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a b s t r a c t 

In this study, the martensite transformation of Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon was studied and regulated by 

the electric field-induced strain in the PMN-PT substrate. The reversible magnetocaloric effect in the 

Ni 37.5 Co 12.5 Mn 35 Ti 15 /PMN-PT composite was enhanced by manipulating transition paths under the cou- 

pling of magnetic field and electric field, which is significantly important for applications in solid-state 

refrigeration. With the assistance of E = + 8 kV/cm, the reversible entropy change increased from 19.5 

to 25.7 J/kgK at 294.5 K. Meanwhile, the reversible cooling temperature span was also enlarged. Hence, 

the reversible refrigerant capacity was enhanced from 83 to 131 J/kg, and the increase ratio reached 58%. 

On this basis, an active magnetic regenerating cycle facilitated by an electric field was designed. This 

work provides an effective method for enhancing reversible caloric effects in first-order phase transition 

materials via electric fields. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Solid state refrigeration technology based on the magne- 

ocaloric effect (MCE) is rapidly developing as a potential alter- 

ative to traditional gas compressive refrigeration because of its 

dvantages of environmentally friendly and energy-saving proper- 

ies [ 1–5 ]. The application of magnetic refrigeration critically de- 

ends on the materials used. Large MCEs over a broad refrig- 

ration temperature region are needed. The discovery of Gd 5 (Si, 

e) 4 compounds [6] has greatly stimulated the development of the 

rst order phase transition materials to gain large entropy change. 

irst-order phase transition materials, such as La(Fe, Si) 13 [ 7 , 8 ], 

nFeP 1-x As x [9] , and Heusler alloys [10] , have been widely stud- 

ed as candidate materials for magnetic refrigeration in the past 

wo decades. Particularly, recently discovered all- d -metal Heusler 

lloys Ni 50 Mn 50 −y Ti y and Ni 50 −x Co x Mn 50 −y Ti y [ 11 –13 ] with first-

rder martensitic transformations (MTs), have produced extensive 
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esearch because of their excellent mechanical stability and large 

aloric effects [ 14 , 15 ]. These types of Heusler alloys are conducive 

o processing into desired shapes to boost heat exchange capability, 

aking them an ideal solid-state refrigerant. However, the poor re- 

ersibility and narrow temperature span related to intrinsic charac- 

eristics of first-order phase transition materials also exist in all- d - 

etal Heusler alloys and are longstanding obstacles for their com- 

ercialization in refrigeration. The reversibility of MCEs in first- 

rder phase transition materials strongly depends on the width of 

he thermal hysteresis [16] . Therefore, it is urgent to seek an effec- 

ive solution to reduce thermal hysteresis and minimize hysteresis 

osses. In recent years, unremitting effort s have been made to de- 

rease thermal hysteresis in first-order phase transition materials. 

hese effort s have included introducing chemical pressure [17] , hy- 

rostatic and uniaxial pressure [10] , and reducing material size by 

ano-structuring [18] . However, all of these methods concentrate 

n bulk samples. It has been proved that the MCE can be enhanced 

n Ni 50 −x Co x Mn 50 −y Ti y ribbons prepared by rapid solidification 

19] . Therefore, it is necessary to find ways to regulate the ther- 

al hysteresis in Ni 50 −x Co x Mn 50 −y Ti y ribbon samples. In recent 
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ears, great achievements have been made in the electric field con- 

rol of MCEs in the laminated samples composed of a ferroelectric 

ubstrate and first-order phase transition materials [ 20 –25 ]. In the 

resent work, we propose a solution to solve the aforementioned 

roblems (poor reversibility) through strain-mediated magneto- 

lectric coupling by combining Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon with 

 ferroelectric Pb(Mg 1/3 Nb 2/3 ) 0.7 Ti 0.3 O 3 (PMN-PT) substrate. Com- 

ared with uniaxial stress or hydrostatic pressure, the electric field 

s more conveniently coupled with a magnetic field. It is demon- 

trated that the reversible MCE in Ni 37.5 Co 12.5 Mn 35 Ti 15 /PMN-PT 

omposite near room temperature can be effectively enhanced 

hrough the manipulation of transition paths under the coupling of 

agnetic field and electric field. Moreover, the reversible refriger- 

tion temperature span can also be broadened, thereby increasing 

he reversible refrigerant capacity (RC). The electric field control 

f reversible MCE would have great potential in the application of 

rst-order phase transition materials in present magnetic cooling 

echnology. 

A polycrystalline ingot with the nominal composition 

i 37.5 Co 12.5 Mn 35 Ti 15 was prepared by repeated melting of the 

igh-purity raw elements in an arc furnace protected under Ar 

tmosphere. To compensate for the loss due to Mn evaporation 

uring melting, an excess of 3 wt % of Mn was added before 

elting. The ingots were cut into small pieces, induction melted in 

 quartz tube and then ejected onto a copper wheel rotating with 

 surface velocity of 20 m/s. The resulting ribbons were ~20 μm 

hick and ~3.5 mm wide. The as-prepared Ni 37.5 Co 12.5 Mn 35 Ti 15 

ibbons were annealed at 900 °C for 1 h in a vacuumed quartz and

hen quenched in ice water. The ribbons were cut into pieces with 

 size of 5 mm × 3.5 mm and adhered by epoxy (KYOWA CC-33A) 

o a commercially supplied (001)-oriented PMN-PT substrate with 

imensions of 5 mm × 5 mm × 0.5 mm. A gold layer was evapo- 

ated on both the top and bottom sides of the PMN-PT substrates 

s working electrodes. The macro- and micro- structures of the 

i 37.5 Co 12.5 Mn 35 Ti 15 ribbons in the phase transition process were 

haracterized via temperature variable X-ray diffraction (XRD, 

igaku Smart Lab) and Lorentz transmission electron microscopy 

LTEM). Magnetization versus temperature ( M–T ) and magnetic 

eld ( M–H ) curves were measured using a superconducting quan- 

um interference device (SQUID, Quantum Design) with an in situ 

lectric field applied in the thickness direction using a Keithley 

517 B. 

To study the martensite transformation behavior of 

i 37.5 Co 12.5 Mn 35 Ti 15 ribbons, XRD measurements were performed 

n the vicinity of the phase transition temperature during the 

ooling process. The results are shown in Fig. 1 . As indicated from 

he pattern at 300 K, especially the presence of (200) superlattice 

eflections, a cubic Heusler B2 structure austenite phase with a 

attice parameter of a = 5.916 Å exists without any secondary 

hases. Several peaks associated with martensite start to appear 

t 290 K and the (220) A peak intensity of the austenite phase 

ecreases. It can also be seen that the peak intensity of martensite 

ecomes stronger and the (220) A peak of the austenite phase 

radually disappears with further decreasing temperature. At 

00 K, the complete martensite phase is formed. According to 

areful indexation of the XRD pattern at 100 K (inset of Fig. 1 (a)),

he martensite in the Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon exhibits a mon- 

clinic five-layered modulated (5 M) structure with a = 4.410 Å, 

 = 5.410 Å, c = 21.276 Å, and β = 91.00 °. This crystal structure 

volution demonstrates that a typical martensitic transformation 

xists in the prepared ribbons. To further confirm the martensitic 

hase transition in the ribbon, in situ temperature variable LTEM 

as performed. Fig. 1 (b) and (c) show the under-focused LTEM im- 

ges of magnetic domain evolution of Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon. 

t room temperature (297 K), the ribbon with austenite phase 

hows obvious ferromagnetic (FM) domain walls ( Fig. 1 (b)), indi- 
2 
ating an FM austenite phase. With decreasing temperature, the 

M austenite phase gradually transforms into the weak magnetic 

artensite phase, which is accompanied by the disappearance 

f magnetic domains and the appearance of acicular martensitic 

onfigurations with dark contrast ( Fig. 1 (c)). This also confirms the 

xistence of the typical martensitic transformation in the prepared 

ibbons. 

The Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon with martensitic transforma- 

ion was combined with a (001)-PMN-PT substrate to investi- 

ate the effect of electric field on MCEs. The M –T curves of the 

iCoMnTi/PMN-PT laminate were measured under a magnetic field 

f 0.05 T along the in-plane [100] direction and electric fields of 

, + 8, and-8 kV/cm along the out-of-plane [001] direction (see 

he illustration in the inset of Fig. 2 ). The results are shown in

ig. 2 (a). It can be clearly seen that under zero electric field, the 

i 37.5 Co 12.5 Mn 35 Ti 15 ribbon exhibits a phase transition from FM 

ustenite to weak magnetic martensite upon cooling with ther- 

al hysteresis of ~5 K. When an electric field of + 8 kV/cm (or 

8 kV/cm) was applied, the magnetization decreases and the tran- 

ition temperature, T t , shifts to a higher temperature, in both the 

eating and cooling processes, owing to the compressive stress 

ransferred from the PMN-PT substrate [ 21 , 24 ]. When an electric 

eld of + 8 kV/cm (or -8 kV/cm) is applied to PMN-PT single crys- 

al, a compressive strain along in-plane [100] and [010] direction 

an be generated, and then exert on the NiCoMnTi ribbon. The 

agnetic properties of Heusler alloys are strongly dependent on 

he Mn-Mn distance [26] . The electric field-induced compressive 

train transferred from PMN-PT substrates would reduce the Mn- 

n distance of NiCoMnTi alloys, which enhances the antiferromag- 

etic interactions. Consequently, the magnetization decreases un- 

er electric fields. Similar to the effect of hydrostatic pressure [26] , 

he compressive strain induced by an electric field would reduce 

he volume and the atoms become closer in the structure. This 

nhances orbital hybridization and bonding in the NiCoMnTi alloy 

26] . Hence, more thermal energy is needed to drive the marten- 

itic transition, leading to a shift of T t to a higher temperature 

nder electric fields. After removing the electric field, the mag- 

etic state recovers and the M - T curve coincides with the initial 

urve, as shown in the inset of Fig. 2 (a). However, the shift of T t 
s about 2 K in the heating process while it is ~2.5 K in the cool-

ng process with an electric field of + 8 kV/cm. Such a difference 

an be ascribed to the variation with temperature of the compres- 

ive stress generated from PMN-PT. The thermal hysteresis can be 

educed to 3 K by applying an electric field of + 8 kV/cm in the

ooling process while heating under 0 kV/cm. Except for the ther- 

al hysteresis, the magnetic hysteresis can also be controlled by 

lectric fields. Fig. 2 (b) shows the isothermal magnetization ( M–

 ) curves of NiCoMnTi/PMN-PT laminate at 295 K measured using 

he so-called loop mode [27] under electric fields of 0, + 8, and –

 kV/cm. Under zero electric field, obvious metamagnetic behavior 

s observed, corresponding to the magnetic field-induced marten- 

itic transformation. When an electric field is applied, the shape 

f the M–H curves is almost unchanged while the magnetization 

ecreases due to the compressive strain. 

To study the effect of electric field on the MCE of 

iCoMnTi/PMN-PT laminate, iso-field measurements were adopted, 

amely, the M –T curves at 0.05 T and from 0.2 T to 5 T in 0.2 T

teps, upon heating and cooling, were measured under electric 

elds of 0 kV/cm and + 8 kV/cm. From the obtained magnetization 

urves, the entropy change can be determined by 

�S = [ T , 0(H) → H(0) ] = μ0 

H(0) 
∫ 

0(H) 
( ∂M 

∂T 
) H dH which is the integra- 

ion of the Maxwell relation of ( ∂ S/∂ H ) T = μ0 ( ∂ M/∂ T ) H . The cor- 

esponding results of �S –T upon heating and cooling under mag- 

etic field changes up to 5 T and electric fields of 0 kV/cm and 
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Fig. 1. (a) In situ XRD patterns for Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon in the cooling process (from 300 to 100 K). The inset shows the partial enlarged view of the martensite XRD 

pattern at 100 K, where the black font indicates the 5 M martensite. (b) Room temperature and (c) low temperature (150 K) LTEM images during the cooling process of 

Ni 37.5 Co 12.5 Mn 35 Ti 15 ribbon. 

Fig. 2. (a) Temperature dependent magnetization ( M –T curves) of NiCoMnTi/PMN-PT laminate with a magnetic field of 0.05 T and electric fields of 0, + 8, and –8 kV/cm. 

The inset shows a comparison of M –T curves in the initial state and after removing the electric field. (b) Isothermal magnetization curves under electric fields of 0, + 8, and 

–8 kV/cm at 295 K. The inset shows an illustration of the magnetic measurements with an in situ electric field. 
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 8 kV/cm computed from this indirect method are shown in 

ig. 3 (a) and (b), respectively. Clearly, the MCE increases in mag- 

itude and the transition temperatures shift to lower values by 

ncreasing the applied magnetic field. A maximum value of �S 

33 J/kgK is obtained at 295.5 K under a magnetic field change 

f 0–5 T at 0 kV/cm during the heating process. When an elec- 

ric field of + 8 kV/cm is applied, the peak value of �S decreases

o 27 J/kgK and the peak moves 2 K higher, which can be as- 

ribed to variation of the exchange interaction induced by the 

ompressive strain [26] . It can be clearly seen from Fig. 3 (a) and

b) that the cooling temperature span determined from the full 

idth at half maximum (FWHM) of the �S –T curves can be ad- 

usted by the electric field. Although the FWHM both at 0 and 

 8 kV/cm are about 7 K, the temperature region at 0 kV/cm 

292–299 K) is different from that at + 8 kV/cm (294–301 K). As 

hown in Fig. 3 (b), the cooling temperature span can be dynam- 

cally widened to 9 K, from 292 to 301 K, by tuning E from 0

o + 8 kV/cm at temperatures larger than 296.5 K. Also, the eval- 

ated values of RC for a field change of 5 T are increased from 

82 to 234 J/kg by coupling the electric field of + 8 kV/cm with

he magnetic field, where RC , i.e., the energy that a refrigerant 

an transfer between hot and cold reservoirs, is an important pa- 

ameter to evaluate the performance of MCE material. RC was de- 

ermined from RC = 

T 2 ∫ 
T 1 

| �S(T ) | dT , where T 1 and T 2 refer to tem-
3 
eratures corresponding to the FWHM in the | �S ( T )| curves [28] .

owever, not all of the caloric effect in the cooling temperature 

pan can be reversible due to thermal hysteresis. To quantify the 

eversible entropy change of the NiCoMnTi/PMN-PT laminate, the 

ntropy change ( �S ) in the magnetization (demagnetization) pro- 

ess with the transition from martensite to austenite (from austen- 

te to martensite) is needed. In this study, the �S calculated by 

he iso-field curves on heating (cooling) process with the transi- 

ion from martensite to austenite (from austenite to martensite), 

s used to express the equivalent �S in the magnetization (de- 

agnetization) process. This method is similar to that adopted in 

he quasi-direct methods [29] . It has been demonstrated that the 

CE features quantified by direct, quasi-direct, and indirect meth- 

ds shows good consistency in Heusler alloy [30] . Because of the 

nverse and mainly athermal (hysteresis rate-independent) char- 

cter of the transition, the transition line crossed on magnetiza- 

ion (demagnetization) should be coincident with the transition 

ine crossed on heating (cooling) [29] . Consequently, the assump- 

ion of �S in the magnetization (demagnetization) process calcu- 

ated by the iso-field curves on heating (cooling) is reliable. Then, 

he reversible entropy changes are computed from the overlap be- 

ween the �S during magnetization and demagnetization. The cor- 

esponding reversible entropy changes under 0–5 T for 0 kV/cm 

nd on combining with E = + 8 kV/cm are shown in Fig. 3 (c)

y the purple- and orange-shaded regions, respectively. It can be 
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Fig. 3. Entropy change ( �S ) as a function of temperature and magnetic field for NiCoMnTi/PMN-PT laminate under electric fields of (a) 0 kV/cm and (b) + 8 kV/cm during 

both the heating and cooling processes, where the corresponding refrigeration temperature spans in the heating process are marked by a light purple-shaded region. (c) 

Comparison of �S –T curves at 0–5 T under 0 and + 8 kV/cm, where the corresponding reversible �S are marked by purple and orange shadows for conditions without E 

and combining with E = + 8 kV/cm, respectively. (d) Schematic diagram of the active magnetic refrigerator (AMR) cycle with the assistance of electric fields. 

s  

2

a

t

m

a

A

t

t

t

fi

p

t

d  

t

F

b

t

f

t

m

a

r

a

t

e

w

i

A

s

f

fi

e

n

m  

V  

m

i

t

e

b

P

r

a

b

p

+
t

w

e

O

M

t

e

i

l

m

D

c

i

een that at a fixed temperature (point C in Fig. 3 (c)) higher than

93.5 K, a significantly enhanced reversible entropy change can be 

chieved by magnetization under 0 kV/cm and then demagnetiza- 

ion under + 8 kV/cm compared with both magnetization and de- 

agnetization under 0 kV/cm (see the purple-shaded area). For ex- 

mple, at 294.5 K, the reversible �S is about 19.5 J/kgK (see point 

 in Fig. 3 (c)) for the case of both magnetization and demagnetiza- 

ion under 0 kV/cm, while the reversible �S remarkably increases 

o 25.7 J/kgK for the case of magnetization under 0 kV/cm and 

hen demagnetization under + 8 kV/cm. Moreover, if the magnetic 

eld was isothermally applied and removed under 0 kV/cm at tem- 

eratures lower than 293.5 K (point C ), while under + 8 kV/cm at 

he temperatures beyond 293.5 K, the working temperature win- 

ow for the reversible MCE can be broadened from 5 to 7 K with

he assistance of an electric field, as shown in the shaded area in 

ig. 3 (c). The reversible RC of the NiCoMnTi/PMN-PT laminate can 

e enhanced from 83 to 131 J/kg with the assistant of an elec- 

ric field. Therefore, an enhancement of the reversible MCE and re- 

rigeration temperature region has been realized by manipulating 

ransition paths under coupled magnetic field and electric field. 

For the present magnetic refrigeration prototype, the AMRs are 

ost often used as it is considered to be an alternative refriger- 

tion cycle with high energy efficiency compared with traditional 

efrigeration technology [21] . However, there is always a temper- 

ture gradient in the refrigeration process for refrigerants near 

he hot and cold reservoirs. Hence, each refrigerant has a differ- 

nt working temperature, and some of the refrigerants may not 

ork at their optimal working temperature, leading to a reduction 

n the cooling performance. Based on the results above, a feasible 

MR cycle with the assistance of electric fields can be designed as 

hown in Fig. 3 (d). The optimal working temperature of each re- 

rigerant could be tuned to its temperature by tuning the electric 

eld and thus the reversible cooling performance could be greatly 
4 
nhanced. For example, T 0 is the optimal temperature for NiCoM- 

Ti ribbons without an electric field, while the temperature of the 

aterial bed changes from T 0 to T 3 . If suitable electric fields (V 0 ,

 1 , V 2 , and V 3 ) were applied on different refrigerants, the opti-

al working temperature of each refrigerant can be tuned to be 

n line with the temperature of the refrigerant itself. Consequently, 

he reversible refrigeration performance of the AMR can be greatly 

nhanced with the assistance of electric fields. 

In conclusion, the phase transition of Ni 37.5 Co 12.5 Mn 35 Ti 15 rib- 

on and its regulation by the electric field-induced strain in a 

MN-PT substrate were carefully studied. An enhancement of the 

eversible MCE and an enlargement of the refrigeration temper- 

ture span in the Ni 37.5 Co 12.5 Mn 35 Ti 15 /PMN-PT composite have 

een realized through manipulating transition paths under cou- 

led magnetic field and electric field. With the assistance of 

 8 kV/cm, the reversible entropy change was increased from 19.5 

o 25.7 J/kgK at 294.5 K meanwhile the cooling temperature span 

as enlarged from 5 to 7 K. Thus, the reversible RC was greatly 

nhanced from 83 to 131 J/kg, and the increase ratio reached 58%. 

n this basis, an AMR cycle based on electric field control of the 

CE is proposed, wherein each refrigerant can operate in its op- 

imal working temperature region with the application of suitable 

lectric fields, thus enhancing the efficiency of the AMR. This work 

s important for enhancing the reversible caloric effects and en- 

arging the refrigeration temperature span in first-order transition 

aterials, promoting their application in solid-state refrigeration. 
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