,Ga. DFT reveals that the compound exhibits a
relatively simple magnetic moment distribution (i.e.,
parallel Gd atoms with the FM ground state), which
agrees with the significant and positive 8, value (~99.1 K)
of GdsCo,Ga. Furthermore, the effective magnetic mo-
ment of Gd atoms determined by DFT and experimental
results is in reasonable agreement with the theoretical
value (7.94 pp).

MCE and the order of phase transitions

Fig. 6a-c show the isothermal M(H) curves used for
calculating AS;,, (shown in Fig. 6d-f) for the three studied
compounds. HozCo,Ga and DyCo,Ga show inverse
MCE at low temperatures while their direct MCE are at
higher temperatures. In the case of Gd¢Co,Ga compound,
three direct MCE peaks (57, 75, and 131 K) are found in
its AS;,(T) curves (being more visible for low magnetic
field changes as shown in the inset of Fig. 6f), which
correspond to the three phase transitions previously ob-
served in Fig. 3. The most prominent magnetocaloric
peak is the one at 75K. These observations are in
agreement with the MCE reports of isostructural com-
pounds, where inverse and direct MCE are found for
Dy,Co,,Alys and DyCo,;Sn,s and three observed tran-
sitions are in Gd4Co,,Al g [21,22]. It is worth noting that
for low temperatures there is a change of sign for AS;.
More detailed studies are needed to identify the origin of
that feature. The maximum values of |AS;,,| under AH of
0-7T are 15.8, 4.8, and 12.6]Jkg 'K ' for HosCo,Ga,
DysCo,Ga, and GdsCo,Ga, respectively. It is worth
highlighting that the peak temperatures of |AS,,| for the
Ho,Co,Ga and GdyCo,Ga compounds, 26 and 75K, re-
spectively, coincide with the desired range for H, and N,
liquefaction. To check the effect of the demagnetizing
field on AS;,, we considered a demagnetizing factor (N)
of 1/3 due to the shape of our samples. The maximum
values of isothermal entropy change (AS;, ) as a func-
tion of the applied field (H,,) and the internal field (H,, =
H,, = NM) for all the compounds are plotted in Fig. S2.
Very minor difference can be observed when considering
the applied or the internal magnetic field, indicating that
the effect of the demagnetizing field can be neglected for
the studied samples.

The temperature-averaged magnetic entropy change
(TEC), an appropriate parameter to evaluate the MCE
materials, has been introduced by Griffith et al. [53] and
can be calculated by the following equation:
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Figure 6 The isothermal magnetization curves at selected temperatures for HogCo,Ga (a), Dy,Co,Ga (b), and Gd4Co,Ga (c). The isothermal
magnetic entropy changes (AS;,) for HogCo,Ga (d), DysCo,Ga (e), and Gd¢Co,Ga (f). The inset of (f) shows the AS,-T curve in the range of 0-1T for

GdCo,Ga.

1
TEC(AThﬂ) = m

r A 3)
max [T 3 AS(T) 7 AT,

Ti Tiify
mid T T

where ATy, is temperature span and T4 is the central
temperature whereby the TEC (AT}) gets the maximum
value for the given AT} The values of TEC (10) (ATy; =
10K) under field change of 0-7T are 14.9]kg 'K ' for
Ho4Co,Ga, 4.7Jkg 'K ' for Dy,Co,Ga and 12.5Jkg 'K '
for GdgCo,Ga, which are close to those of |AS,,"|

Another magnetocaloric parameter for a figure of merit
is the relative cooling power (RCP), which is used to
evaluate the cooling efficiency of MCE materials. It can be
calculated by the following formula:

RCP = ~AS ™ % §Tyius (4)

where OTgypyy is the full width at half maximum of
|AS;o|- The calculated values of RCP under AH of 0-7 T
are 532.6]k2<{l for Ho,Co,Ga, 256.9]kgfl for Dy,Co,Ga,
and 945.3]kgfl for Gd¢Co,Ga. Due to the three con-
tinuous phase transitions in GdqCo,Ga, its refrigerant
capacity is significantly higher than those of RE-based
compounds reported in the literature. For comparison,
the values of |AS,, ™| and RCP of the studied RE;Co,Ga
(RE = Ho, Dy or Gd) series versus those of other iso-
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structural and promising RE-based magnetocaloric ma-
terials under a field change of 0-5T are listed in Table 2
[14,21,22,54-62]. The MCE parameters for the present
compounds (especially for HosCo,Ga and GdsCo,Ga)
studied in this work are competitive and even better than
those of other reported materials, indicating their po-
tential for cryogenic MR applications. In addition, the
HosCo,Ga and Gdg¢Co,Ga compounds possess similar
magnitudes of the isothermal entropy change within a
temperature span of 50K. It has been raised that mag-
netocaloric composite material systems with the T of
phases in close proximity can aid performance optimi-
zation [63-66]. Therefore, it is worth exploring the MCE
properties of a hypothetical composite of these two
compounds. Assuming no interactions among the phases,
the total values of AS;,, for xHosCo,Ga + (1-x)GdsCo,Ga
composite (x is the mass fraction of HoCo,Ga with 0 < x
<1) for AH of 0-5T were estimated as shown in Fig. 7.
The optimal table-like MCE is found for x = 0.2, ob-
taining an RCP of 640 ] kg ', which is larger than those of
Ho¢Co,Ga and Gd4Co,Ga. In addition, the maximum
temperature span has been found for x = 0.4, improving
OTpwuym up to 90K, which is much larger than that of
single HosCo,Ga and GdsCo,Ga (29 and 68K, respec-
tively). Such a wide working temperature range (covering
the H, and N, liquefaction temperature ranges) makes it

November 2021 | Vol.64 No.11
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Figure 7 Temperature dependence of AS;, for the hypothetical
xHo4Co,Ga + (1-x)Gd4Co,Ga composite for AH of 0-5T.

suitable for cryogenic refrigeration applications. In ad-
dition, these estimated phase fractions showing MCE
optimization are in agreement with the reports of Ref.
[67] in which the larger phase proportion of the higher T
phase will lead to RCP enhancement.

Fig. 8a and b display the temperature dependence of
AS;,, (under AH of 0-1.5 and 0-2.0T) and exponent n
(under AH of 0-1.75T) for the HosCo,Ga. It has been

Table 2

reported that the overshoot of n above 2 near the tran-
sition temperature should be observed in the n(T) curves
for FOPT materials [12]. For HosCo0,Ga, it can be ob-
served that n shows large values at low temperatures and
in the region that MCE switches from inverse to direct
(marked by the cyan box). For the former, the typical
whole overshoot is not observed (due to the low transi-
tion temperature of Ho,Co,Ga), but still, n shows an
increase above 2 within the inverse MCE region (below
the transition temperature at 0 field), indicating the first-
order character of the AF-PM transition [68]. On the
other hand, in the shadowed region, the large n values are
due to the change of AS;, signs, unrelated to the order of
phase transitions. In addition, the observed features
marked by the gray box are related to the plateau ob-
served in Fig. 3. The temperature dependence of AS;, and
n for Dy4Co,Ga under the same field change as HosCo,Ga
are shown in Fig. 8c and d. The overshoot feature (n
above 2) can also be clearly observed at low temperatures,
which indicates the FOPT nature. Fig. 8¢ and f show the
temperature dependence of AS;, (under AH of 0-3.0 and
0-4.0T) and exponent n (under AH of 0-3.5T) for
Gd¢Co,Ga. The n(T) curve shows three minima, which
correspond to the three phase transitions aforementioned
in the M(T) results (Fig. 3c). Gd,Co,Ga does not show
any overshoot of n > 2 near the transition temperatures
(except the shadowed region where MCE switches signs),

The phase transition temperatures T, as well as the MCE parameters |AS;,, ™| and RCP for RE¢Co,Ga compounds compared with some

other magnetocaloric materials for cryogenic applications under AH = 0-5T

|Asiso mﬂx' (I kg71 Kil)

Material T, (K) RCP (J kgfl) Refs.
Direct MCE Inverse MCE

HoCo,Ga 16 10.1 4.1 292 Present work

Dy4Co,Ga 47 2.8 1.6 131 Present work

Gd¢Co,Ga 55/78/129 9.1 - 618 Present work
Dy,Co,,Al 30 2.8 39 ~170 [22]
GdeCo,,Alyg 26/59/80 10.9 - ~760 [22]
Dy,Co,55n05 42 2.3 6.5 - [21]
Gd,,Ni,In, 41/92/135 2.8 ~1.0 171 [14]
DyNiSi, 25 44 3.6 ~70 [54]
GdCo,B,C 17 10.3 - 238 [55]
Ho,CoGa, 10 13.8 - ~383 [56]
Tm,Co,Ga 12 11.3 - 152 [57]
EuAgCd 27 135 - 321 [58]
HoCoy;Ni, ; 27 18.6 - ~628 [59]
GdZn, 85 8.8 - 530 [60]
GdPdIn 90 4.64 - 464 [61]
GdNi, 70 10.8 - ~518 [62]
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indicating that the nature of the phase transitions is of
second-order. Near the peaks of AS,,, n does not show
deep minima values below 1 as typically observed at the
transition temperatures of single magnetic phase mate-
rials, which can be attributed to the mixed phase transi-
tions present in the sample [12].

In addition, the field dependence of AS;, and the ex-
ponent n were also investigated, as shown in Fig. S3. For
Ho4Co,Ga and DyCo,Ga, we chose two temperatures
below the inverse MCE peak: 9.5 and 9.0 K, respectively.
An obvious overshoot of n above 2 can be found for
Ho¢Co,Ga, evidencing that an AF-PM first-order meta-
magnetic phase transition occurred [68]. After the phase
transition, n decreases down to negative values due to the
influence of the direct MCE associated with the FM phase
[68]. It is worth noting that an overshoot (slightly above
2) can also be observed for Dy,Co,Ga at field changes
around 3-4 T, also indicating the first-order character of
the AF-PM transition. In the case of Gd¢Co,Ga, two
temperatures after the first two main AS;, peaks were
chosen: 63 and 87 K. For both temperatures, the values of
n are between 1 and 2 due to the coexistence of FM and
PM phases. As the transformation begins (see the curve
for 63K), n increases up to 2 followed by decreasing
down to values close to 1, indicating the major FM
contribution. No overshoot is observed for either tem-
perature, reconfirming the second-order nature of both
transitions.

To further evaluate the nature of phase transition, we
also studied the Arrott-plots (M*-H/M) for the three
compounds, which are displayed in Fig. 9a-c. Negative
slopes are observed for HosCo,Ga and Dy,Co,Ga (being
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more evident for the former), indicating FOPTs accord-
ing to Banerjee’s criterion [38], which is in agreement
with the exponent # criterion. Whereas for GdsCo,Ga, no
negative slope or inflection point is observed, demon-
strating the second-order nature of the phase transitions.
It should be highlighted that there is good agreement
between the analyses based on the exponent n criterion
and the conventional Banerjee’s criterion for this parti-
cular series of compounds.

CONCLUSIONS

The structural, magnetic, thermomagnetic, and magne-
tocaloric properties of RE¢Co,Ga (RE = Ho, Dy or Gd)
compounds were investigated. Rietveld refinement
proved the compounds crystallize in single phase
HogCo,Ga-type crystal structure (Immm space group).
They exhibit complex and interesting magnetic behavior
similar to literature work of isostructural RE¢Co,A,
compounds (A = Al/Sn, x = 2.2-2.5, and y =0.5-0.8).
Using the conventional Banerjee’s criterion, novel MCE
field dependence n fingerprint and DFT studies, the
nature of the order of phase transitions, type of phase
transitions, and magnetic ordering of such compounds
are revealed. Ho,Co,Ga and Dy,Co,Ga are found to un-
dergo a field-induced first-order AF to PM transition.
Gd¢Co,Ga exhibits FM to PM transition, with three
consecutive features found to be of the second-order type.
Its DFT calculations unveil its strong FM ground state in
agreement with the obtained positive 8, value and the
observed saturated magnetization. By tuning Ho — Gd in
RECo,Ga compounds, FOPT can be obtained in addition
to the second-order FM-PM phase transitions: 1st and

November 2021 | Vol.64 No.11
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2nd order for Ho and Dy, and only 2nd order for Gd.
This leads to the compounds exhibiting significant MCE
performance tunable from 26 to 75K which falls in the
range of H, and N, liquefaction, indicating their potential
applications in cryogenic MR.

Received 16 April 2021; accepted 20 May 2021;
published online 16 August 2021

1

10

11

12

November 2021 | Vol.64 No.11

Franco V, Blazquez JS, Ipus JJ, et al. Magnetocaloric effect: From
materials research to refrigeration devices. Prog Mater Sci, 2018,
93: 112-232

Li L, Yan M. Recent progresses in exploring the rare earth based
intermetallic compounds for cryogenic magnetic refrigeration. J
Alloys Compd, 2020, 823: 153810

Shen BG, Sun JR, Hu FX, et al. Recent progress in exploring
magnetocaloric materials. Adv Mater, 2009, 21: 4545-4564
Kitanovski A. Energy applications of magnetocaloric materials.
Adv Energy Mater, 2020, 10: 1903741

Li L, Xu P, Ye S, et al. Magnetic properties and excellent cryogenic
magnetocaloric performances in B-site ordered RE,ZnMnOy (RE =
Gd, Dy and Ho) perovskites. Acta Mater, 2020, 194: 354-365
Zhang Y. Review of the structural, magnetic and magnetocaloric
properties in ternary rare earth RE,T,X type intermetallic com-
pounds. J Alloys Compd, 2019, 787: 1173-1186

Law JY, Diaz-Garcia A, Moreno-Ramirez LM, et al. Increased
magnetocaloric response of FeMnNiGeSi high-entropy alloys. Acta
Mater, 2021, 212: 116931

Venkatarathnam G. Cooling and Liquefaction of Air and Its
Constituents. New York: Springer, 2008

Teyber R, Holladay J, Meinhardt K, et al. Performance investiga-
tion of a high-field active magnetic regenerator. Appl Energy, 2019,
236: 426-436

Zhang H, Gimaev R, Kovalev B, et al. Review on the materials and
devices for magnetic refrigeration in the temperature range of
nitrogen and hydrogen liquefaction. Phys B-Condens Matter, 2019,
558: 65-73

Gutfleisch O, Gottschall T, Fries M, et al. Mastering hysteresis in
magnetocaloric materials. Philos T R Soc A, 2016, 374: 2074

Law JY, Franco V, Moreno-Ramirez LM, et al. A quantitative
criterion for determining the order of magnetic phase transitions
using the magnetocaloric effect. Nat Commun, 2018, 9: 2680

13

14

15

16

17

18

19

20

21

22

23

24

25

© The Author(s) 2021. This article is published with open access at link.springer.com.

Moreno-Ramirez LM, Romero-Muiiiz C, Law JY, et al. Tunable
first order transition in La(Fe,Cr,Si);; compounds: Retaining
magnetocaloric response despite a magnetic moment reduction.
Acta Mater, 2019, 175: 406-414

Zhang Z, Wang P, Jia Y, et al. Crystal structure, magnetic phase
transitions and magnetocaloric effect (MCE) in layer-like
RE;;Nilny (RE = Gd, Dy and Ho) compounds. ] Alloys Compd,
2021, 851: 155863

Yang SX, Zheng XQ, Yang WY, et al. Tunable magnetic properties
and magnetocaloric effect of TmGa by Ho substitution. Phys Rev
B, 2020, 102: 174441

Li L, Yuan Y, Qi Y, et al. Achievement of a table-like magneto-
caloric effect in the dual-phase ErZn,/ErZn composite. Mater Res
Lett, 2018, 6: 67-71

Zhang Y, Wu B, Guo D, et al. Magnetic properties and promising
cryogenic magneto-caloric performances of Gd,Ho,,Tm,,Cu,Niy,
amorphous ribbons. Chin Phys B, 2021, 30: 017501

Wu B, Zhang Y, Guo D, et al. Structure, magnetic properties and
cryogenic magneto-caloric effect (MCE) in RE,FeAlO4 (RE = Gd,
Dy, Ho) oxides. Ceramics Int, 2021, 47: 6290-6297

Guo D, Zhang Y, Wang Y, et al. Table-like shape magnetocaloric
effect and large refrigerant capacity in dual-phase HoNi/HoNi,
composite. Chin Phys B, 2020, 29: 107502

Ma Z, Dong X, Zhang Z, et al. Achievement of promising cryo-
genic magnetocaloric performances in La,_ Pr,Fe;,B; compounds.
] Mater Sci Tech, 2021, 92: 138-142

Morozkin AV, Nirmala R, Malik SK. Magnetic and magnetocaloric
properties of HosCo,Ga-type DyCo,55n,5 compound. ] Magn
Magn Mater, 2015, 378: 174-177

Morozkin AV, Garshev AV, Yapaskurt VO, et al. Magnetic or-
dering of Ho¢Co,Ga-type {Gd, Tb, Dy}sCo,,Alys and TbsCo,Al
compounds by magnetization and neutron diffraction study. In-
termetallics, 2019, 113: 106588

Stegemann F, Janka O. Two series of rare earth metal-rich ternary
aluminium transition metallides—RE¢Co,Al (RE = Sc, Y, Nd, Sm,
Gd-Tm, Lu) and RENi, Al s (RE = Y, Gd-Tm, Lu). Z fiir
Naturforsch B, 2018, 73: 927-942

Sichevich OM, Komarovskaya LP, Gun YN, et al. Crystal structure
and magnetic properties of RsGa(Co, Ni), and RgSnNi, compounds
(R is a rare-earth metal). Ukr Fiz Zh, 1984, 29: 1342-1345
Gladyshevskii RE, Grin YN, Yarmolyuk YP. Crystal structure of
RsGaCo, compounds (R =Y, Dy, Tb, Ho, Er, Tm, Lu), Dopov.
Akad Nauk Ukr RSR Ser A, 1983, 2: 67-70

2855


https://doi.org/10.1016/j.pmatsci.2017.10.005
https://doi.org/10.1016/j.jallcom.2020.153810
https://doi.org/10.1016/j.jallcom.2020.153810
https://doi.org/10.1002/adma.200901072
https://doi.org/10.1002/aenm.201903741
https://doi.org/10.1016/j.actamat.2020.05.036
https://doi.org/10.1016/j.jallcom.2019.02.175
https://doi.org/10.1016/j.actamat.2021.116931
https://doi.org/10.1016/j.actamat.2021.116931
https://doi.org/10.1016/j.apenergy.2018.12.012
https://doi.org/10.1016/j.physb.2019.01.035
https://doi.org/10.1098/rsta.2015.0308
http://arxiv.org/abs/1604.08487
https://doi.org/10.1038/s41467-018-05111-w
https://doi.org/10.1016/j.actamat.2019.06.022
https://doi.org/10.1016/j.jallcom.2020.155863
https://doi.org/10.1103/PhysRevB.102.174441
https://doi.org/10.1103/PhysRevB.102.174441
https://doi.org/10.1080/21663831.2017.1393778
https://doi.org/10.1080/21663831.2017.1393778
https://doi.org/10.1088/1674-1056/abc0d7
https://doi.org/10.1016/j.ceramint.2020.10.207
https://doi.org/10.1088/1674-1056/aba9be
https://doi.org/10.1016/j.jmst.2021.02.055
https://doi.org/10.1016/j.jmmm.2014.11.011
https://doi.org/10.1016/j.jmmm.2014.11.011
https://doi.org/10.1016/j.intermet.2019.106588
https://doi.org/10.1016/j.intermet.2019.106588
https://doi.org/10.1515/znb-2018-0153
https://doi.org/10.1515/znb-2018-0153

ARTICLES

SCIENCE CHINA Materials

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

2856

Demchyna M, Belan B, Manyako M, et al. Phase equilibria in the
Dy-Fe-In system and crystal structure of DygFe,,In. Inter-
metallics, 2013, 37: 22-26

Verbovytskyy Y, Latka K, Przewoznik J, et al. Crystal structure and
magnetic properties of the selected phases from the R-{Co, Ni}-Al
(R =Y, Gd-Tm) systems. ] Alloys Compd, 2018, 758: 122-130
Morozkin AV, Garshev AV, Knotko AV, et al. The Gd-Co-Al
system at 870/1070 K as a representative of the rare earth-Co-Al
family and new rare-earth cobalt aluminides: Crystal structure and
magnetic properties. ] Solid State Chem, 2018, 261: 62-74
Kalychak JM, Zaremba VI, Zavalij PY. Crystal structure of hol-
mium cobalt indium (6/2/1), HosCo,,In,_,, x = 0.135. Z fir
Kristallogr Crystline Mater, 1993, 208: 380-381

Kalychak YM. Composition and crystal structure of rare-earths-
Co-In compounds. ] Alloys Compd, 1999, 291: 80-88

Chen JW, Jou NS, Wang BK, et al. Superconductivity and mag-
netism of the RyNi,Sn (R =Y and rare earth) compounds. Phys B-
Condens Matter, 2005, 359-361: 211-213

Tyvanchuk YB, Lukachuk M, Péttgen R, et al. The ternary system
Tm-Ni-In at 870 K. Z fiir Naturforsch B, 2015, 70: 665-670
Morozkin AV, Garshev AV, Knotko AV, et al. The Tb-Co-Ga
system at 870 K as a representative of rare-earth cobalt gallides:
Crystal structure and magnetic properties. ] Solid State Chem,
2019, 277: 303-315

Gulay LD, Wolcyrz M. Crystal structure of R¢Co,,Pb,, (R =Y,
Gd, Tb, Dy, Ho, Er, Tm, Lu) and R¢Ni,,Pb,, (R = Tb, Dy, Ho, Er,
Tm, Lu) compounds. ] Alloys Compd, 2001, 315: 164-168
Zaremba RI, Kalychak YM, Rodewald UC, et al. New indides
ScsCo, 18I0 g5, ScigNigInyg 44 and ScCuyIn—synthesis, structure, and
crystal chemistry. Z fiir Naturforsch B, 2006, 61: 942-948

Proke$ K, Sechovsky V, Syshchenko O. Magnetic structure of
ErgNi,Sn. ] Alloys Compd, 2009, 467: 48-53

Franco V, Conde A. Scaling laws for the magnetocaloric effect in
second order phase transitions: From physics to applications for
the characterization of materials. Int ] Refrig, 2010, 33: 465-473
Banerjee BK. On a generalised approach to first and second order
magnetic transitions. Phys Lett, 1964, 12: 16-17

Kresse G, Furthmiiller J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys Rev B,
1996, 54: 11169-11186

Blochl PE. Projector augmented-wave method. Phys Rev B, 1994,
50: 17953-17979

Kresse G, Joubert D. From ultrasoft pseudopotentials to the pro-
jector augmented-wave method. Phys Rev B, 1999, 59: 1758-1775
Heyd J, Scuseria GE, Ernzerhof M. Hybrid functionals based on a
screened Coulomb potential. ] Chem Phys, 2003, 118: 8207-8215
Krukau AV, Vydrov OA, Izmaylov AF, et al. Influence of the ex-
change screening parameter on the performance of screened hy-
brid functionals. ] Chem Phys, 2006, 125: 224106

Perdew JP, Burke K, Ernzerhof M. Generalized gradient approx-
imation made simple. Phys Rev Lett, 1996, 77: 3865-3868

Vosko SH, Wilk L, Nusair M. Accurate spin-dependent electron
liquid correlation energies for local spin density calculations: A
critical analysis. Can J Phys, 1980, 58: 1200-1211

Monkhorst HJ, Pack JD. Special points for Brillouin-zone in-
tegrations. Phys Rev B, 1976, 13: 5188-5192

Momma K, Izumi F. VESTA 3 for three-dimensional visualization
of crystal, volumetric and morphology data. ] Appl Crystlogr, 2011,
44: 1272-1276

Zhang XX, Hernandez JM, Tejada ], et al. Magnetic properties and

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

© The Author(s) 2021. This article is published with open access at link.springer.com.

domain-wall motion in single-crystal BaFe,(,Sn,;4C0(¢019. Phys
Rev B, 1996, 53: 3336-3340

Alho BP, Ribeiro PO, von Ranke PJ, et al. Free-energy analysis of
the nonhysteretic first-order phase transition of Eu,In. Phys Rev B,
2020, 102: 134425

Biswas A, Zarkevich NA, Pathak AK, et al. First-order magnetic
phase transition in Pr,In with negligible thermomagnetic hyster-
esis. Phys Rev B, 2020, 101: 224402

Guillou F, Pathak AK, Paudyal D, et al. Non-hysteretic first-order
phase transition with large latent heat and giant low-field mag-
netocaloric effect. Nat Commun, 2018, 9: 2925

Oroszldny L, Dedk A, Simon E, ef al. Magnetism of gadolinium: A
first-principles perspective. Phys Rev Lett, 2015, 115: 096402
Griffith LD, Mudryk Y, Slaughter J, et al. Material-based figure of
merit for caloric materials. ] Appl Phys, 2018, 123: 034902

Zhang B, Zheng XQ, Zhang Y, et al. Magnetic properties and
magnetocaloric effects of RNiSi, (R = Gd, Dy, Ho, Er, Tm) com-
pounds. AIP Adv, 2018, 8: 056423

Zhang Y, Guo D, Wu B, et al. Magnetic properties and magneto-
caloric performances in RECo0,B,C (RE = Gd, Tb and Dy) com-
pounds. ] Alloys Compd, 2020, 817: 152780

Wang LC, Cui L, Dong QY, et al. Large magnetocaloric effect with
a wide working temperature span in the R,CoGa; (R = Gd, Dy, and
Ho) compounds. ] Appl Phys, 2014, 115: 233913

Zhang Y, Guo D, Geng S, et al. Structure, magnetic and cryogenic
magneto-caloric properties in intermetallic gallium compounds
RE,Co,Ga (RE = Dy, Ho, Er, and Tm). ] Appl Phys, 2018, 124:
043903

Klenner S, Zhang Z, Péttgen R, et al. Magnetic and magnetocaloric
properties of the equiatomic europium intermetallics EuAgZn,
EuAgCd, EuPtZn and EuAuCd. Intermetallics, 2020, 120: 106765
Lai J, Tang X, Sepehri-Amin H, et al. Tuning magnetocaloric effect
of Ho, ,Gd,Ni, and HoNi, ,Coy alloys around hydrogen lique-
faction temperature. Scripta Mater, 2020, 188: 302-306
Matsumoto KT, Hiraoka K. Magnetocaloric effect in Gd-based
ferromagnet GdZn,. ] Magn Magn Mater, 2017, 423: 318-320
Oboz M, Talik E. Properties of the GATX (T = Mn, Fe, Ni, Pd, X =
Al, In) and GdFezAlg intermetallics. J Alloys Compd, 2011, 509:
5441-5446

Taskaev S, Khovaylo V, Skokov K, et al. Magnetocaloric effect in
GdNi, for cryogenic gas liquefaction studied in magnetic fields up
to 50 T. J Appl Phys, 2020, 127: 233906

Law JY, Franco V. Magnetocaloric composite materials. In: Bra-
bazon D (ed.). Encyclopedia of Materials: Composites. Amsterdam:
Elsevier, 2021, vol 2: 461-472

Law JY, Moreno-Ramirez LM, Blazquez JS, et al. Gd+GdZn bi-
phasic magnetic composites synthesized in a single preparation
step: Increasing refrigerant capacity without decreasing magnetic
entropy change. ] Alloys Compd, 2016, 675: 244-247

Gebara P, Diaz-Garcia A, Law JY, et al. Magnetocaloric response of
binary Gd-Pd and ternary Gd-(Mn,Pd) alloys. ] Magn Magn Ma-
ter, 2020, 500: 166175

Zhang Y, Yang Y, Xu X, et al. Excellent magnetocaloric properties
in RE,Cu,Cd (RE = Dy and Tm) compounds and its composite
materials. Sci Rep, 2016, 6: 34192

Romero-Muniz C, Franco V, Conde A. Influence of magnetic in-
teractions between phases on the magnetocaloric effect of com-
posites. Appl Phys Lett, 2013, 102: 082402

Moreno-Ramirez LM, Law JY, Pramana SS, et al. Analysis of the
magnetic field dependence of the isothermal entropy change of

November 2021 | Vol.64 No.11


https://doi.org/10.1016/j.intermet.2013.01.010
https://doi.org/10.1016/j.intermet.2013.01.010
https://doi.org/10.1016/j.jallcom.2018.05.123
https://doi.org/10.1016/j.jssc.2018.02.009
https://doi.org/10.1524/zkri.1993.208.Part-2.380
https://doi.org/10.1524/zkri.1993.208.Part-2.380
https://doi.org/10.1016/S0925-8388(99)00290-X
https://doi.org/10.1016/j.physb.2005.01.039
https://doi.org/10.1016/j.physb.2005.01.039
https://doi.org/10.1515/znb-2015-0075
https://doi.org/10.1016/j.jssc.2019.06.026
https://doi.org/10.1016/S0925-8388(00)01281-0
https://doi.org/10.1515/znb-2006-0803
https://doi.org/10.1016/j.jallcom.2007.12.022
https://doi.org/10.1016/j.ijrefrig.2009.12.019
https://doi.org/10.1016/0031-9163(64)91158-8
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.2404663
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1103/PhysRevB.53.3336
https://doi.org/10.1103/PhysRevB.53.3336
https://doi.org/10.1103/PhysRevB.102.134425
https://doi.org/10.1103/PhysRevB.101.224402
https://doi.org/10.1038/s41467-018-05268-4
https://doi.org/10.1103/PhysRevLett.115.096402
http://arxiv.org/abs/1503.08940
https://doi.org/10.1063/1.5004173
https://doi.org/10.1063/1.5007018
https://doi.org/10.1016/j.jallcom.2019.152780
https://doi.org/10.1063/1.4884233
https://doi.org/10.1063/1.5044578
https://doi.org/10.1016/j.intermet.2020.106765
https://doi.org/10.1016/j.scriptamat.2020.07.046
https://doi.org/10.1016/j.jmmm.2016.09.104
https://doi.org/10.1016/j.jallcom.2010.08.163
https://doi.org/10.1063/5.0006281
https://doi.org/10.1016/j.jallcom.2016.03.130
https://doi.org/10.1016/j.jmmm.2019.166175
https://doi.org/10.1016/j.jmmm.2019.166175
https://doi.org/10.1038/srep34192
https://doi.org/10.1063/1.4793663

SCIENCE CHINA Materials

ARTICLES

inverse magnetocaloric materials. Results Phys, 2021, 22: 103933

Acknowledgements This work was supported by the National Natural
Science Foundation of China (52071197), the Science and Technology
Commission of Shanghai  Municipality — (19ZR1418300 and
19DZ2270200), AEI/FEDER-UE (PID2019-105720RB-100), US/JUNTA/
FEDER-UE (US-1260179), and Consejeria de Economia, Conocimiento,
Empresas y Universidad de la Junta de Andalucia (P18-RT-746). Guo D
would like to acknowledge the support provided by China Scholarship
Council (CSC) of the Ministry of Education, China (202006890050).

Funding note: Open Access funding provided thanks to the CRUE-
CSIC agreement with Springer Nature.

Author contributions Zhang Y and Law JY designed the idea of the
research. Guo D and Zhang Y performed the experiments. Guo D and
Moreno-Ramirez LM performed the data analysis. Romero-Muiiz C
contributed to the DFT calculations and analysis. Guo D, Moreno-Ra-
mirez LM, and Law JY prepared the manuscript. All the authors con-
tributed to the general discussion and review and editing. Franco V and
Zhang Y contributed to the conceptualization and supervision.

Conflict of interest
interest.

The authors declare that they have no conflict of

Supplementary information
online version of the paper.

Supporting data are available in the

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made.

The images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.

To view a copy of this licence, visit http://creativecommons.org/li-
censes/by/4.0/.

Dan Guo is a PhD student at the School of
Materials Science and Engineering, Shanghai
University (SHU), China. She is now a visiting
scholar sponsored by the China Scholarship
Council at the University of Seville, Spain. Her
research interests focus on magnetic properties
and magnetocaloric effect of heavy rare-earth-
based compounds.

November 2021 | Vol.64 No.11

© The Author(s) 2021. This article is published with open access at link.springer.com.

Jia-Yan Law obtained her PhD degree from the
School of Materials Science and Engineering,
Nanyang Technological University, Singapore, in
2012. Currently, she is a postdoctoral researcher
at the University of Seville, Spain, leading the
research line “Functional High-Entropy Alloys”.
In addition, her research interests include the
development of magnetic and magnetocaloric
materials, device and novel evaluation techniques
as well as additive manufacturing.

Yikun Zhang is an associate professor at the
School of Materials Science and Engineering,
SHU (China) since 2016. She received her PhD
degree in materials science from Northeastern
University (China) in 2010. Her research focuses
on designing and exploring low-temperature
magnetic refrigeration materials.

RE¢Co,Ga (RE = Ho, Dy or Gd) {5 %41k
) — AL 0 — AR

2t4+"%, Luis M. Moreno-Ramirez’, Carlos Romero-Mufiz™’,
kK Xiﬁ‘?l*, Jia-Yan Law’ , Victorino Franco’, Eix', e

8 B IEAHosCo,Galld AR L5 1 & i L &g ML & W R 3
B R RE M e, HENTEAE P MRA BRI LU,
REAERE M R L RS GE. A SCE R X RECo,Gatk &9 19 # +
JCRBETIAIAYE, SCELT AR AR S8 M S 4 (AF) 2 I (PM)
P A5 G R 28 A i (FMD) B IR (PM) I 6 4% b Ah, et S 56 M 8%
LEL B B E TR (DFT) H EHE W] T GdeCo,Galy B4 A B i 4.
I 10 AU 1) I 44 A O 2R &5 & Bamerjee i I (19 ) W7 bk 1 F 5
# W], HoeCo,Gafll DyeCo,Galr] i A& — 2 fH A% Fl— L AH AL AIE,
MAEGdsCo,GaH HAFTE WA, FEO0-5 TR T,
Ho,Co,Gaf1GdCo,Gal i 1735 43 B £E 260175 Kt 5 ik 51 £ A 1K
10.1F19.1 T kg™ K™, T3 /30043 BIHEIUE T H iR AL RN TR AL 3R
BE. AU AYE RE 15 RECo,Gaffk 2 TEARIR A2 v 4l 2 A 1
TR N FH 5

2857


https://doi.org/10.1016/j.rinp.2021.103933
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	First- and second-order phase transitions in RE6Co2Ga (RE = Ho, Dy or Gd) cryogenic magnetocaloric materials 
	INTRODUCTION
	EXPERIMENTAL AND SIMULATION DETAILS
	RESULTS AND DISCUSSION
	Crystal structure
	Magnetic properties
	MCE and the order of phase transitions

	CONCLUSIONS


