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Measurements of the adiabatic temperature change (DT) and the specific heat transfer (DQ) of

Ni2.18Mn0.82Ga Heusler alloy were taken in order to quantify the direct giant magnetocaloric effect

of the alloy when it is in the vicinity of magneto-structural phase transition (PT) from paramagnetic

austenite to ferromagnetic martensite, and their results are presented. A new vacuum calorimeter

was used to simultaneously measure DT and DQ of magnetocaloric materials with a Bitter coil

magnet in fields of up to H¼ 140 kOe. Other thermomagnetic properties of this alloy were investi-

gated using standard differential scanning calorimetry and PPMS equipment. The maximal values

of magnetocaloric effect in H¼ 140 kOe were found to be DT¼ 8.4 K at initial temperature 340 K

and DQ¼ 4900 J/kg at 343 K. Using this direct method, we show that the alloy indeed demonstrates

the largest value of DQ as compared with previously published results for direct measurements of

magnetocaloric materials, even though at 140 kOe the magnetic field-induced magnetostructural

PT is still not complete. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918914]

I. INTRODUCTION

Giant magnetocaloric effect (GMCE) is observed in

some magnetic materials such as Gd5(Si1�xGex) and

Ni2MnGa in the vicinity of the joint magnetostructural

phase transitions (PTs) under sufficiently high external

magnetic field. GMCE is very attractive from a fundamen-

tal point of view in the study of the interaction between

subsystems in a solid state body under conditions of mag-

netic and structural instability. Investigation of GMCE is

of an ever growing practical interest, because it is consid-

ered a key phenomenon in the development of a new tech-

nology of solid state magnetic refrigerators and heat

pumps for wide range of applications.1 High cooling power

of such devices can be achieved only at a high frequency

of heat transfer cycles and at large amounts of heat (DQ),

which can be transferred in one cycle from the cold end to

the hot end per unit of mass of the magnetic working body.

The maximal frequency depends on the geometry of the

working body2 and the fundamental restrictions on the rate

of PT3 in magnetic material. The transferred heat is

expected to be maximal as a result of the additive effect of

the magnetic and structural subsystems to the total energy

of magnetostructural PT when the two transformation

temperatures merge. So far, no reliable information about

DQ of the most of promising magnetic materials has been

available. The indirect data on DQ, obtained from calcula-

tion of magnetic entropy from isothermal magnetization

measurements and heat capacity taken from differential

scanning calorimetry (DSC) measurements at zero field,

are often contradictory.4 Recently, there has been a grow-

ing trend to develop direct experimental techniques for

measurement of DQ.5–9

In the present work, a new experimental approach was

used for the direct measurement of the specific heat trans-

ferred DQ when changing the magnetic field under quasi-

isothermal conditions,10,11 and apply a new design of the

vacuum calorimeter for simultaneous measurements of both

adiabatic temperature change DT and specific heat trans-

ferred DQ of magnetic materials, using Bitter coil magnet

with fields of up to H¼ 140 kOe. It was suggested that in

Ni2þxMn1�xGa Heusler alloys the thermoelastic martensitic

and ferromagnetic PT are coupled (i.e., the order-disorder

magnetic transition occurs simultaneously with the order-

order crystallographic PT) in the range of compositions

x¼ 0.18�0.20, giving rise to GMCE. This makes the alloys

attractive for many applications,12 though the direct meas-

urements of DQ and DT are still restricted to middle fields

(below 20 kOe), not sufficient for complete magnetostruc-

tural PT; the reason is that the sensitivity to temperature ofa)E-mail: kama@cplire.ru
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magnetostructural PT in Ni2þxMn1�xGa Heusler alloys is

less than 0.1 K/kOe.13,14 The insufficient magnetic fields for

complete PT lead to an underestimate of the value of GMCE

and ambiguous data.4,8,9 The purpose of the present work

was to apply the new direct experimental technique to quan-

titatively test GMCE in Ni2.18Mn0.82Ga Heusler alloy in the

fields of Bitter coil magnet up to 140 kOe.

II. EXPERIMENTAL DETAILS

A polycrystalline Ni2.18Mn0.82Ga ingot was prepared by

conventional arc-melting method in argon atmosphere. The

ingot was homogenized at 1073 K for 50 h. The structure of

this alloy was studied and reported elsewhere.15 The thermo-

magnetic measurements were performed on QD PPMS using

a AC/DC Measurement System. Magnetization vs. tempera-

ture measurements were carried out in the temperature range

from 200 K to 350 K with a rate of change of 1 K/min on

sweep mode under different magnetic fields: 50 Oe, 30 kOe,

70 kOe, and 140 kOe (Fig. 1(a)). A PT temperature shift of

about 0.1 K/kOe was observed under the applied magnetic

field. The following protocol (under sweep mode) was used

for the magnetization vs. magnetic-field measurements:

increasing field up to þ140 kOe, then decreasing down to

�140 kOe, then increasing up to þ140 kOe. The increment

of the field was about 100 Oe/s at different temperatures in

the vicinity of PT (Fig. 1(b)).

The martensitic PT temperatures and the latent heat dur-

ing transformation were determined by DSC at heating/cool-

ing rates of 10 K/min. As seen from Fig. 2, DSC scans of the

sample demonstrate exothermic and endothermic peaks,

which are associated with the martensitic PT. The character-

istic transition temperatures Ms¼ 331 K, Mf¼ 317 K and

As¼ 336 K, Af¼ 351 K corresponding to the start and finish

temperatures of direct and reverse martensitic transforma-

tion, respectively, are indicated in Fig. 2. The transition tem-

peratures were determined as a crossing point between the

extrapolation lines of the peaks and the base line. Calculated

from the DSC data, the heat exchanged upon direct (LH!L)

and reverse (LL!H) PT are LH!L¼þ6500 J/kg and LL!H

¼�6180 J/kg. These values of latent heat are smaller than

L¼ 9600 J/kg obtained on a sample with the same composi-

tion Ni2.18Mn0.82Ga.15 Big values of latent heat result from

heat treatment. The sample reported in Ref. 15 was homoge-

nized at 1050 K for 9 days, and quenched in ice water. The

average of the absolute values of jLH!Lj and jLL!Hj
was taken as the change of enthalpy DE. In the case of

thermoelastic martensitic transformation, the configuration

contributions to the entropy change are absent. This makes

it possible to estimate the total entropy change at the

martensitic transformation as DSDSC¼DE/Tm, where Tm

¼ (MsþAf)/2 is the thermodynamic equilibrium tempera-

ture.15 For the experimentally determined values of

DE¼ 6340 J/kg and Tm¼ 341 K, the entropy change is equal

to DSDSC¼ 18.6 J/kg K.

The experimental vacuum calorimeter was developed to

simultaneously measure DT and DQ magnetocaloric effect

under high magnetic fields. Two samples are placed into the

calorimeter in order to obtain in one experiment both DT and

DQ. The first sample was bulk “sample_1” (for DT) and a

smaller plate “sample_2” (for DQ), see Fig. 3(a). Sample_1

(m1¼ 4.299 g) was placed into the vacuum chamber at adia-

batic conditions. Sample_2 (m2¼ 0.495 g) was glued (by heat-

conducting glue) on a massive tungsten block (Mb¼ 10.866 g)

FIG. 1. (a) Magnetization vs. temperature at different fields. The left scale is for the low field (50 Oe), the right scale for the high fields: 30 kOe, 70 kOe, and

140 kOe. (b) Magnetization vs. magnetic field at different temperatures: 320 K, 337 K, and 343 K.

FIG. 2. Differential scanning calorimetry scans of Ni2.18Mn0.82Ga. Ms, Mf

and As, Af denote start and finish temperatures of the direct and reverse mar-

tensitic PT, respectively.

163903-2 Kamantsev et al. J. Appl. Phys. 117, 163903 (2015)
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to maintain quasi-isothermal conditions and was placed into

the same vacuum chamber. The experimental estimate of the

heat transferred DQ from the sample to the block in quasi-

isothermal conditions was accomplished by measuring DTb—

the temperature change of the block when the magnetic field is

changed.10,11 DQ can be calculated as

DQ � ðMb=m2Þ � C� DTb; (1)

where C is the specific heat of the block and Mb� m2. The

temperatures of sample_1 and the tungsten block were meas-

ured with the help of platinum thermoresistors PT 1000

under constant current.

The protocol of the experiment was as follows. The vac-

uum calorimeter was placed into a Bitter coil magnet. The

vacuum in the chamber was achieved by a forepump (down

to pressure 0.4 Pa). The initial temperature was set with the

help of thermo-control system to equilibrium. Then, the

magnetic field was turned on at a constant rate of 2.0 kOe/s

up to 140 kOe then turned off at the same rate (Fig. 3(b)).

The magnitude of magnetic field was measured by a Hall

probe. Corresponding temperature changes of sample_1 and

the tungsten block are shown in Fig. 3(b). Summary data of

DT and DQ measurements for the Ni2.18Mn0.82Ga alloy in

H¼ 140 kOe are presented in Figs. 4(a) and 4(b), respec-

tively. A big difference of the DT and DQ values between

the 1st and the 2nd cycles of magnetic field application was

observed when the initial temperature is between Mf and Af.

It is connected with residuals of martensitic phase after the

1st removal of magnetic field. The initial temperature must

be more than Af in order to avoid such effect in cycle of

magnetic refrigeration based.

III. RESULTS AND DISCUSSION

It is important to note that although Heusler alloys of

Ni2MnGa system have been at the center of attention for

almost two decades, thanks to their magnetic-field controlled

martensitic transition governing GMCE and shape memory

effect, no data on direct measurement of MCE have been

published attributed to complete magnetostructural PT by

magnetic field.13–19 We demonstrate by the direct method

that even though a magnetic field, as strong as H¼ 140 kOe,

does not lead to complete PT from paramagnetic austenite to

ferromagnetic martensite, the maximal value of heat trans-

ferred DQ¼ 4900 J/kg obtained at 343 K in this field

(Fig. 4(b)) exceeds the highest values reported in previously

published works. The fact that the maximal value DQ

¼ 4900 J/kg is less than the latent heat of the alloy

LH!L¼ 6500 J/kg obtained by DSC in zero magnetic field

can be explained by the incomplete magnetostructural PT.

Following the magnetization data in Fig. 1(a), we can say,

FIG. 3. (a) The scheme of the experimental setup for simultaneous measure-

ments of DT and DQ in Bitter coil magnet. (b) The time dependence of the

magnetic field (H) change and the corresponding adiabatic temperature

change (DT) of sample_1 and the temperature change of the tungsten block

(DTb) connected to sample_2.

FIG. 4. The results of direct DT (a) and DQ (b) measurements on the Ni2.18Mn0.82Ga sample. Square points are the 1st and circle points are the 2nd consecutive

run of turning on a magnetic field of H¼ 140 kOe at the same temperature. Dark- and light-blue points are series of experiments with progressive heating.

Dark- and light-green points are series of experiments with preliminary heating up to 370 K and sequential cooling down to the required temperature for the

measurements.
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that shift of Tm in H¼ 140 kOe is not big—about 10 K. We

apparently need to apply more magnetic fields for inducing

complete PT. Incomplete PT can also be responsible for the

observation that direct DT measurement shows big irreversi-

bility of magnetostructural PT: the maximal value is

DT¼ 8.4 K when first turning on the magnetic field, but the

second time gives a value of 2 K smaller at initial tempera-

ture 340 K (Fig. 4(a)). Even so, the maximal DT and DQ

values obtained in the present work are recorded high

among other Heusler alloys. Moreover, DQ measured in the

present work exceeds any results previously obtained by direct

measurements in any other magnetic materials.5–9 In this sense,

the MCE near the magnetostructural PT in Ni2.18Mn0.82Ga

alloy deserves the name “giant.” Recent direct data of DT and

DQ for Gd up to 140 kOe are presented in Ref. 20. These data

may compete with GMCE in Heusler alloy. Apparently, the

maximal DT¼ 8.4 K for Ni2.18Mn0.82Ga is less than

DT¼ 17.7 K for Gd.20 This may be due to the fact that the

effective heat capacity of the alloy with magnetostructural PT

strongly exceeds the heat capacity for Gd.

It may be concluded that further studies are needed to

insure complete magnetostructural PT in order to reveal the

full potential of Ni2MnGa Heusler alloys as promising mag-

netocaloric working body for room temperature refrigera-

tion. In general, the direct measurement of DQ and DT using

the new technique under sufficiently high magnetic fields

will be an important contribution to the knowledge of MCE

in a wide variety of magnetic materials being developed by

research groups around the world.
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