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Abstract—The magnetization, the electrical resistivity, the specific heat, the thermal conductivity, and the
thermal diffusion of a polycrystalline Heusler alloy Niys37Mnyg 9;In 37, sample are studied. Anomalies,
which are related to the coexistence of martensite and austenite phases and the change in their ratio induced
by a magnetic field and temperature, are revealed and interpreted. The behavior of the properties of the alloy
near Curie temperature 7 also demonstrates signs of a structural transition, which suggests that the detected
transition is a first-order magnetostructural phase transition. The nontrivial behavior of specific heat
detected near the martensite transformation temperatures is partly related to a change in the electron density
of states near the Fermi level. The peculiar peak of phonon thermal conductivity near the martensitic trans-
formation is interpreted as a consequence of the appearance of additional soft phonon modes, which contrib-

ute to the specific heat and the thermal conductivity.
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INTRODUCTION

Heusler alloys are characterized by a sequence of
magnetic, structural, and modulation phase transi-
tions, which can be controlled by external fields, and a
set of functional properties, which are promising for
applications related to these transitions [1]. Moreover,
Heusler alloys are excellent model objects to study the
physical properties of strongly correlated electronic
systems.

Although Heusler alloys have attracted close atten-
tion of researchers, many problems still need to be
refined. For example, nonstoichiometric Ni—Mn—X
(X = In, Sb, Sn) alloys undergo unusual magnetic—
structural phase transitions from a high-temperature
ferromagnetic phase into a low-temperature with a
weak or zero magnetization. This phenomenon can be
explained in terms of several concepts. The first con-
cept implies that this phenomenon is caused by the
inversion of the sign of exchange interaction, which
occurs along with the structural austenite—martensite
transition and is accompanied by the transformation
of a sample into an antiferromagnetic state with zero
magnetization [2]. The results obtained for the Ni—
Mn—In system [3] demonstrate that the phase transi-
tion from a high-temperature ferromagnetic phase

into a low-temperature paramagnetic phase takes
place in these alloys. However, according to [4, 5], the
behavior of low-temperature magnetization is associ-
ated with the transformation of a sample into a fer-
rimagnetic state.

Therefore, any information that can elucidate these
and other features of the phase transitions in Ni—Mn—
In alloys is important, since it can serve as a solid argu-
ment for a certain model of explaining the detected
anomalies. Practical interest in these materials is
mainly related to the unusually high elastic strains that
appear during martensitic transformations and a high
magnetocaloric effect (MCE) in the range of mag-
netic—structural phase transitions [1].

Since both magnetic strain and MCE are caused by
a strong relation between the magnetic, electron, and
lattice subsystems, to study the influence of this rela-
tion on the electrical, magnetic, and thermophysical
properties of Ni—Mn—In Heusler alloys is an import-
ant and challenging problem.

The purpose of this work is to experimentally
investigate the magnetization (M), the electrical resis-
tivity (p), the specific heat (C,), the thermal diffusion
(n), and the thermal conductivity (k) of a polycrystal-
line Niys 3;Mnyg9,Iny3 7, sample.
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Fig. 1. (Color online) Magnetization of an

N14537Mn40911n1372 Heusler alloy upon heating and
cooling in various magnetic fields. (left-hand inset) Mag-
netization in a field of 0.005 T and (right-hand inset) shift
of the martensite transformation temperatures in a mag-
netic field.

EXPERIMENTAL

The sample to be studied was fabricated by arc
melting in an argon atmosphere and was then sub-
jected to homogenizing annealing at 7= 900°C for
48 h in vacuum. The initial nominal charge composi-
tion corresponded to the chemical formula
NigMny Iny,, and the actual composition determined
by energy dispersive spectroscopy corresponded to the
formula Nis ;Mnyg ¢;In;;37,. The necessity of deter-
mining the exact elemental composition of the sample
was related to the fact that the physical properties of
Heusler alloys are extremely sensitive to a change in
the elemental composition [6].

The magnetization of the sample was measured on
a Quantum Design PPMS-9T device, the electrical
resistivity was measured by the four-probe method,
the thermal conductivity was determined by the steady
thermal flow method, and the specific heat and the
thermal diffusion were determined with ac calorime-
try [7]. Moreover, data on specific heat C, and thermal
diffusion n were used to determine thermal conductiv-
ity k, since they are interrelated as

k=%cpn, (1)

where d is the sample density and M is the molar mass
of the sample. The values of thermal conductivity &
determined by both methods agreed well with each
other. As temperature sensors, we used copper—con-
stantan and chromel—constantan thermocouples. The
sample was heated to a temperature above 7 before
every measurement.
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RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the
magnetization measured at various magnetic fields
upon heating and cooling. As the temperature
decreases, an sharp increase in the magnetization is
detected in the austenite phase, which is related to the
transformation of the sample into a ferromagnetic
state (Fig. 1, left-hand inset). The maximum rate of
change of the magnetization with temperature is
detected at 7-= 319 Kupon coolingand at T,=322 K
upon heating, which corresponds to the Curie tem-
perature. A well-pronounced temperature hysteresis,
which can indicate structural changes that accompany
this transformation, is observed in this temperature
range. Based on the measured magnetic and structural
properties of an Nis,MnssIn,s alloy, the authors of [4,
5] assumed that a structural transition from paramag-
netic austenite into ferromagnetic martensite, which
can be identified as a magnetostructural first-order
phase transition, also takes place at 7.. However, this
and other conclusions drawn in [4, 5] (maximum in
the field magnetization curve was related to a spin-flip
transition, and low-temperature weak magnetization,
to the transformation of a sample into a ferrimagnetic
state) make it necessary to introduce substantial cor-
rections to the generally accepted concepts of the mag-
netic and structural transitions in Ni—Mn—In alloys.
To refine this problem, we performed precise mea-
surements of specific heat C,(7) and magnetization
M(T) near T, upon heating and cooling at various
rates of change of temperature (0.4—1.0) K/min
(Figs. 2a, 2b). The results of these measurements
revealed a hysteresis in the behavior of C,(7) and
M(T); therefore, the conclusions drawn in [4, 5] seem
to be supported. Note that the hysteresis width
depends on the rate of change of temperature,
decreasing with decreasing temperature. Our differen-
tial scanning calorimetry data obtained on a sample
with a close composition (Nig;MnyyIn,, ;) also
demonstrate signs of a first-order phase transition
near T (Fig. 2c). However, this phase transition is not
a classical first-order phase transition, since no sharp
complete transformation of the sample into another
crystal structure takes place here.

According to [4], X-ray diffraction data demon-
strate that reflections of both martensite and austenite
phases are present in the temperature range from 7 to
the temperature of the maximum in the magnetization
curve; that is, the structure of the system is heteroge-
neous in this temperature range. obviously, additional
investigations are necessary to reveal the nature of the
phase transition at the Curie point.

As T decreases further, M remains constant over a
wide temperature range (Fig. 1, left-hand inset). Two
anomalies, which are related to the onset of the mar-
tensitic transformation (M, = 217 K) and the end of the
reverse transformation into the austenite phase (4, =
Vol. 122
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231 K), are clearly visible in the low-temperature
range. The values of M, (end of the martensitic trans-
formation) and A, (onset of the reverse martensite—
austenite transformation) obtained from an analysis of
the M(T) curves in weak fields at low temperatures are
207 and 215 K, respectively.

As is seen in Fig. 1, the magnetization of the mar-
tensite phase does not vanish with decreasing 77 that
is, the alloy is still weakly magnetic. The further
decrease in the temperature in weak fields is charac-
terized by the appearance of a magnetically ordered

phase with TCM =~ 170 K and by the splitting of the M(T)
curves: My (T) exhibits a monotonic increase,
whereas Mzz(T) passes through a maximum. This
behavior is characteristic of the alloys that have a mag-
netic disorder and an antiferromagnetic interaction.

There are examples where the magnetization of the
martensite phase in an Ni—Mn—In alloy becomes
almost zero in weak fields and remains very low down
to extremely low temperatures [8, 9], and there are
cases where it is weakly magnetic [10, 11]. Moreover, a
more complex M(T) dependence is also detected: the
magnetization becomes zero after the end of the mar-
tensitic transformation and begins to grow when tem-
perature decreases further, as in our case. This behav-
ior resembles the paramagnet—ferromagnet transition

in martensite with its specific Curie temperature TCM
[12, 13].

Based on the existing data, it is difficult to unam-
biguously answer the question about the cause of the
behavior of magnetization at low temperatures. This
was also noted by the authors of recent work [14], who
mentioned that the problem of the type of magnetic
ordering in the martensite of Ni—Mn—In alloys is still
an open question. Nevertheless, taking into account
the obtained M(T) dependence and the results of neu-
tron diffraction of an Ni—Mn—In alloy (unpublished
Phina—Ari—Gur data; they unambiguously indicate
an antiferromagnetic character of the magnetic order-
ing in the martensite phase), we can assume the coex-
istence of weak magnetic and antiferromagnetic inter-
actions in the system [12, 15].

The martensitic transformation temperatures in
Heusler alloys depend strongly on a magnetic field,
which shift them up or down. A magnetic field
increases the magnetization of the phase with a higher
magnetization (in this case, austenite) and the shift of
M, toward low temperatures, which is clearly visible in
Fig. 1 (where M(T) curves are presented for various
magnetic fields). For the Ni—Mn—Ga, the picture is
opposite: the magnetization of the martensite phase is
higher than the magnetization of austenite; therefore,
magnetic field H shifts M, toward high temperatures
[13].

The dependence of martensite transformation tem-
peratures M, My, A,, and A,on the magnetic field fol-
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Fig. 2. (Color online) (a) Magnetization, (b) specific heat,
and (c) heat flow vs. temperature 7~ upon heating and
cooling. The hysteresis width in the C,(T) curve is AT =
2.1 K at a rate of change of temperature of 1 K/min and
AT=0.9 K at a rate of 0.4 K/min.

lows from the phase equilibrium condition (Clausius—
Clapeyron equation)

AT = (%) AH, )

where AM is the difference between the magnetiza-
tions of austenite and martensite and AS'is the change
of the entropy. Thus, the shifts of the martensite trans-
Vol. 122
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Fig. 3. (Color online) Temperature dependences of the
electrical resistivity of Nigs 37Mnyq 9;In;3 7, in a magnetic
field and a zero magnetic field upon heating. (inset) Tem-
perature dependence of magnetoresistance.

formation temperatures are directly proportional to a
change in the magnetic field.

To test this dependence, we plotted martensite
transformation temperatures M; and A, versus the
magnetic field. As is seen in the right-hand inset to
Fig. 1, this dependence is linear, AT/AH = —8 K/T for
M and AT/AH = —6 K/T for A, These values are close
to a value of —7 K/T for NigMny In; [15] and are
slightly lower than —12 K/T for Nis,Mns4In;s [13].
The estimation of the shift of M, from Eq. (2) for
poH = 1.8 T using the M(T) datain Fig. 1 and the value
of AS obtained from an analysis of the specific heat C,
data in this field and without this field yields AT =
20 K, which agrees reasonably with an experimental
value of 14 K.

Let us discuss the electrical resistivity results
(Fig. 3). As temperature decreases, p decreases and
exhibits the behavior that is typical of metals; an
inflection point takes place at 7 = 320 K; and a seg-
ment of a sharper decrease in the electrical resistivity,
which is caused by the disappearance of conduction
electron scattering by magnetic order parameter fluc-
tuations, begins [15]. As the temperature decreases
further, the electrical resistivity begins to grow sharply
near 7' = 245 K and almost doubles in the martensite
phase, from 70 to 125 p€2 cm. The increase in the elec-
trical resistivity during the austenite—martensite tran-
sition is mainly related to the transition of the crystal
structure from the highly symmetric cubic phase (aus-
tenite) into the distorted tetragonal phase (martensite)
with a lower symmetry [9, 16, 17].

In the relaxation time approximation, an expres-
sion for p(7) has the form

p(T) = 1, 3)
e nt
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where m* is the effective carrier mass, # is the carrier
concentration, and T is the relaxation time. In princi-
ple, all parameters (m™*, n, T) entering into this expres-
sion can be responsible for the increase in the electri-
cal resistivity during the transition into the martensite
phase. However, reasonable physical prerequisites for
the sharp increase in the effective carrier mass in the
martensite phase are thought to be absent, and the
sharp growth of the electrical resistivity during the
transition into the martensite phase is most likely to be
related to both a decrease in the carrier concentration
and a change in the mechanism of carrier scattering.
This assumption is supported by the data on measur-
ing the electronic specific heat of an Nis,Mns,Ing 3
alloy [18], according to which the austenite—marten-
site transformation is accompanied by a more than
threefold decrease in the carrier concentration. This
result can also be achieved upon the growth of the
structural disorder caused by the martensitic transfor-
mation or upon additional electron scattering by twin
boundaries. There is reason to think all these mecha-
nisms operate in our case and ensure the detected p(7)
dependence. A relation between the change in the
electron density of states at the Fermi level and the
o(7) dependence of an Ni—Co—Mn—In alloy was also
found in [19, 20].

However, a metallic character of the p(7) depen-
dence in both the austenitic ferromagnetic phase and
the martensite phase points to the fact that the phonon
mechanism of carrier scattering is likely not be fully
ignored.

Figure 3 (inset) shows the results of measuring the
magnetoresistance. First of all note that this is the
effect related to the coexistence of two structural
phases with different electrical conductivities, the
relation between which changes in a magnetic field,
rather than the kinetic effect caused by a decrease in
the mean free path of carriers in a magnetic field. It is
seen that the magnetoresistive effect manifests itself in
the range of coexistence of martensite and austenite in
the temperature range 7 = 220—240 K.

A magnetic field shifts M, toward low temperatures,
increasing the volume of the austenitic high-conduc-
tivity phase and inducing a negative magnetoresis-
tance,

%:PH_PO'
Po Po

The maximum value (—Ap/p, = 30%) was reached in
a field pyH = 1.8 T near the martensite transformation
temperature (7= 228 K). The further decrease of 7'is
accompanied by the disappearance of the magnetore-
sistive effect, which is thought to be associated with
the transformation of the sample into the martensite
phase.

The experimental data on specific heat are shown
in Fig. 4. The C,(T) curve has a pronounced charac-
teristic maximum near the paramagnet—ferromagnet
Vol. 122
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transition. The specific heat peak corresponds to 7=
320 K, which is taken to be 7. This temperature
approximately coincides with 7, = 319 K obtained
from an analysis of M(T).

When the temperature decreases further, a sharp
specific heat jump, which is caused by the structural
austenite—martensite transition, is detected near 7, =
223 K. The reverse transition is detected at 7, =233 K
and the temperature hysteresis is A7 = 10 K, which is
slightly smaller than it follows from the magnetization
data (AT = 14 K).

The pronounced asymmetry and a clear steplike
character of the specific heat jump near the martensi-
tic transformation have engaged our attention: C,
above the transformation is significantly higher than
C, below the transformation, and no difference in AC
upon heating and cooling is seen (this difference was
detected for an NisyM,;(In,,Sn;5);; sample and was
attributed to the influence of the latent heat of trans-
formation [21]). A small asymmetry was detected for
NisoMn;,In e in [22]. No signs of structural transfor-
mations in the C,(7) curve of a Nis,Mn;,In,s sample
were observed in [23].

The authors of [19] suppose that the asymmetry of
the specific heat of an Ni—Co—Mn—In alloy results
from an additional contribution of conduction elec-
trons to C,(7) in the ferromagnetic austenite phase,
which agrees with the detected growth of the conduc-
tivity in the austenite phase. Indeed, the FM and AFM
states in the magnetic alloys that undergo magnetic
order—disorder phase transitions, e.g, FeRh alloys,
differ mainly in the electron density of states near the
Fermi level N(Ey), and the AFM—FM transition in
them is accompanied by a sharp increase of N(Ey) and,
hence, the electronic specific heat C, = yT in the fer-
romagnetic phase [24, 25].

Therefore, it is natural to assume that the jumplike
increase in the specific heat near the martensitic trans-
formations in Heusler alloys can be explained by an
increase in the density of states (DOS) near the Fermi
level during the AFM (martensite)—FM (austenite)
transition. To support this assumption, we calculated
the DOS in an Nis,Mn;;In; alloy with allowance for
antiferromagnetic and ferromagnetic ordering in the
martensite and austenite phases, respectively. In the
antiferromagnetic ordering, the excess manganese
atoms (Mn,) located at the In sites were assumed to
have a negative magnetic moment as compared to the
positive magnetic moment of manganese atoms (Mn,)
that occupy the regular sites in the manganese sublat-
tice. The electronic spectra of the cubic and tetragonal
(c¢/a = 1.21) structures were calculated using the spin-
polarized relativistic =~ Korringa—Kohn—Rostoker
(SPR-KKR) method and the generalized-gradient
approximation (GGA) [25, 26]. The parameter of the

cubic lattice with space group Fm3m (a, = 0.596 nm)
was estimated by calculating lattice relaxation. The
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Fig. 4. (Color online) Temperature dependences of the spe-
cific heat of Niys37;Mnyg g;In;3 7, obtained upon heating
and cooling. (dashed line) Assumed behavior of the specific
heat in the absence of a magnetostructural transition.

magnetic moments calculated at Ni, Mn;, and Mn,
atoms in the austenite (martensite) phase are close to
0.5014, 3.668, and 3.797 (0.221, 3.637, —3.904)pp,
respectively. The magnetic moment of Mn, in marten-
site is seen to be antiparallel to the magnetic moment
of Mn,.

Figure 5 shows the total DOSs of the austenite and
martensite phases in an Nis,Mn;;In; alloy that were
calculated for spin-up (T) and spin-down (\L) direc-
tions. The maxima in the spin-up and spin-down sys-
tems that are located below the Fermi level in austenite
and martensite are formed by the filled 3d states of Ni,
Mn,, and Mn, atoms, and the DOS maxima that are
located in the conduction band, i.e., above the Fermi
level, are caused by the free 3d states of Mn; and Mn,
atoms. Moreover, the presence of two peaks for spin-
up and spin-down directions, which are above the
Fermi level in martensite, is related to the antiparallel
orientation of the magnetic moments of Mn,
(—3.904p,) and Mn, (3.637p,) atoms. In contrast, one
maximum for the spin-down states above the Fermi
level is detected for the austenite phase with ferromag-
netic ordering. The inset to Fig. 5 scales up the energy
behavior of DOS for the two phases near the Fermi
level. It is seen that the total DOS near the Fermi level
increases during the martensite—austenite transition.

If this ideology is applied to our case, the specific
heat jump AC detected in our experiments is in
essence the difference between the electronic specific
heats in the FM and AFM phases, i.e.,

AC=AC, = Yeur = Yarm)T. 4

The difference between the specific heats extrapolated
to a temperature 7 = 250 K is AC = 38 J/(kg K) (see
Vol. 122
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Fig. 5. (Color online) Total DOS of the NisyMns;In 3
compound for (arrow up) spin-up and (arrow down) spin-
down directions. (inset) Enlarged DOS near the Fermi
level. The DOSs of FM austenite (¢/a = 1) and AFM mar-
tensite (c¢/a = 1.21) are indicated by solid and dashed lines,
respectively.

Fig. 4). Using coefficients vz, = 8.5 x 1072 J/(kg K?)
and vz, = 5.4 x 1072 J/(kg K?), which were obtained
for an NisyMnj,In 5 alloy from electronic specific
heat [18], we can estimate the electronic specific heat
jump due to a change in the DOS at the Fermi level
during the AFM—FM transition. The calculations
demonstrate that AC, = 7.75 J/(kg K) at 7' = 250 K;
that is, the experimentally determined jump is higher
than the jump determined from electronic specific
heat by several times. To explain this discrepancy, we
have to assume that the magnetic and structural sub-
systems also contribute to AC,. Note also that a mag-
netic field of 1.8 T weakly affects C, in the temperature
range T—T),.

Thermal diffusion is the ratio of thermal conduc-
tivity to specific heat n = k/C and, in essence, charac-
terizes the rate of formation of an equilibrium tem-
perature distribution along a sample. In the case of an
insulator (where phonons are the majority heat carri-
ers), thermal diffusion determines an important phys-
ical characteristic, namely, the free path length of
phonons n = v/,;,/3, where v; is the sound velocity
and /,, is the mean free path of phonons.

In this case, n(7) has no unambiguous interpreta-
tion, since k is the sum of two approximately equal
quantities, i.e., k = k, + k,,, where k, and k, are the
electron and lattice components of the specific heat,
respectively. The n(7) curve in Fig. 6 shows, when 7T,
is approached from above, 1 decreases sharply and C,
increases but not so sharp. The small minimum at 7,
is usually associated with the scattering of heat carriers
by magnetic order parameter fluctuations [27]. As T
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Fig. 6. (Color online) Temperature dependence of the
thermal diffusion of Nigs 37Mnyg g1In;3 75 in a zero mag-
netic field and a field of 1.8 T upon heating.

decreases further, the thermal diffusion remains con-
stant in a rather wide temperature range of 230—320 K.

1 increases sharply in the martensite transforma-
tion range at 7,, = 236. This anomaly is thought to be
related to a change in the electronic specific heat,
more specifically, the electrical resistivity, which
changes sharply during such transformations. A mag-
netic field shifts 7,, toward low temperatures and
smoothens the anomalies at 7., suppressing the fluc-
tuations.

The discrepancies between the phase-transition
temperatures obtained from the thermophysical (spe-
cific heat, thermal diffusion) and magnetic (magneti-
zation) measurements can be attributed to the chemi-
cal and structural heterogeneities of the samples: C,

and n were measured on a small (3 X 3 x 0.3 mm?)
sample, and the other measurements were carried out
on larger samples, though cut from the same ingot.

Figure 7 depicts the results of measuring the ther-
mal conductivity. When measuring the thermal con-
ductivity, we were able to determine the predominant
mechanisms of scattering heat carriers in magnetic
materials in various magnetic states. For functional
materials, k£ is also a technical parameter, which is
necessary to create technical devices from these mate-
rials, since it is impossible to calculate thermal balance
without regard for k.

In general form, the thermal conductivity of a mag-
netic material can be represented as the cum of three
components,

ktot = ke + kph + km’

where k,, k,,, and k,, are the electron, phonon, and
magnetic components of the thermal conductivity. As
a rule, the magnetic component is neglected because
Vol. 122
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Fig. 7. (Color online) Temperature dependence of the
total and electron thermal conductivities of
Ni45_37Mn40.911n13_72 upon heating.

ofiits smallness [28]. Thus, the experimental £(7) ther-
mal conductivity curve shown in Fig. 6 is determined
by the electron and phonon components.

In strongly diluted metallic alloys, k, and k;, can
have the same order of magnitude [29]. To estimate
the electron component, we can use the Wiede-
mann—Franz relation k, = L,7/p, where L, = 2.44 X

10~ V2/k? is the Lorentz constant. In general, Lorentz
number L depends on temperature; nevertheless, the
assumption L = L, is valid for strongly diluted high-
resistance metallic alloys this relation can be used to
estimate k, [28].

As would be expected, the behavior of £,(7) in the
martensitic transformation range correlates with the
behavior of p(7): as the temperature (i.e., the fraction
of austenite with a relatively high electrical conductiv-
ity) increases, k, increases sharply and then demon-
strates a smooth temperature dependence in the range
T > 230 K. The transformation temperature corre-
sponds to the temperature of the minimum electrical
resistivity upon heating. When the temperature
increases further, k,(7) remains almost constant,
exhibiting a small anomaly near 7.

The behavior of k,,(7), which was determined as
the difference between k., and k, calculated using the
Wiedemann—Franz law, i.e., k,, = ko, — k,, is thought
to be of profound interest (Fig. 8).

The k,,(7T) dependence is characterized by an
anomalous peak near the martensite transformation
temperature (7= 235 K) and a jump near 7. Thisis a
rare phenomenon that is unusual for metallic alloys.
Anomalies in the form of small maxima caused by
enhanced phonon scattering by magnetic order
parameter fluctuations are usually observed during
magnetic phase transitions near T [27]. Here, the pic-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

BATDALOV et al.

kops W/(m K)
8 T T T T

200 250 300

150

Fig. 8. (Color online) Temperature dependence of the
phonon thermal conductivity of Nigs37;Mnygg1Ingz 7
upon heating.

ture is converse: the thermal conductivity increases
anomalously in the form of a sharp peak near the mar-
tensitic transformation, and k,, changes jumpwise
near 7.

We now discuss the peak in the k,,(7) dependence
caused by the magnetic structural transition. In the
Debye approximation, an expression for the phonon
thermal conductivity has the form

kph = %vaslph’ (5)

where C, is the specific heat of phonons, v, is the
sound velocity, and [, is the free path length of pho-
nons. In principle, each of the factors entering in the
expression for k,, can be responsible for the detected
anomalies. However, the absorption of sound usually
grows in the range of magnetic phase transitions [30].
In our case, this circumstance exerts the opposite
effect; that is, it should decrease k,,. Moreover, as fol-
lows from the n(7) dependence /,, cannot cause a bell-
shaped increase in k,,(7). Thus, the detected k,,(7)
dependence should be related to the behavior of spe-
cific heat C(7).

Various cases of the behavior of k,;, in magnets were
theoretically considered in [31], and it was shown that
k,, near phase-transition temperatures can both
increase and decrease depending on the predominant
mechanism of phonon scattering.

Analogous behavior of lattice thermal conductivity
was only observed in a few works [32—34]. The authors
of [33] studied C,(7) and k,,(7) of an K, ;MnO; alloy,
where a structural Peierls phase transition and related
charge density waves take place. Both a specific heat
jump (AC,/C, = 6%) and a thermal conductivity jump
(Ak/k = 5%) were detected near the Peierls phase
transition, and they were thought to be associated with
Vol. 122
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an increase in the number of acoustic phonons near
the transition. Larger specific heat and thermal con-
ductivity jumps (AC,/C, = 26%, Ak/k = 15%) were
also detected near the Peierls phase transition in the
Lu;lIr,Si,, compound with a charge density wave. As in
the case of K, ;MnQO;, they were interpreted in terms
of a model according to which the Peierls transition
[34] is accompanied by the appearance of additional
soft phonon modes.

The martensitic transition in Heusler alloys has
many common features with the Peierls phase transi-
tion. In both cases, the structural transitions are
accompanied by the softening of a phonon spectrum
and the appearance of a large number of addition ther-
mal excitations, which increase C,. As a result, the
quantity of heat carried by such phonons also grows,
since their frequency corresponds to the acoustic
branch of phonons, which are responsible for thermal
conductivity.

These concepts were used the authors of [32] to
explain the very sharp changes in the thermal conduc-
tivity of Ni, _ ,Mn, _,Ga Heusler alloys near the mar-
tensitic transformations in them. Note that the relative
change in the thermal conductivity of these alloys at
x = 0.18, where structural and magnetic phase transi-
tions coincide (7= T,, = 320 K), reaches giant values
(about 100%), although the specific heat jump is not
so high.

This ideology can also be used to interpret our
experimental data, according to which the anomalous
growth of K, is Ak,/k,, = 70% and takes place at T~
233 K, which approximately coincides with A, =
231 K. A thermal conductivity jump of AC,/C, = 34%
also occurs at this temperature. The fact that the ther-
mal conductivity peak is determined by not only
changes in the specific heat is seen from both a com-
parison of the changes in the specific heat and the
thermal conductivity and the fact that C, before and
after the transition cannot be approximated by one
continuous line and the values of &, before and after
the transition are approximately the same. This find-
ing indicates that there exists a certain additional
mechanism increasing the thermal conductivity. The
fact that an increase in the free path length of phonons
during a martensitic transformation can contribute to
this process was noted in [35].

The causes of the sharp increase in the thermal
conductivity and the thermal diffusion near 7, can
only be discussed. A similar increase in the thermal
conductivity of an Nis,Mns4In,s alloy (Ak/k = 70%)
was detected near T, in [36], and this anomalous
increase was attributed to changes in the electron
component of the thermal conductivity (but p(7)
curve was not presented).

In our case, this assumption is erroneous because
of the absence of sharp anomalies in the behavior of
o(T) near T,. This behavior is assumed to be related to
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the structural changes that occur near 7,: the appear-
ance of a less symmetric tetragonal phase (martensite)
in an austenite matrix can mean the appearance of an
additional phonon relaxation channel and can result
in the determined k,,(7) and n(7) dependences. The
coexistence of the austenite and martensite phases
near T in an NisyMnssIn;s alloy also follows from the
results in [37].

CONCLUSIONS

The electrical, thermal, and magnetic properties of
an Nigs3yMnyygIn;;;,, alloy were studied. The
detected anomalies in the properties are related to
martensitic transformations and their dependences on
the magnetic field and temperature. The behavior of
magnetization corresponds to the model in which the
low-temperature martensite phase is mainly antiferro-
magnetic with insignificant inclusions of a ferromag-
netic phase. The experimental data on differential
scanning calorimetry, specific heat, and magnetiza-
tion suggest that the phase transition detected at T if
a first-order magnetostructural phase transition. The
jumplike increase in the specific heat and the sharp
decrease in the electrical resistivity near the martensi-
tic transformations are partly related to an increase in
the DOS near the Fermi level during the AFM (mar-
tensite)—FM (austenite) transition. The anomalously
high thermal conductivity of phonons near the mar-
tensitic transition can be explained by the appearance
of soft phonon modes, which make an additional con-
tribution to C, and k.
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