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Low-temperature heat capacity of the Ni—Mn—In Heusler alloys
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This paper presents the results of an experimental study of the magnetization (M) and heat capacity
(Cp) of polycrystalline samples Nis 3Mngg4Inig3, NigssgMnag soInig, Niss7sMnsg 42Iniss, NistMngg sInigs of the
Heusler alloys in the temperature range of 4—350K. The obtained curves exhibit anomalies corresponding to
magnetostructural (if any) and magnetic phase transitions. From the analysis of the low-temperature dependence
of the heat capacity, the electron contributions to the heat capacity, the Debye temperatures (6p) and the density of
electron states at the Fermi level of the studied samples were obtained. It was found that the Debye temperature

(301—384K) is an increasing function of e/a.
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1. Introduction

In recent years, due to global problems of energy con-
sumption and reduction of emissions of harmful substances
during operation of gas refrigerators, intense studies are
dedicated to magnetic compounds, in which a gigantic
value of the magnetocaloric effect (MCE) is observed near
the room temperatures [1]. One of these compounds is
Ni—Mn—X Heusler alloys (X=Ga, Sn, Sb, In). The
Ni-Mn-based alloys demonstrate the gigantic MCE [2-5],
an elastocaloric effect [6], a shape memory effect[7], su-
perelasticity [3,8] and gigantic magnetoresistance [9,10)]. It is
important to study the Ni-Mn-based alloys due to presence
of anomalous magnetic and structural properties, since
the magnetostructural phase transition is almost always
accompanied by pronounced changes of the physical prop-
erties of the alloys [11]. The paramagnetic—ferromagnetic
phase transition exhibits the direct MCE near T¢. The
ferromagnetic—antiferromagnetic phase transition exhibits
the reverse MCE. The reverse MCE in volumetric samples
of the Heusler alloys is studied in the papers [4,5,12,13].
A number of interesting physical effects is observed near
the magnetostructural phase transition (MSPT).

For practical application of the magnetocaloric materials
in a magnetic cooling technology, it is necessary to take into
account not only the magnetocaloric properties, but other
physical parameters as well. For example, heat capacity
plays a key role, since it determines an amount of heat
absorbed or release by the material during temperature
variation. A study of heat capacity can provide information
about a nature and specific features of the phase transitions,
electron and magnon contributions to total heat capacity.
MCE is indirectly calculated using data of heat capacity

9*

measurements.  Evaluation of the contributions by the
various subsystems to total heat capacity, determination of
a Debye temperature, etc. requires measurements of heat
capacity within a wide temperature range, including a range
of the helium temperatures. Low-temperature heat capacity
of the Heusler alloys can be studied for understanding
their thermodynamic properties and behavior at the various
temperature modes.

The present paper provides results of the experi-
mental study of magnetization (M) and heat capac-
ity (Cp) of the Heusler alloy polycrystalline samples
Nigo 3Mnyg.4In103, Nigs 4sMng s2Inyg, Nigs78Mnsg 42lngg g,
Nig1Mnyg sIn;g s within the wide temperature range, includ-
ing the helium temperatures (4.2K).

2. Samples and experimental procedure

The samples for the study were produced by argon
atmosphere arc melting with three turns and four melt-
downs. Then homogenizing annealing at 7 = 900 °C during
48h in vacuum was performed. The elemental chemical
composition of the annealed samples was determined using
energy-dispersive X-ray spectroscopy (EDX).

Magnetization was measured in an automatic mode
within the temperature range 50—400K in the magnetic
fields of 50 Oe by an installation Quantum Design PPMS-9T.
The sizes of the studies samples were 2 X 2 X Imm, a
weight of each was about 50mg.  The measurements
were performed in three modes: zero-field cooling with
subsequent measurements in a certain magnetic field in the
heating mode (ZFC), cooling in the magnetic field (FC) and
heating in the magnetic field (FH). The heating and cooling
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Figure 1. Temperature dependence of magnetization of the Ni—Mn—In alloys in the magnetic field of 50 Oe. a) Nis 3Mnsg.4Inig3;

b) Niss48Mnug s2In14; ¢) Nigs78Mnsg a2Inias; d) NistMngo sInis s.

rate was 2K/min. Heat capacity (Cp) was measured by
a modulation calorimetry method (AC-calorimetry). The
studies were carried out within the temperature range
4.2—350 K. The helium temperatures (4.2 K) were obtained
by means of a close-cycle cryostat CFSG-310 with a sample
in the exchange gas. The temperature variation rate was
0.3 K/min within the phase transitions and within the helium
temperatures and 1 K/min within the remaining temperature
range.

3. Results and discussion

Figure 1 shows curves of the temperature dependence
of magnetization of the Heusler polycrystalline alloys
Nig93Mnyp 4In1g.3, Nigs4gMnyg s2lnyg, Nigs78Mnsgaslnygs,
Nig1Mnyg 5In;g 5, which are obtained in the magnetic field
of 50 Oe. The thermomagnetic measurements of M (T) were
carried out by a protocol: heating after zero-field cooling
(ZFC), field cooling (FC) and field heating (FH). All the
four alloys within the range 7' = 310—330K in the cooling

mode exhibit magnetic anomalies as a sharp increase of
magnetization, which is related to a transition of austenite
from a paramagnetic state into a ferromagnetic state.

The alloys Ni49,3Mn40,4In10,3, Ni45,48Mn4(),521n14 within
the range 7 = 100—250K exhibit the magnetostructural
phase transition (martensite—austenite) with a temperature
hysteresis, which is typical for the I-order phase transition
(Figurel,a, b). A pronounced hysteresis can indicate struc-
tural changes that accompany this transition [14-16]. This
transition is not observed for the alloys Nisg 7sMn3g 42In14 s,
Nig;Mnyg sIn;g 5. Le., down to the low temperatures (50 K),
the main state is ferromagnetic austenite. The similar pattern
is observed in the alloys NispMnsg_,In, (x < 10) [17]
and NisoMnso_,Sb, (x > 17)[18].

Figure 2 shows the experimental curves of the tem-
perature dependence of heat capacity of the Heusler
polycrystalline alloys Nigg 3Mngg 4Inyg.3, Niss.4gMngg.s2In14,
Nige.78Mnsg 40Inj4 3, NisgMnyg 5Inig 5 in the zero magnetic
field in the heating mode. For clarity, the curves Cp(T)
are shifted by 50J/mol - K, 100J/mol-K and 150 J/mol-K
relative to the lowest one (the black circles).
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Figure 2. Temperature dependence of heat capacity of the

Heusler alloys in the zero magnetic field in the heating mode.
For clarity, the curves are shifted by 50J/mol-K, 100J/mol-K
and 150J/mol - K relative to the lowest one (the black circles).

Within the high-temperature range (7 = 310—330K),
the obtained curves exhibit clearly pronounced anomalies as
a A-peak, which are typical for these alloys and correspond
to the ferromagnetic—paramagnetic phase transition (the
magnetic transition) that occurs in the austenite phase.
The heat capacity peak exists due to energy consumption
during the phase transition, which is spent for orientational
disordering of the magnetic moments around 7. A nature
of the magnetic transition in the Heusler alloys is described
by us in more detail in the studies[16,19]. The alloys
Ni49_3MIl40.4IIl10.3, Ni45_4gMn40.521n14 at the temperatures
239 K and 155K exhibit the second anomaly that corre-
sponds to the MSPT (antiferromagnetic-ferromagnetic). As
can be seen from Figure 2, the heat capacity curves correlate
with the magnetization behavior (Figure 1).

A particular interest in the heat capacity curve is paid
to the low-temperature range (4—20K). Measurement of
low-temperature heat capacity is an important tool, which
is usually used for empirically evaluating a heat capacity
electron coefficient y and the Debye temperature 6p.

Specific heat capacity of a magnetic solid body is
formed by electrons, lattice vibrations (phonons) and spin
excitations (magnons). Within the low-temperature range,
the phonon contribution to molar specific heat capacity is
approximately equal to a Debye term

Cp(T) = BT°, (1)
which is related to the Debye temperature (0p) by an
expression

127°R\ "
0p = 2
? < 5p > ’ ?

where R — the universal gas constant, § — the coefficient
of a phonon component of heat capacity.
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The magnon (magnetic) contribution to heat capacity of
the solid body is

Cu(T) = aT??. (3)

The temperature-independent coefficient « is reversely
proportional to the third power of the Curie temperature
and is not related to the Debye temperature [20,21].

The contribution by the electron component to total heat
capacity is of a linear nature and can be described by a
formula:

Cu(T) =yT. (4)

Therefore, total heat capacity of the solid body satisfies
the equation
C =yT +aT?* 4+ BT>. (5)

Figure 3,a shows experimentally-obtained curves of heat
capacity for the four Ni—Mn—In alloys within the low
temperatures (4—20K) in the zero magnetic field in the
heating mode. Authors of the paper [22] have carried out
studies for determining a magnetic part of heat capacity
of the NisoMnso_,In, nonstoichiometric alloy(x = 13, 16.2)
and shown that if an initial fragment of the heat capacity
curve is linear, then the magnetic contribution is negligible
and it can be omitted in the formula (5). Otherwise,
the magnetic part of heat capacity can be compared in
magnitude with the nonmagnetic part. Since for our studied
alloys the low-temperature part of heat capacity is of a linear
nature (Figure 3,b), then the magnetic contribution is not
taken into account and the (5) can be written as follows

C =yT +BT>. (6)

The expressions (6) were used to obtain the low-
temperature data for heat capacity (the dotted lines in Fig-
ure 3,b). The coefficient p, B for the studied materials were
selected so that the approximation curve coincides with the
measured data on the graph of Cp/T on T? (Figure 3,b).
By extrapolating straight portions of the dependences Cp/T
on T? (shown in Figure 3,b) to T = 0, we have estimated
values of specific electron heat capacity y for the four
studied Ni—Mn—In alloys. Using a cubic term of the
formula (6), which is caused by the phonon contributions,
and the expression (2), it is possible to determine the Debye
temperature (0p) for each composition.

The linear term (y) is proportional to the density of states
at the Fermi level by the relationship:

3y
N(ED = S )
where kg — the Boltzmann constant.

This expression was used to determined the densities of
state at the Fermi levels for the studied materials.

The low-temperature range of heat capacity of the
polycrystalline alloys Nigg 3Mngg 4Inyo.3, Niss.4sMngg.s2In14,
Nige 78Mn3g 40In14.g, Nigt Mnyg sIn;g s was analyzed to deter-
mine the characteristic parameters p, 3, the typical Debye
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Figure 3. a) Low-temperature heat capacity for the compositions: 7/ — Nis3Mnsgalnigs, 2 — NigsagMngsoln, 3 —

Nigs7sMnsg 42Iniag, 4 — NisMngoslnigs; b) the dependence of Cp,/T on T? for the same samples is shown by the solid lines and

the dotted lines mark approximation by the formula (6).

Values of the coefficients of low-temperature heat capacity and some characteristics of the Heusler alloys

Nisg.3Mnao.4Ini0.3 Nigs.4sMnap.s2In14 Nise.7sMn3g 421014 Nig My sInis s
y (mJ/mol - K?) 2.51 3.55 428 6.28
B (mJ/mol -K*) 0.034 0.041 0.0414 0.071
N(Er) (1/eV -mol) 6.43 - 10% 9.1-10% 1.1-10* 1.61-10*
6p (K) 384 361 360 301
ela 8.07 7.8 7.81 7.49

temperatures (0p), the densities of states at the Fermi level
(N(Er)), which are tabularized.

Since concentrations of the three elements (Ni, Mn
and In) are simultaneously changed in the studied alloys,
then electron-per-atom ratios (e/a) are calculated by the
formula (8) in order to compare the characteristic parame-
ters and the Debye temperature. The calculation results are
shown in the table. Here, the number of valence electron
per atom for Ni, Mn and In is 10, 7 and 3, respectively.
A portion of the atomic weight is written as at.%.

e/a = (10- (Niat%) + 7 - (Mnat.%) + 3 - (Inat.%))/100.
(8)
The Figure 4 shows dependences of the heat capacity
electron coefficient and the Debye temperature on the
number of electrons per atoms for the studied alloys
Nig93Mnyp 4Ing.3, Nigs4gMnyg s2lnyg, Nige78Mnsgazlnygs,
Nig;Mnyg sInig s (the filled blue and red circles) as well as
for NisoMnso_,In, (x =3, 5, 8, 10, 13, 15) (the filled blue
and red squares) and NisoMnsy (the unfilled circles), whose
values are taken from the studies [17,23].
In his studies [17,23], Umetsu has investigated the
Ni—Mn—In alloy at the low temperatures (2—80K) within

the range of the concentrations of the valence electrons
(e/a) from 7.9 to 8.5. In our study, we have considered
these alloys within the e/a range from 7.49 to 8.07. Our
studies of the heat capacity electron coefficient and the
Debye temperatures continue the Umetsu studies. It can be
seen from Figure 4 that our obtained values of p coincide
with the linear curve: with increase of the number of
electrons per atom the electron contribution to heat capacity
decreases. The values obtained by us for Op well correlate
with data of the authors of the papers [17,23]. The values of
the Debye temperature linearly increase with the increase
of the number of electron per atom. Small differences in
absolute values of Op are most likely related to specific
features of an alloy production technology.

It was reported in the study [24] that for the
NisoMnsg_,In, alloy the crystal structure varies from
the tetragonal type L1y when x =0 to the monoclinic
multilayer structure with the increase of the In content.
The magnetic properties are a collinear antiferromagnetic
with the high Néel temperature when x =0 [25]. This
properties changes to complex magnetic properties, which
have no long-range magnetic order and exhibit a blocking
behavior [24,26]. Since when varying the In content,
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Figure 4. Dependences of the heat capacity electron coefficient
(y) and the Debye temperature (6p) on electrons per atom (e/a).
The filled blue and red circles are for the studied alloys. The
filled blue and red squares are for NisoMnso—In, (x =3, 5, 8, 10,
13, 15). The unfilled circles are for NisoyMnso. The lines are give
for eye orientation.

no sharp changes of either the crystal structure or the
magnetic properties are observed, the increase of the Debye
temperature can be induced by an effect of substitution of
the heavy element of indium. The decrease of y with the
increase of the number of electrons per atom can be related
to a loss of antiferromagnetic stability.

4. Conclusion

Thus, we have studies magnetization and heat capacity of
the Heusler alloy polycrystalline samples Nisg 3Mnyg 4In0 3,
Nigs.48Mnyg s2Inyg, Nige78Mnsg 42Inigg, NigtMngg sIngg s
within the wide temperature range from 4 to 350K.
The obtained curves exhibit anomalies that correspond to
the magnetostructural (if available) and magnetic phase
transitions. The heat capacity curves correlate with the
magnetization behavior. The main purpose of this study
was analysis of the low-temperature range of heat capacity
of the Ni—Mn—In Heusler alloys and using the curve Cp /T
on T2 to determine the characteristic parameters (y, 8), the
typical Debye temperature (0p) and the density of states
at the Fermi level (N(Ep)). The obtained values of the
electron contribution of the Debye temperature agree with
the literature data.
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