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SPECIAL TOPIC — Multiferroicity and multicaloric effects
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Hydrogen, as a clean energy carrier, requires liquefaction at 20-77 K, a process that is energy-intensive and tra-
ditionally dependent on conventional refrigeration methods. Magnetocaloric refrigeration offers a promising alternative,
especially when using permanent magnets as the magnetic field source, which can significantly simplify system design
and reduce operational costs. Designing magnetocaloric materials with magnetic ordering temperatures within the hydro-
gen liquefaction range and exhibiting superior magnetocaloric effects under low magnetic fields is essential for advancing
sustainable energy technologies. This study presents an in-depth investigation of the enhanced low-field magnetocaloric
effect (MCE) in RCu,_,Co, (R = rare-earth) compounds. The results indicate that Co doping significantly modifies orbital
hybridization and magnetic properties, which in turn improves the MCE under low fields. Experimental data confirm that
Co-doped compounds show MCE performance at low fields. For instance, under a varying magnetic field of 0-2 T, the vol-
umetric magnetic entropy change of the ErCu; 75Co 5 compound reaches 0.12 J em 3K L. First-principles calculations
provide further insights into the electronic density of states and magnetic exchange interactions, clarifying the mechanisms

behind the enhanced MCE.

Keywords: magnetocaloric effect, hydrogen liquefaction, low magnetic fields, first-principles calculations
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1. Introduction

Utilizing hydrogen as a new energy carrier is one of
the key approaches to achieving the goals of pollution-free
and highly efficient sustainable energy.!'! Hydrogen’s po-
tential lies not only in its abundance but also in its ability
to store and release energy without producing harmful by-
products.>31 However, the liquefaction of hydrogen, a criti-
cal step for its storage and transportation, remains an energy-
intensive process that typically requires temperatures below
20 K. Traditional hydrogen liquefaction processes are charac-
terized by high energy consumption and require complex sys-
tem configurations.*! Magnetocaloric refrigeration, offering
an alternative that leverages the magnetocaloric effect (MCE),
has garnered attention due to its potential to simplify the lig-
uefaction process while reducing energy consumption, par-
ticularly when materials are optimized to exhibit significant
MCE.5-8

Rare-earth (RE)-based compounds are fertile ground
for developing magnetocaloric materials due to their intrin-
sic large magnetic moments.!”~131 However, RE-based com-
pounds often exhibit antiferromagnetic interactions due to
the influences of electronic structure, localization effects, ex-
change interactions, and crystal field effects, which typi-
cally lead to suboptimal magnetocaloric effects in low mag-
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[14-17] Regulating the magnetic interactions of

netic fields.
rare-earth-based compounds towards a ferromagnetic state to
achieve significant magnetocaloric effects in low magnetic
fields is a key challenge and focus of magnetic refrigera-
tion (MR) applications for hydrogen liquefaction.!'%1°1 Hao er
al.?% reported that the dual-field application of pressure and
magnetic field can significantly enhance the magnetocaloric
effect of HoCuSi compounds in low magnetic fields. Xie et
al.”! found that doping elements into EuTiOsz-based com-
pounds induces a shift in magnetic interactions to a ferro-
magnetic state due to changes in lattice constants and elec-
tronic structure, leading to a significant enhancement of the
MCE. Therefore, many potential rare-earth-based compounds
that exhibit a significant magnetocaloric effect in low magnetic
fields merit further in-depth investigation.

Orthorhombic-type RCu; (R = rare-earth) compounds
have garnered widespread interest due to their intriguing
magnetism.?>~261 Although this series of compounds exhibits
high saturation magnetization, their MCE performance in
low fields is suboptimal due to antiferromagnetic interactions.
Controlling the magnetic interactions to enhance their MCE
under low fields is crucial for practical applications but re-
mains a challenge. For transition metals, the magnetic moment
is generated by the unequal number of electrons with oppo-
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site spins, caused by the strong Coulomb repulsion between

(27 Thus, incorporating transition metals

their 3d electrons.
into rare-earth-based compounds offers the potential to mod-
ulate magnetic interactions and observe intriguing magnetic
behaviors.

In this work, we systematically investigate the magnetic
and magnetocaloric properties of RCu,_,Co, (R = Er, Ho)
compounds, with a focus on understanding how Co substitu-
tion modulates magnetic interactions and enhances low-field
MCE performance. Through a combination of magnetization
and specific heat measurements, together with first-principles
density functional theory calculations, we elucidate the role of
Co in transforming the magnetic ground state and improving
magnetocaloric efficiency under low magnetic fields. The re-
sults provide valuable insights into the electronic and magnetic
mechanisms that govern MCE in rare-earth intermetallics,
offering design principles for developing high-performance
magnetocaloric materials suited for hydrogen liquefaction ap-
plications.

2. Experimental details

Polycrystalline RCu,_,Co, alloys were prepared via a
standard arc-melting protocol under inert argon gas protec-
tion. Metallic precursors (R, Cu, Co) with certified purity
> 99.9% underwent four successive melting cycles to achieve
compositional uniformity, with intermediate ingot rotation
during each remelting step. Subsequent homogenization an-
nealing was performed at 1023 K for 21 days in evacuated
quartz ampoules, followed by rapid quenching in an ice-water
bath. Room-temperature phase identification was conducted
via powder x-ray diffractometry employing Cu Ko radiation
(A =1.5406 A). Magnetic properties were evaluated using two
complementary techniques: (i) superconducting quantum in-

terference device (SQUID) magnetometry and (ii) vibrating
sample magnetometry (VSM), both integrated within a Quan-
tum Design PPMS-9 cryogenic platform.

Electronic structure calculations were implemented
through the Vienna ab initio simulation package (VASP)
employing density functional theory (DFT) formalism. 8]
Exchange—correlation effects were treated via the Perdew—
Burke-Ernzerhof generalized gradient approximation (PBE—
GGA).[?3% Geometric optimization and electronic self-
consistency procedures utilized a plane-wave cutoff energy of
450 eV and I'-centered 7 x 5 x 3 k-mesh sampling. Iterative
convergence criteria required total energy fluctuations below
107% eV between successive cycles. On-site Coulomb inter-
actions were incorporated through the Hubbard U correction
(U = 3 eV) for transition d and f orbitals. Post-processing
analysis including density of states (DOS) decomposition was

executed via the Vaspkit toolkit.3!!

3. Results and discussion

The crystal structures of RCu;_,Co, (R = Er, Ho) com-
pounds at room temperature were determined using powder
x-ray diffraction (XRD) with a Cu-Ka target, with the re-
fined patterns shown in Figs. 1(a)-1(d). This series of com-
pounds crystallizes in an orthorhombic structure, correspond-
ing to space group Imma (No. 74). No formation of new com-
pounds involving R, Cu, and Co was observed after doping,
indicating that the structural symmetry remains unchanged
upon Co substitution. The refined crystal structure informa-
tion is listed in Table 1. Additionally, refinement reveals
the presence of minor R,O3 impurities in the series of com-
pounds. The respective contents are 2.34 wt%, 2.87 wt%,
2.75 wt%, and 4.15 wt% in the ErCu; 75Cog 25, ErCu; 5Coq s,
HoCuj 75C0g 25, and HoCu; 5Cog 5 compounds, respectively.

Table 1. Crystal structure information of RCu;_,Co, compounds after refinement.

Parameters ErCu; 75Coq .25 ErCu; 5Coq 5 HoCu 75Cog .25 HoCu; 5Coq 5
a ) 4.258(3) 4.245(8) 4267(4) 4.260(7)
b(A) 6.763(5) 6.788(5) 6.796(2) 6.773(3)
c(A) 7.253 (4) 7.235(2) 7.262(6) 7.267(6)
V (A% 208.863 208.476 210.587 209.674
R (x,y,2) 4e (172, 1/4, 0.044)
Cu (Co) (x, y, 2) 8h (172, 0.448, 0.664)
Impurity (Wt%)  R,03 234 2.87 275 4.15
Ry (%) 6.265 7.824 6.233 7.779
Ryp (%) 8.096 10.231 8.001 10.353
Rr (%) 1.333 1.805 1.231 1.859

Figures 2(a)-2(d) illustrate schematic representations of
the crystal structures of compounds RCu,_,Coy (R = Er, Ho)
from different perspectives, as well as the local environment
of R** ions. In this structure, R and Cu/Co occupy the Wyck-

off positions 4e and 8, respectively. Each R** ion forms a

tetrahedral coordination with six neighboring Cu/Co atoms.
The adjacent tetrahedra share edges but do not share vertices.
To further determine the composition of RCu;_,Coy (R = Er,
Ho) compounds, the microstructure and elemental distribu-

tion of this series of compounds were analyzed as shown in
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Figs. 3(a)-3(d). Overall, the surface of the samples appears
uniform, with only some R,O3 impurities observable and no
other phases present. Based on energy dispersive spectroscopy
(EDS), the average atomic ratios of R, Cu, and Co were deter-
mined, and the results confirm that all samples are consistent
with their nominal chemical compositions.

The magnetic susceptibility of RCu,_,Co, (R = Er, Ho)
compounds was measured as a function of temperature un-
der a magnetic field of 0.05 T, as illustrated in Figs. 4(a)—
4(d). All compounds exhibited characteristics of ferromag-
netic behavior at low temperatures, indicating that the sub-

stitution of Co significantly alters the magnetic properties.
The dM/dT curves reveal two magnetic ordering transitions
within RCu,_,Co, (R = Er, Ho) compounds, designated as
1.1 and T, for the magnetic transition temperatures of R3*
and Co?t, respectively. The 7.y values for ErCu; 75Coyq s,
ErCu; 5Cog 5, HoCuj 75Coyg 25, and HoCu; 5Cog 5 compounds
are 14 K, 13.3 K, 16.5 K, and 17.3 K, and the correspond-
ing Ty values are 83 K, 78.9 K, 130.8 K, and 121.7 K,
respectively.  The inverse magnetic susceptibility curves

(1/x = H/M) were analyzed based on the Curie—Weiss law,

(a) —— Observed XRD pattern (b) —<— Observed XRD pattern
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Fig. 1. (a)—(d) The room-temperature XRD patterns after refinement are presented. The green and yellow vertical lines represent the standard

peak positions of the RCu; and R, O3 phases, respectively.
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Fig. 2. (a) and (b) Schematic illustrations of the crystal structures from different perspectives. (c)~(f) The atomic environments of R>* at various

Co doping levels are depicted.
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with experimental values represented by blue circles and fit-
ted values by solid red lines in the figure. The fitted param-
agnetic Curie temperatures were found to be 16.6 K, 33.1 K,
27.4 K, and 53.2 K, situated between T, and T.,. The effective
magnetic moments (”;:;afp) for these compounds were slightly
below the theoretical values, recorded as 9.56 ug, 9.16 ug,
10.30 ug, and 9.94 ug. Given these results, the current inter-
pretation appears insufficient. Subsequently, results of theo-
retical calculations were employed to gain further insights into
the magnetic interactions and electronic structure of this series
of compounds.

(e) HoCu, 5Coy 5

(a) ErCu, 5Coy 5

Fig. 3. Scanning electron microscope images of ErCu;sCops and
HoCu, 5Cop 5 compounds, along with the corresponding elemental dis-
tributions.

The M(T) curve results indicate that the magnetic inter-
actions in this series of compounds are ferromagnetic. The
unclear aspect is the magnetic interaction between Co’"
and R3*. Therefore, the magnetic structures of RCujy_,Coy

(R = Er, Ho) compounds were first determined. By calculat-
ing the free energy under different magnetic configurations,
it was found that the magnetic configuration of these com-
pounds is such that R3* and Co®>* individually exhibit fer-
romagnetic ordering, whereas the interaction between these
magnetic ions is antiferromagnetic. Subsequently, the DOS
in both spin directions for RCu,_,Co, (R = Er, Ho) com-
pounds was calculated, as shown in Figs. 5(a)-5(d). In all
compounds, the DOS for R** and Co?* shows significant dif-
ferentiation, exhibiting typical ferromagnetic characteristics.
Moreover, as the Co content increases, the differentiation for
Co?* becomes more pronounced. The clarified points are
as follows: (i) Both R3* and Co?* exhibit ferromagnetic or-
dering, but their magnetic moments are antiferromagnetically
aligned. (ii) Higher Co?* doping leads to more pronounced
(iii)) Co dop-
ing significantly alters the electronic structure, driving the

magnetic anomalies at higher temperatures.

emergence of the ferromagnetic state in R>T. Due to the
antiferromagnetic coupling between Co>* and R3*, the para-
magnetic Curie temperature lies between T¢; and T, and the
u:f’}p is smaller than the theoretical effective magnetic moment
(,ugflf). The charge density projections along the c-axis for
ErCu; 5Cog 5 and HoCu, 5Coy 5 are presented in Figs. 6(a) and
6(b). There is a substantial amount of localized charge around
R**, indicating that R** contributes a significant magnetic
moment. However, it is evident that there is a small amount

20 (@) ErCu, 75Coy s 30 (b) ErCu, sCoy
375 4
| 3 T d
E £ 18
g 25[f g |8
< ' = 12}
——FC
SR = —o— dMIT
' 6} —o—Exp.
— Fit
o 300 50 100 150 200 250 300
T (K)
8o 80r@ HoCu, .Cons
~ 6O ~ 60f
IbD Q ‘bD i
g 40§ £ 40§
< = 13 ZFC
E 2 3 —e— FC
20 —o—dM/dT 20k —o—dM/dT
—o—Exp. o —o—Exp.
— Fit — Fit
0 ="350 100 150 200 250 300 0050 100 150 200 250 300

T (K)

T (K)

Fig. 4. (a)—(d) Temperature-dependent magnetic susceptibility curves M(T) under a 0.05 T magnetic field. The pink curve represents the dM /dT
curve. Blue and red lines indicate the experimental and fitted values based on the Curie—Weiss law, respectively. The black arrows point to T
and Ty, which represent the Curie temperatures associated with R3* and Co?™, respectively.
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Fig. 6. (a) and (b) Two-dimensional charge density projections along the
c-axis for ErCu; 5Coq s and HoCu; 5Coq s compounds.

of charge between the R and Co elements, further indicating
that Co?* is magnetic and undergoes strong orbital exchange
interactions with R3*.

To further understand the magnetism of RCu,_,Co, (R =
Er, Ho) compounds under magnetic fields, isothermal mag-
netization curves M(H) at different temperatures were mea-
sured within a 0-5 T field range, as shown in Figs. 7(a)-7(d).
The magnetization of all compounds sharply increases with
the magnetic field and saturates around 1 T, exhibiting typi-
cal ferromagnetic characteristics. Notably, the ErCu; 75Coq 25
compound reaches a saturation magnetization as high as
154 A-m>kg~!, indicating an excellent magnetocaloric effect
(MCE), particularly pronounced at low fields. Additionally,
the magnetization curves of all compounds at high tempera-
tures do not show linear paramagnetic behavior but instead
increase initially before becoming linear. This is due to the
magnetic ordering of Co?*, consistent with the experimental
results and theoretical predictions.

The type of magnetic phase transition (MPT) in mag-

netic materials significantly affects their MCE performance.
Arrott plots (H/M vs. M?), derived from the transformation
of M(H) curves based on the Banerjee criterion, can be used
to determine the order of the MPT.[3?l Typically, a negative
slope in an Arrott plot indicates a first-order magnetic phase
transition, while a positive slope suggests a second-order tran-
sition. The Arrott plots for RCu;_,Co, (R = Er, Ho) com-
pounds are shown in Figs. 8(a)-8(d). The results indicate that
all compounds undergo a second-order magnetic phase transi-
tion from the FM to the PM state.

Next, we focus on the MCEs of RCu,_,Co, (R = Er,
Ho) compounds. Generally, the MCE can be evaluated by
approximating the temperature-dependent magnetic entropy
change curve —ASy/(T) using the Maxwell thermodynamic

relation?3!
—ASy = Su (T,0)— Sy (T, H)
Hmax
- IM (T, H)
— O/ (aT > dH. (1)

The —ASy(T) for RCu;_,Co, (R = Er, Ho) compounds
under different magnetic fields were calculated, as shown
in Figs. 9(a)-9(d).
corresponding to the maximum magnetic entropy change

For all compounds, the temperature

(—ASH™) increases with the applied magnetic field, which
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Fig. 9. Temperature dependence of the magnetic entropy change —ASy(7') under varying magnetic fields of 0-5 T.

is a typical characteristic of ferromagnetic materi-
als.  Under a changing magnetic field of 0-2 T, the
—ASy™ for ErCuj 75Cop.25, ErCujsCoqs, HoCuj 75Coq.2s,
and HoCu;s5Cops compounds are 13.1 Jkg '-K~!,
9.9 Jkg "K', 9.4 Jkg '.K7!, and 7.5 J-kg7"-K~!, re-
spectively. It is worth noting that the study by Rajivgandhi
et al.”’! indicates that the —AST™ for ErCup and HoCup
compounds under a changing magnetic field of 0-2 T are
2.5 Jkg 'K~ ! and 4.3 J’kg='-K~!, respectively. This sug-
gests that the current strategy of using transition metal Co to
regulate the magnetic interactions in RCuy-based compounds
to achieve a large MCE under low magnetic fields is feasible.
The observed results are attributed to significant alterations in
the system and the local environment of R** upon Co dop-
ing, leading to a transition from antiferromagnetic (AFM) to
ferromagnetic (FM) states. Notably, only a single peak in the
magnetic entropy change is observed in the —ASy(T') curve,
indicating that the magnetic entropy of the compound is pri-
marily contributed by the R3* ions.

The —ASy;/AuoH vs. toH curve was re-integrated to ob-
tain magnetic field dependence curves of —AS), at different
temperatures, as shown in Figs. 10(a)-10(d). The results in-
dicate that with increasing magnetic field, the —ASy /AuoH
value for all compounds gradually increases, reaching a peak
at 0.5 T. This suggests that RCu;_,Co, (R = Er, Ho) com-

pounds are more advantageous under low magnetic field con-

ditions. Using a superconducting magnet as the magnetic field
source would significantly increase the cost of the cooling sys-
tem and add to its complexity. Furthermore, all compounds
exhibit substantial —ASy; /AuoH values within a 3-5 K range
near the magnetic transition temperature, indicating that these
compounds not only have a large —AS), but also a relatively
wide refrigeration temperature span.

Additionally, temperature-averaged —AS)s (TEC), the re-
frigerant capacity (RC), and the relative cooling power (RCP)

are also key indicators used to evaluate the MCE, represented
by [34-36]

e
jT o ATy ASM(T)AH,T dr
TEC = —=d 2 , )
AT ife
Thot
RC= [ |ASy (T)dr, 3)
Teold
RCP = |—ASAH,}aX| X 6TFWHM~ (4)

Here, AT is the desired refrigeration temperature span,
and Tipig is the temperature at which —ASy™ is achieved
within the desired range. Tho and Tgoq correspond to the
two temperatures at half of the —AS}*™ value, and 0 Trwhm
is obtained from Tyot — Teorg- Figures 11(a)—11(d) summarize
the magnetocaloric parameters of RCu;_,Co, (R = Er, Ho)
compounds under different magnetic fields. Under a vary-

ing magnetic field of 0-2 T, the TEC, RC, and RCP val-
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and 177.9 J.kg~! for HoCu; 75Cog05; and 7.1 J-.kg='-K~1,
124.6 Jkg~!, and 156.7 J.kg~! for HoCu; 5Coq s, respec-

ues are 12.9 J.kg™!.K~!, 145.1 Jkg~!, and 189.9 J-kg~!
for ErCuj75Cop2s; 9.5 Jkg "K', 109.3 J-kg~', and

136.7 J-kg~! for ErCu; 5Cogs; 9.1 J- kg™ K1, 138.1 J-.kg™!, tively.
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Fig. 10. (a)—(d) The —ASy/AtoH vs. toH under different magnetic fields. Here, toH, = toH + ApigH varies from pigH to toHa, and toH is set to O T.

Fig. 11. (a)—(d) Maximum magnetic entropy change —AS}*™*, TEC, RC, and RCP of RCu;_,Co, compounds under different magnetic fields.
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In the refrigeration process, magnetic refrigerants need
to be combined with cold storage materials to fill the regen-
erator of the refrigerator, which is limited by its volume. A
larger magnetocaloric effect within the available volume cor-
responds to higher cooling capacity and refrigeration power,
which is crucial for the performance of MR systems. There-
fore, attention to the volumetric magnetic entropy change
(—ASy) of magnetic refrigerants is essential. Figure 12 com-
pares the —ASy of RCu,_,Co, (R = Er, Ho) compounds
with other reported magnetic refrigerants under a 0-2 T mag-
netic field change. Near the hydrogen liquefaction tempera-
ture range, ErCu; 75Cog »5 exhibits superior performance com-
pared to most materials, such as ErAl,, ErsNiy, and ErFeSi

compounds.37-3
° K ErCu; ;G0 Hoy,Co,
0.20 @ ErA, HoNi,
Q@ ErFesi TbN
Y ErCu,4Coys THNiAI
ErNi, 3 SdécgoasNimz)z
7 0.16 L4 Eggznz?ms o H(ijf !
N H°A|2‘5 05 @ GdCoC
=
o 0a2f &
3 o
2 *
~ 0.08
195 o
<
I 004t °
0 . . .
0 20 40 60 80
T (K)

Fig. 12. Comparison of the volumetric magnetic entropy change of
RCuy_,Co, compounds under a varying magnetic field of 0-2 T with
other reported magnetocaloric materials in the liquid hydrogen tempera-
ture range. The volumetric magnetic entropy change was estimated based
on the results reported in the following references: ErAlz,m] Er; Niz,[38]
ErFeSi, [ HoAl,M% Hoj,Co7, !l HosNip,*81 TbN,M 2 TbNiAL M)
Gd(Cug ggNig.12)2,*! DyFeSi,*5] HoB,, 0l and GdCoC.1#7]

4. Conclusion

In summary, the magnetic interactions of RCujp_,Co,
(R = Er, Ho) compounds transition to a ferromagnetic state
upon doping with the transition metal Co, resulting in a sig-
nificant enhancement of the MCE at low magnetic fields.
The ErCu; 75Cog 25 compound exhibited a notable —ASy of
0.12 J.cm™3-K~! under 0-2 T, surpassing many materials re-
ported to date. Theoretical calculations elucidate the under-
lying mechanism of the magnetic variation. The reconstruc-
tion of the electronic structure and changes in the R>* local
environment are responsible for the emergence of the ferro-
magnetic phase. These findings suggest that Co-doped RCu,
compounds hold potential for more energy-efficient and cost-
effective magnetocaloric refrigeration systems, providing a vi-
able path for advancing hydrogen liquefaction technologies.
Moreover, the present results indicate that incorporating tran-
sition metal elements into rare-earth-based compounds to tune
magnetic interactions and achieve tailored magnetic behaviors
is a promising research direction.
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