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a b s t r a c t 

Dual field driven caloric effect has aroused great interest in recent years. Hydrostatic pressure can shift 

the temperature zone of magnetocaloric effect(MCE), but seldom enhance its magnitude. Here, a large 

enhancement of MCE driven by pressure under magnetic field available by permanent magnet has been 

achieved in HoCuSi compound without introducing hysteresis loss, which is favorable for developing hy- 

brid field driven refrigeration applications at low temperature regions. A distinct mechanism is revealed. 

Pressure largely regulates non-collinear spin structure and magnetizing process through affecting crystal 

field interactions and spin-spin coupling, hence resulting in the significant impact on magnetic properties 

and MCE. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Solid-state refrigeration based on magnetocaloric effect (MCE)

offers environmental friendly and energy-efficient solutions to dis-

place conventional gas compression refrigeration technology [1–6] .

New strategies are required to enhance the MCE to meet the needs

of advanced materials that may be used in the refrigeration tech-

nologies. In addition to exploring new materials, dual-field regula-

tion of MCE has become a current hotspot [7–12] . Physical pres-

sure, as a clean means of regulating atomic distance and local

environments, has been successfully used to tune temperature

range [7 , 8] and reduce hysteresis loss [11 , 13] through impacting

the magnetostructural/magnetoelastic transition for the giant MCE

materials. However, the magnitude of MCE was seldom enhanced

by physical pressure [7 , 9 , 14] except for few cases [8 , 10] where the

enhanced MCE mainly originates from the enhanced contribution

of lattice and the strengthening of first-order transition by pres-

sure. In this case, hysteresis loss is inevitably introduced, which

damages the effective refrigeration capacity. 

Here, we report large enhancement of MCE without intro-

ducing hysteresis loss by hydrostatic pressure in HoCuSi. A new
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echanism is revealed. This compound has been previously identi-

ed as an attractive magnetic refrigerant owing to its reversible gi-

nt MCE around Néel temperature T N ~7 K [15] . The reported mag-

etic entropy change (- �S~33.1 J kg −1 K 

−1 , 5T) approaches to that

- �S~36 J kg −1 K 

−1 ) of ErCo 2 , the most representative magnetic re-

rigerant in the low temperature region [1 , 16 , 17] . As well known,

ow temperature refrigeration also has broad applications in vari-

us areas, [16 , 18] such as space science and liquefaction of natural

as/hydrogen, in addition to the familiar requirements of refrigera-

ion around room temperature. Exploring MCE as high as possible

s always a challenge and a long-term pursuit. 

As a member of RCuSi family (R, heavy rare earth elements),

oCuSi compound with hexagonal Ni 2 In-type structure shows

omplex spin structure and abundant magnetic phase transition.

revious neutron diffraction study [19] revealed that HoCuSi is an

ntiferromagnet (AFM) with Néel temperature around T N ~9 K. Be-

ow T N , the spin structure formed by Ho 3 + ions is a sine wave

odulation structure with a propagation vector k = (1/15,0,1/6).

he direction of Ho 3 + magnetic moment forms angle of 61(6) °
ith the c-axis and 132(6) ° with the a-axis. Such magnetic order is

table in the temperature range between 1.4 K and T N [19] . Strain

easurements [15] showed that there is a mutation in the lat-

ice constant near the T N , and the magnetic ordering with such a
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Fig. 1. The Rietveld refined X-ray powder diffraction pattern of HoCuSi compound 

at room temperature. The observed profile (black cross), calculated profile (red line), 

their difference (blue line), Bragg reflection positions (magenta bar), and error factor 

R wp are indicated. Inset shows the schematic diagram of the Ni 2 In-type hexagonal 

structure for HoCuSi, where the intra-plane Ho-Ho bonds are denoted by red while 

the inter-plane Ho–Ho bonds denoted by blue. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 

i  

i  

c  

r  

n  

[  

d  

m  

o  

t  

r

 

0  

z  

e  

t  

6  

Z  

c  

t  

t  

t  

(  

o  

f  

θ  

l  

N  

c  

1

f  

t  

i  

c  

s  

p  

w  

s  

o  

t  

9  

t  
omplex spin structure is closely related to the lattice mutation in

oCuSi. Crystal field effect (CFE) and the competition with mag-

etic interaction play dominating roles in the formation of non-

ollinear spin structures and lead to unusual magnetic properties

20 , 21] . Theoretical calculations, for a hexagonal symmetry struc-

ure, indicated that the easy axis of magnetization is parallel to

he c-axis if the second-order crystal field parameter B 2 ° is nega-

ive, the case of RCuSi with R = Er and Tm, while the easy axis

ends to perpendicular to or form an angle with the c-axis if the

 2 ° is positive, the case of RCuSi with R = Tb, Dy, Ho [22 , 23] . Nor-

ally, the magnitude and direction of the crystal field of the rare

arth ions affect the orientation of the total angular momentum,

nd the crystal field is closely related to the crystal structure and

tomic local environments. Therefore, physical pressure can modu-

ate the spin structure through impacting the atomic distances and

ocal environments of rare earth atoms, thereby ultimately regulat-

ng the magnetic properties and the MCE. 

Here, we report the effect of hydrostatic pressure on the mag-

etic properties and MCE in HoCuSi compound. It is found that

he applied pressure can enhance the both effective magnetic mo-

ent (M eff) and paramagnetic Curie temperature ( θP ), illustrating

hat the ferromagnetic (FM) coupling between Ho 3 + ions is fa-

ored through modulating the non-collinear spin structure by the

ressure-induced compression of Ho-Ho distance and alteration of

ocal environments. The application of pressure regulates the mag-

etization process. When a pressure 6.6kbar is applied, the 1T, 2T

nd 5T magnetization at 5 K increases by ~46%, ~28%, and ~11%,

espectively, but no hysteresis loss is introduced even at the phase

ransition region. Based on Maxwell relation, �S and hence the re-

rigeration capacity (RC) are calculated. Increasements of 150%(0–

T) and 67%(0–2T) in the completely reversible �S are achieved

hen a pressure of 6.6 kbar is applied, and the corresponding RC

ncreases by 134%(0–1T) and 73%(0–2T), respectively. 

Polycrystalline HoCuSi was prepared by arc melting the con-

tituent elements (Ho with purity 99.5% and Cu, Si with purity

9.99%) followed by vacuum annealing for 7 days at 1123 K, and

hen quenched in liquid nitrogen. The rare earth Ho was added in

xcess of 5% considering its volatilization. Magnetic measurements

nder pressure were performed using SQUID (MPMS-7T). Hydro-

tatic pressure was applied through a commercial Be-Cu pressure

ell specially designed for SQUID, where Daphne 7373 oil acts as

he pressure transmitting medium. The applied pressure was deter-

ined by measuring the superconducting transition temperature

f the standard sample Pb placed with the sample in the cell. 

Crystal structure was determined by powder X-ray diffractome-

er (XRD) using Cu-K α target. The Rietveld refined XRD pattern

f HoCuSi compound at room temperature is given in Fig. 1 . The

ample crystallizes in Ni 2 In-type hexagonal structure with space

roup P6 3 /mmc (SG #194), as shown in the inset of Fig. 1 . No im-

urity phase was detected. The lattice parameters were refined to

e a = b = 4.14001(4) ̊A, c = 7.36 84 8(1) Å, consistent with the pre-

iously reported [15 , 19] . HoCuSi compound has layered structure

ith large distance between Ho atoms. The in-plane Ho-Ho bond

ength is 3.68424(5) Å while the inter-plane Ho–Ho bond length

s 4.14001(4) ̊A. Hence, the rare earth Ho 3 + ions form a local mag-

etic moment through Ruderman-Kittel-Kasuya-Yosida (RKKY) type

xchange interaction [19] . For HoCuSi, the Hamiltonian can be ex-

ressed as, 

 

 = −H mag + H cfe − H Zeeman 

= −
∑ 

il 

λ0 ( r ) J i . J l + λ1 ( r ) [ J i . J l ] 
2 − g μB 

∑ 

i 

J i H . (1) 

here the first term is the spin-spin interaction, J i represents

he total angular momentum operator of Ho ions, and λ0 is the

xchange integral, which mainly depends on the distance be-

ween Ho-Ho neighbors. The second term describes crystal field
nteractions, where λ1 is the parameter of the model. Changes

n the crystal structure and local environments of ions will cause

orresponding changes in crystal field interactions. The third term

epresents the Zeeman interaction, where H is the applied mag-

etic field, g is the Lande‘ factor and μB is the Bohr magneton

21 , 24] . Physical pressure changes the lattice parameters and the

istances between Ho atoms, consequently leading to changes in

agnetic exchange interactions and crystal field interactions. In

ther words, physical pressure is able to affect the competition be-

ween spin-spin exchange and crystal field interactions, and hence

egulate the spin structure. 

Fig. 2 a shows the thermomagnetic(M–T) curves measured in

.01T magnetic field under different pressures for HoCuSi. Both the

ero-field-cooled (ZFC) heating and field-cooling (FC) M–T curves

xhibit maxima around T N , indicating a phase transition from AFM

o paramagnetic (PM) state. The T N at ambient pressure is about

.9 K, which is nearly the same as the reported in Ref.15. The

FC and FC branches completely coincide above T N . With the in-

rease of pressure, the T N hardly changes, but the peak magne-

ization shows significant increase from 1.15 Am 

−2 kg −1 at 0 kbar

o 3.21 Am 

−2 kg −1 at 9.0 kbar. A peak below the T N can be iden-

ified, which may be originated from spin orientation transition

see details in supplementary materials). In addition, the reciprocal

f susceptibility 1/ χ obeys the Curie-Weiss law in the PM region

or each pressure (inset of Fig. 2 a). Accordingly, the M eff and the

P can be evaluated from the slope and the extrapolation of the

inear part of 1/ χ-T curve according to 1 
χ = 

3 k B 
NM 

2 
e f f 

( T − θP ) , where

 denotes the number of atoms per mole, k B is the Boltzmann

onstant [15 , 19] . At ambient pressure, the obtained M eff is about

0.07 μB /Ho 3 + , which is slightly lower than the moment of Ho 3 + 

ree ions (~10.60 μB /Ho 3 + ), while the θP is about 3.6 K. The posi-

ive θP indicates that the Ho 3 + in HoCuSi may have FM short-range

nteractions in the PM state [15 , 19] . Physical pressure favors FM

oupling between Ho 3 + ions through regulating the non-collinear

ine wave modulated spin structure by the pressure-induced com-

ression of Ho–Ho distance, and the M eff shows a slight increase

ith increasing pressure (see Fig. 2 b, Table 1 ). When the pres-

ure is increased to 9.0 kbar, the M eff approaches to the moment

f Ho 3 + free ions (~10.60 μB /Ho 3 + ). Moreover, the θP also moves

o high temperature from 3.6 K at ambient pressure to 8.2 K at

.0 kbar ( Fig. 2 b, Table 1 ). This result further demonstrates that

he FM exchange interaction is significantly enhanced by pressure.
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Table 1 

The Néel temperatures T N , paramagnetic Curie temperatures θ P , effective magnetic moments M eff , critical magnetic field inducing metamagnetic transition H C , 

1T, 2T and 5T magnetization at 5 K and the correspondingly enhanced ratio under different pressures for HoCuSi compound. 

P.(kbar) T N .(K) θp.(K) M eff .( μB ) Hc.(T) M(1T).(Am 

2 kg −1 ) Enh.M(1T) M(2T).(Am 

2 kg −1 ) Enh.M(2T) M(5T).(Am 

2 kg −1 ) Enh.M(5T) 

0 6.9 3.6 10.07 0.35 104.9 – 149.9 – 200.3 –

4.4 6.7 4.5 10.35 0.30 140.6 34.0% 183.5 22.4% 222.0 10.8% 

6.6 6.5 7.0 10.55 0.25 153.5 46.3% 191.3 27.6% 223.2 11.4% 

9.0 6.7 8.2 10.59 0.20 165.8 58.1% 195.6 30.5% 223.4 11.5% 

Fig. 2. (a) Temperature dependences of the ZFC and FC magnetizations for HoCuSi in a magnetic field of 0.01 T under different pressures. The inset shows 1/ χ-T curves 

under different pressures. (b) The pressure dependences of paramagnetic Curie temperature θ P and effective magnetic moment M eff derived by Curie-Weiss law based on 

the M–T curves. 

Fig. 3. (a) Magnetization isotherms of HoCuSi compound measured on increasing (solid squares) and decreasing field (open circles) at 5 K under different pressures, where 

the arrows indicate the ramping direction of magnetic field. Inset shows the corresponding dM/dH vs.T curves. (b) Pressure dependence of 1T, 2T and 5T magnetization at 

5 K. 
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Physical pressure compresses the Ho-Ho distance and affect the

local environments, leading to simultaneous changes in magnetic

exchange and CFE, thereby regulating the spin structure and the

magnitude of magnetic moment. 

Fig. 3 a presents the isothermal magnetization (M–H) curves of

HoCuSi measured on increasing and decreasing field at 5 K un-

der different pressures. No hysteresis occurs under all pressures.

Here, it is noteworthy that the different magnetizing process en-

forced by pressure is an intrinsic behavior. In order to avoid any

influence of demagnetization effect caused by sample geometry,

sphere-like sample was selected and soaked in the oil together

with Pb. No fragmentation was found after the measurements with

in situ pressure, indicating that the demagnetization effect can be

equally neglectable under various pressures. With increasing mag-

netic field, the magnetization increases but does not saturate at

5T, reflecting the magnetizing process of the specific non-linear

spin structure in HoCuSi. However, a weak but noticeable meta-

magnetic transition induced by magnetic field can be identified.
he critical magnetic field H C of the metamagnetic transition at

ifferent pressures can be quantitatively determined by the peak

osition of dM/dH vs. H curves (inset of Fig. 3 a). The H C shows

 monotonic decrease from 0.35T at 0 kbar to 0.2T at 9.0 kbar

 Table 1 ). This result indicates that the AFM coupling tends to be

eak with increasing pressure. A smaller magnetic field can de-

troy the AFM coupling at a higher pressure, inducing the meta-

agnetic transition. Moreover, the magnetization exhibits a much

ore rapid tendency towards saturation as a higher pressure is ap-

lied. These results further demonstrate that the FM coupling is

trongly favored by pressure. The regulation of magnetization pro-

ess by pressure leads to different magnetization at a given mag-

etic field. As a representative display, Fig. 3 b shows the pressure

ependence of magnetization at 1T, 2T and 5T collected at 5 K. It

an be seen that the all 1T, 2T and 5T magnetization show rapid

rowth when the applied pressure is lower than 6.6 kbar, while

he growth ratio gradually declines with increasing magnetic field,

hich is ~46%, ~28%, and ~11% for 1T, 2T, and 5T magnetization,
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Fig. 4. Magnetization isotherms of HoCuSi measured on increasing and decreasing fields under (a) ambient pressure, (b) 6.6 kbar, (c) 9.0 kbar, where the arrows indicate the 

ramping direction of magnetic field. Entropy change �S under different pressures at (d)0–1T, (e)0–2T, and (f)0–5T magnetic field change. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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h  

W

a

espectively ( Fig. 3 b). Further increasing pressure to 9.0 kbar can-

ot make a notable growth of magnetization particularly for the

ases of 2T and 5T. This is a result of the regulation process of

ressure on the evolution of the specific non-linear spin structure

ith magnetic field in HoCuSi, where the change of CFE caused

y pressure plays an important role [19 , 25] . Specifically, at ambi-

nt pressure, the 5T magnetization (200.3 Am 

−2 kg −1 , equivalent to

.53 μB /Ho 3 + ) is still smaller than the magnetic moment of free

o 3 + ions (~10.60 μB /Ho 3 + ), but the pressure equal to or larger

han 6.6 kbar can make the 5T magnetization approach to that of

ree Ho 3 + ions. These results illustrate that the actions of pressure

nd magnetic field are the same, both favoring the FM coupling.

uch a modulation process of spin structure by pressure is distinct

rom the mechanism previously reported, where the pressure may

lter the nature of the magnetostructural/magnetoelastic transition

nd cause hysteresis loss [8 , 10] . Moreover, MCE was seldom en-

anced by pressure. For hexagonal MM’X compounds with magne-

ostructural transition, applied pressure can drive the transition oc-

urring at lower temperature with �S almost unchanged initially,

7 , 14] but the transition becomes less abrupt and the MCE quickly

rops as the pressure reaches a critical value P = 3.7~6.0kbar. In

resent HoCuSi, any state of spin structure driven by pressure is

eversible against magnetic field, noting that the M–H curves show

ompletely reversibility at any temperature and pressure ( Fig. 3 a,

ig. 4 a,b,c). Moreover, the significant increasements of magnetiza-

ion by pressure, particularly under magnetic field lower than 2T

 Fig. 3 b), predict large enhancements of the reversible MCE and the

efrigeration capacity (RC). 

To calculate entropy change �S, isothermal M–H curves were

easured under different pressures around transition tempera-

ure for HoCuSi ( Fig. 4 a,b,c). The application of pressure enhances

he magnetization, the same as the M–H curves at 5 K shown

n Fig. 3 a. The �S was calculated using Maxwell relation �S =
 

 

0 
( ∂M 

∂T 
) P,H dH [1 , 26] . Fig. 4 d,e,f comparably show the temperature

ependent �S at 0–1T, 0–2T, 0–5T magnetic field change under

ifferent pressures, respectively. The �S peaks around 8 K. Un-
 2  
er ambient pressure, the maximum of - �S is about 4.8, 12.9,

9.3 Jkg −1 K 

−1 at 0–1T, 0–2T, 0–5T, respectively. These values are

omewhat smaller compared to our previously reported [15] , pos-

ibly due to the difference from sample to sample. Note that ex-

ess amount of Ho was added considering its volatilization dur-

ng preparation. When a 6.6 kbar pressure is applied, the - �S in-

reases to 12.0, 21.6, 34.3 Jkg −1 K 

−1 at 0–1T, 0–2T, 0–5T, and the

nhanced ratio is 150%, 67%, 17%, respectively. Further increasing

ressure to 9.0 kbar only slightly enhances the - �S, consistent

ith the behavior of 1T, 2T and 5T magnetization with pressure

 Fig. 3 b). According to Eq. (1) , under low magnetic fields, crystal

eld interaction dominated by pressure plays a more significant

ole in regulating the spin structure and increasing magnetic mo-

ent, compared to the magnetic field-induced Zeeman interaction

nd spin-spin coupling. When the magnetic field increases 5T, the

eeman interaction increases significantly. In this case, the effect

f pressure on the crystal field interaction and the spin-spin in-

eraction will become relatively limited. As a result, the pressure-

nhanced ratio of magnetization and MCE decline with increasing

agnetic field. Additionally, refrigeration capacity RC = 

∫ T 2 
T 1 

| �S | dT 

s another useful parameter to evaluate refrigerant, where T 1 and

 2 refer to the temperatures corresponding to the full width at half

aximum (FWHM) in the �S curves. For HoCuSi, RC is equal to ef-

ective RC eff because no hysteresis occurs at any temperature and

ressure [27] . The calculated RC eff along with the �S at various

agnetic fields and pressures are also summarized in Table 2 . The

ero pressure RC is about 36, 109, 389 Jkg −1 at 0–1T, 0–2T, 0–5T,

hich remarkably increases to 84, 189, 533 Jkg −1 with enhanced

atio 134%, 73%, 37%, respectively, when a 6.6kbar pressure was ap-

lied. Further increasing pressure to 9.0kbar only slightly enhances

he RC. These results are consistent with the behavior of 1T, 2T and

T magnetization and the �S with pressure ( Table 2 ). 

In summary, large enhancement of reversible MCE driven by

ydrostatic pressure has been demonstrated in HoCuSi compound.

hen a 6.6 kbar pressure is applied, the reversible - �S and RC eff

round 8 K increase by 150% and 134%(0–1T), 67% and 73%(0–

T), respectively, under the magnetic field available by permanent
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Table 2 

The entropy change - �S, refrigeration capacity RC eff and the correspondingly enhanced ratio of - �S and RC eff for HoCuSi under different magnetic fields and pressures. 

0–1T 0–2T 0–5T 

P.kbar - �S.(J kg −1 K −1 ) Enh. - �S RC eff .(J/kg) Enh. RC eff - �S.(J kg −1 K −1 ) Enh. - �S RC eff .(J/kg) Enh. RC eff - �S.(J kg −1 K −1 ) Enh. - �S RC eff .(J/kg) Enh. RC eff

0 4.8 – 36 – 12.9 – 109 – 29.3 – 389 –

6.6 12.0 150% 84 134% 21.6 67% 189 73% 34.3 17% 533 37% 

9.0 12.4 158% 90 152% 22.0 71% 190 75% 35.4 21% 555 43% 
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[  
magnet. The underlying origin is revealed. Applied pressure reg-

ulates the non-collinear spin structure and magnetization process

through the competitions of crystal field interactions and spin-

spin coupling. The driven state of spin structure by pressure shows

completely reversibility against magnetic field, hence the signifi-

cantly enhanced MCE still keeps reversible. The mechanism is dis-

tinct from the pressure driven magnetostructural/magnetoelastic

transition previously reported. The large enhancement of reversible

�S and RC eff is beneficial for developing hybrid field driven refrig-

eration applications at low temperature regions. 
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