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Magnetocaloric properties of a ribbon sample of Heusler alloy

Ni45Co5Mn31Al19: experimental and theoretical studies
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The results of experimental and theoretical studies of magnetocaloric properties of a ribbon sample of alloy

Ni45Co5Mn31Al19 in the range of T = 80−350K in magnetic fields of up to 8T are given. This alloy demonstrates

a first-order magnetostructural phase transition (MSPT) in the temperature range of 270K, as well as a second-

order transition — at the Curie temperature of 294K. The magnetocaloric effect (MCE) was studied both by

the direct method of magnetic field modulation in cyclic fields up to 8T and by the classical extractive method.

Field dependence of MCE have a different nature for first- and second-order phase transitions. A reverse MCE

near MSPT is irreversible, i.e. the final sample temperature is 0.75K below the initial one. Theoretical studies

of magnetic properties and MCE of the studied sample were performed by ab initio calculations and Monte

Carlo modeling. Theoretical temperature dependences of MCE are characterized by a similar interval of effect

manifestation in the region of martensitic transformation and a narrower interval in the region of austenite Curie

temperature as compared to the experiments, which is conditioned by the presence of a heterogeneous mixed state

of austenite in the experimental sample. On the whole, theoretical data qualitatively and quantitatively reproduce

the experimental dependences.
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1. Introduction

Magnetic cooling based on the magnetocaloric effect

(MCE) is a promising environmentally-friendly and energy-

efficient cooling method. The MCE consists in an

isothermal change of entropy (1S) or an adiabatic change

of temperature (1Tad) of a sample under application of

an external magnetic field. Implementation of this tech-

nology requires that the material to have a large MCE

value near room temperatures. Vivid representatives of

magnetocaloric materials are Heusler alloys Ni−Mn−X

(X — Al, Ga, In, Sn, Sb), which can change their

magnetic properties upon a magnetostructural phase tran-

sition (MSPT), i.e. transform from low-magnetic marten-

site into ferromagnetic (FM) austenite, accompanied by

a large reverse MCE. Composition can also be regu-

lated to control the MSPT temperature to the neces-

sary side [1–6].

It is known that operational efficiency of a MCE-based

cooling machine can be enhanced by using materials of

”
reduced“ sizes,such as films, ribbons and microwires.

These materials are interesting because of a higher surface

area to volume ratio, i.e. a favorable geometry for heat

transfer [2]. Moreover, ribbon materials are more workable,

i.e. items of any configuration can be made from them.

The results of study of the influence of Al doping

on the structure, magnetic properties and MCE of rib-

bon samples of Ni50Mn37−xAlxSn13 are given in [4,7–9].

Much data on MCE in ribbon samples of Heusler alloys

in the available literature has been chiefly obtained by

indirect methods based on measurement of isothermal

magnetization curves [1–6]. However, such measurements

for materials with structural transitions lead to rather

large errors, since they neglect the entropy change due

to a structural transition. In this context, direct MCE
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measurements are preferable. We came across only

several papers dedicated to the study of MCE of ribbon

samples by the direct method [7–11]. This is due to

the fact that direct studies of MCE in ribbon samples

require special procedures, since the classical direct methods

require bulkier samples. Recent studies of MCE [8] in

a ribbon sample of Ni50Mn35Al2Sn13 in cyclic magnetic

fields of 1.8 T by magnetic field modulation have shown

than the value of reverse MCE depends on temperature

scanning rate. The reason for this can be the kinet-

ics of MSTP progress and relaxation processes. The

higher the scanning rate, the higher the reverse effect

value.

In the present paper we study (experimentally and

theoretically) magnetic and magnetocaloric properties of a

ribbon sample of Heusler alloy Ni45Co5Mn31Al19 obtained

by quenching. The nature of magnetic phase transitions in

the ribbon samples of Ni50−xCoxMn50−yAly (x = 5 and 10;

y = 17, 18 and 19) was studied in a recent paper [12] which

shows that Co doping greatly affects the magnetic phase

transformation of materials. Partial substitution of Ni by Co

in alloys leads to a significant change of magnetization under

a martensitic transformation, which significantly increases

the MCE [12–15]. Temperature of martensite transition to

austenite decreases gradually, while the Curie temperature

greatly increases with an increase of Co concentration.

Substitution of Ni by Co enhances the magnetic exchange

interactions and the ferromagnetic phase of alloys [16,17].

2. Samples and procedure

An alloy of nominal composition Ni45Co5Mn31Al19 was

prepared using pure elements (99.9%) Ni, Co, Mn and Al

by the method of arc melting in argon. Then we used the

method of melt moulding for the making of ribbons from

an alloy with the copper wheel tangential velocity of 40m/s.

Ribbon thickness and width are about 20µm and 1.5mm

respectively [12].

The alloy structure was studied by the X-ray powder

diffraction method (XRF). Magnetic properties were mea-

sured using a vibration magnetometer. MCE was studied

both by the direct method and estimated by the Monte

Carlo method (MC). The used direct method for measuring

MCE in cyclic magnetic fields allows for measuring the

adiabatic change of temperature 1Tad with a high accuracy

(∼ 10−3 K) in smaller samples (ribbons, films, nanowires

etc.). It should be noted that measurements of 1Tad in

small-size thin samples (films, ribbons) requires corrections

to consider the ration of sample weight to weight of the

thermocouple glued to the sample. Thickness of the

thermocouple glued to the sample in our case is about

5−10µm. A layered structure of (3−5 layers) of ribbons

with a thermocouple between the layers was created to

minimize the errors related to thermocouple weight.

The radiograph of the Ni45Co5Mn31Al19 ribbon, mea-

sured at room temperature, is shown in Fig. 1. The
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Figure 1. X-ray diffraction analysis of Ni45Co5Mn31Al19 alloy at

room temperature.

structural analysis showed the presence of certain low-

intensity peaks of XRD, corresponding to the martensitic

phase 10M (space group: Pmma), in addition to the main

phase related to the austenitic structure L21 (space group:

Fm3m).

A theoretical study of magnetic and magnetocaloric pro-

perties of the studied compositions was performed within

the framework of the density functional theory and MC mo-

delling. The parameters of magnetic exchange interaction

between Ni, Co and Mn atoms in the austenitic and marten-

sitic phase were determined by ab initio methods, using

the SPR-KKR software package [18] and GGA-PBE gene-

ralized gradients approximation as the exchange-correlation

potential. The initial parameters of the cubic and tetragonal

phases were determined from [19]. A coherent potential

approximation was applied to form a non-stoichiometric

composition Ni45Co5Mn31Al19. The thermodynamic char-

acteristics were modelled using the MC method and

a microscopic Blume−Emery−Griffiths−Heisenberg lattice

model, taking into account the long-range exchange in-

teractions between magnetic atoms, obtained by ab initio

calculations [20–22]. The common Hamiltonian H consist

of a magnetic (Hmag) and a lattice (Hlat) part, as well as a

term of magnetoelastic interaction (Hint). It should be noted

that a Potts model of q-states was chosen as a magnetic

subsystem Hamiltonian in papers [20–22]. A Heisenberg

Hamiltonian was considered in the present paper to describe

magnetic interactions. Interactions between microdeforma-

tions in a structural subsystem were implemented within a

Blume−Emery−Griffiths (BEG) Hamiltonian, which makes

it possible to describe structural transformations from a

cubic austenitic phase to a tetragonal martensitic phase with

a thermal hysteresis. Complete information about the BEG

Hamiltonian is given in [20–23].
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Model parameters (in meV) and magnetic moments (in µB) for Ni45Co5Mn31Al19 . Parameter U1 — dimensionless constant

Phase J K Ui j U1 µMn1 µMn2 µNi µCo

c/a = 1 (FM) − 1.722 0.01 −0.4 3.411 3.615 0.429 1.126

c/a = 1.25 (FiM) 6.15 − 0.5 −0.4 3.349 −3.633 0.287 0.672
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Figure 2. a — magnetization for sample heating vs. temperature at H = 0.01 T (heating mode). The inset shows dM/dT vs temperature;

b — theoretical temperature dependences of magnetization in the magnetic fields of 0, 2, 4 and 8T, obtained by Monte Carlo modeling.

The inset shows dM/dT vs. temperature in the absence of a magnetic field.

MC modeling was performed on a three-dimensional lat-

tice consisting of 11664 atoms (for Ni2MnAl stoichiometry:

5832 atoms of Ni, 2916 atoms of Mn and Al). This

lattice was obtained by ninefold translation of a sixteen-

atom cell L21 in three directions (9× 9× 9). A non-

stoichiometric composition was formed based on the nom-

inal composition of the studied alloy (Ni45Co5Mn31Al19
or Ni1.8Co0.2Mn1.24Al0.76). Co atoms and redundant Mn

atoms were located randomly at Ni and Al sites respectively.

In order to implement the calculations for the ribbon

sample, the boundary conditions were chosen cyclically

in two directions, and in the third direction they were

assumed to be open. A classical Metropolis algorism was

used during modeling. The number of MC steps per one

temperature value was 5 · 105 . In order to attain thermal

equilibrium in the system and to obtain equilibrium values

of internal energy and order parameters, the first 104 MC

steps were discarded. Thermodynamic quantities were

averaged by 1225 configurations per each 400 MC steps.

As regards the selection of parameters of the model

Hamiltonian, some of the parameters, such as magnetic

interaction constants (J i j) and magnetic moments (µi),
were taken from the ab initio calculations. The other

parameters, such as the constants of structural exchange

interaction (J and K) and constants of magnetoelastic

interaction (Ui j , U1) were used as adjustment parameters for

reproducing the temperature of martensitic transformation

and experimental behavior of magnetization in different

magnetic fields. It should be noted that the constants of

magnetic interaction were considered up to the sixth coor-

dination sphere and have a similar oscillating appearance

given in [24]. The table gives the values of the parameters

in the BEG−Heisenberg model.

According to [19], FM-ordering is profitable for the

austenitic phase, while ferrimagnetic (FiM) ordering is

profitable for the martensitic phase, i.e. magnetic moments

of redundant Mn2 atoms, located at the sites of Al atoms,

are antiparallel to the magnetic moments of Mn1, Ni and Co

atoms. Here Mn1 atoms are located at their regular sites.

3. Results and discussion

Fig. 2, a shows the temperature dependence of magne-

tization in the magnetic field of 100Oe in the heating

mode. When temperature decreases, sample magnetization

increases abruptly due to sample’s transition from the

paramagnetic (PM) to the FM-state at the temperature of

TC = 294K. Under further cooling, magnetization reaches

the maximum at 277K, and the decreases abruptly in the

temperature range of 277 to 250K, which is related to

MSPT from the austenitic FM-phase to the martensitic

antiferromagnetic one (AFM) [25]. In the temperature

range of AS to AF, the austenitic and martensitic phases

simultaneously exist in the sample; they have close transition

temperatures, which considerably increases the magneti-
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Figure 3. a — temperature dependence of MCE in the fields of 2, 4 and 8T; b — field dependences of MCE at the first field activation;

c — theoretical dependences of MCE in the fields of 2, 4 and 8 T obtained under heating; d — theoretical dependences of direct and

reverse MCE as magnetic field functions obtained under heating (near the TS and MSTP).

zation value in this range. It should be noted that the

two phase transitions are nearby: TC(austenite) = 294K,

the start of a martensitic transformation TS = 270K. The

dependence dM/dT , shown in the inset of Fig. 2, a,

illustrate the aforesaid well.

Fig. 2, b shows the results of MC modeling of magneti-

zation as temperature function for the studied compound

in different magnetic fields up to 8 T. It is seen that

the theoretical curve of magnetization reproduces well the

experimental dependence shown in Fig. 2, a. According to

the dM/dT derivative, theoretical temperatures of marten-

sitic transformations and austenite Curie temperature are

equal to 285 and 290K, which is close to the experiment.

The application of a magnetic field leads to a shift of

martensitic transformation temperature TM into the region

of lower temperatures, which is related to stabilization of

the austenitic S phase by a magnetic field. Thereat, the

value of martensitic phase magnetization in both weak

and in strong magnetic field is significantly lower than

austenitic phase magnetization. Such behavior is due to

a considerably competing interaction between Mn atoms in

the martensitic phase. It should be noted that the described

magnetization behavior is typical for Heusler alloy with an

excess of Mn atoms.

Fig. 3, a shows the temperature dependence of MCE in

the cyclic magnetic fields of 2, 4 and 8 T in the heating

mode. The figure shows both a direct MCE (1Tad > 0)
near TC and an reverse MCE (1Tad < 0) near the MSTP

temperature, the maximum values of 1Tad in the field

of 8 T are equal to +0.9K and −0.7K respectively. The

maximum temperature 1Tad near TC does not depend

on field intensity, while Tmax near the MSTP shifts to-

wards lower temperatures when the magnetic field in-

creases.

Physics of the Solid State, 2022, Vol. 64, No. 12



Magnetocaloric properties of a ribbon sample of Heusler alloy Ni45Co5Mn31Al19... 2059

A similar dependence 1Tad(H, T ) near the MSTP was

previously observed for the Ni−Mn−In alloy [26]. This

behavior is explained by the fact that a magnetic field sta-

bilizes the phase with the higher magnetization and causes

a shift of the temperatures of martensitic transformation

start towards low temperatures, and the effect maxima,

as is known, are observed near the phase transformation

temperatures.

Fig. 3, b shows the field dependence of MCE near the

temperatures of the maxima of direct MCE (∼ 305K)
and reverse (∼ 264K) MCE upon a single activa-

tion/deactivation of a magnetic field with the intensity of 8 T.

As seen in the plot, the value of 1Tad near TC reaches 0.9K

at 8 T, and upon field deactivation it returns, which a

result of reversibility of the FM−PM phase transition.

At T = 264K, the value of reverse MCE in the field

of 8 T in the field growth mode is equal to 1T = −2K.

An irreversible MSPT is observed upon field deactivation.

Irreversibility of reverse MCE was considered in [27] and

explained by a competition of direct and reverse MCE. It

should be noted that the value of the reverse effect upon sin-

gle activation of the magnetic field of 8 T is 2.2 times greater

than the value obtained in the cyclic magnetic field of 8 T

with the frequency of 0.13Hz. This difference is due to the

fact that the direct study of MCE in cyclic magnetic fields

does not take into account the effects of the first activation.

MCE in the Ni45Co5Mn31Al19 ribbon alloy was estimated

in [12] according to a change of magnetic entropy (1SM)
based on the magnetization isotherms. The maximum

change of magnetic entropy at 1H = 13.5 kOe is about 2

and −1 J/kg ·K for reverse and direct MCE respectively,

which correlates well with the data of direct measurements

upon a single activation of a magnetic field, where the

maximum value of reverse effect is more than 2 times

greater than the direct effect.

Let us consider the behavior of theoretical dependences

of MCE (adiabatic change of temperature) as functions of

temperature and magnetic field (see Fig. 3, c, d). In view

of the close temperatures of martensitic transformation and

austenite Curie temperature, it follows from Fig. 3, c that the

reverse MCE, observed under a martensitic-austenitic trans-

formation from the FiM- to FM-state, abruptly changes for

the direct MCE which occurs in the region of the FM−PM-

transition of the austenitic phase. The calculations show that

the greatest MCE is observed in the region of MSTP, which

pertains to the first-order phase transition. On the contrary,

according to the experimental data, the greatest value of

MCE is implemented in the region of the austenite Curie

temperature (see Fig. 3, a). This difference can be explained

by a heterogeneous mixed state in the region of a structural

transformation due to a competition of volume ratios of

the martensitic and austenitic phases. A magnetic field

growth intensifies both the direct and reverse MCE. On the

whole, qualitative and quantitative agreement between the

theoretical and experimental MCE values can be observed.

4. Conclusion

Temperature dependences of magnetization and MCE for

a fast-quenched ribbon sample of Ni45Co5Mn31Al19 in the

temperature range of 150−350K and in magnetic fields up

to 8 T were studied. The results of the study of MCE

upon a single activation of magnetic field show that the

reverse effect value is equal to 1T ≪ −2K in the field

of 8 T. The reverse effect value in the cyclic magnetic

field of 8 T is equal to −0.9K. The afield dependence

of MCE near TC is linear, while an irreversible MCE is

observed near the MSTP. Similar results were obtained

within the framework of MC modeling. The direct and

reverse MCE value varies almost linearly with an increase

of magnetic field intensity. However, the effect of the first

activation cannot be recorded within the framework of the

proposed model due to its imperfection. Moreover, the

theoretical curves of MCE are characterized by a narrow

interval of effect manifestation in the region of the Curie

temperature as compared to the experiment, which is

conditioned by the presence of a heterogeneous mixed state

of austenite in the experimental sample due to a competition

of volume ratios of the martensitic and austenitic phases.

Nevertheless, the obtained temperature dependences of

magnetization and MCE reproduce the experimental data

qualitatively and quantitatively. Temperature behavior of

magnetization in different fields has also been predicted

within the framework of the proposed theoretical approach;

this behavior demonstrates a shift of the sudden change of

magnetization to the low temperature region due to a shift

of the structural transition temperature by a magnetic field.

On the whole, we can assume that a combination of

experimental and theoretical approaches will help improve

the understanding of thermophysical processes accountable

for MCE manifestation in Heusler alloys with a related

magnetostructural transition.
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[3] L. González-Legarreta, W.O. Rosa, J. Garcı́a, M. Ipatov,

M. Nazmunnahar, L. Escoda, J.J. Suñol, V.M. Prida, R.L. Som-
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