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We report a study of the temperature dependence of thermoelectric power S and thermal conductivity « in
the ferromagnetic shape memory alloy NisgMns,4In;¢ in presence of zero and 20 kOe magnetic field. A peak is
observed in both S and « just below the paramagnetic to ferromagnetic transition temperature (T¢) of this alloy.
Further down the temperature another sharp change is observed both in S and «, and this latter change is
associated with the austenite to martensite phase transition in this alloy. The low temperature peak (below
~50 K), which is usually observed in the temperature dependence of S and « in metallic systems, is absent in
the present alloy system. The measured thermal transport properties of NisoMns4In;q are qualitatively different
from those reported earlier for the well known magnetic shape memory alloy system Ni-Mn-Ga. We interpret
the measured thermal transport properties using the changes in the electronic structure near the Fermi level.
Apart from electronic structure, the scattering of conduction electrons and phonons by the twin boundaries
introduced into the system during the martensitic transition also plays an important role in the temperature

dependence of S and «.
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I. INTRODUCTION

The potential ferromagnetic shape memory (FSM) alloys
NisoMns,_In, (x=14-17) (Refs. 1-7) have been drawing
considerable attention for the past few years due to their
multi-functional properties such as large magnetocaloric ef-
fect (MCE),>® large magnetoresistance (MR), etc.® In these
alloys the ferromagnetic Curie temperature (7) lies just
above 300 K, while austenite (AST) to martensite (MST)
phase transition takes place in a wide temperature region.'=>’
The temperature of this martensitic transition varies from
more than 350 K for x=14 to less than 200 K for x=17.
Interestingly, in this range of x, the MST to AST phase tran-
sition can be induced by both temperature and magnetic
field.>38 The first order nature of this MST-AST transition is
responsible for the above said functional properties.>* Re-
cently, we have shown that the MR, MCE, and the magnetic
field induced strain in NisoMnsyIn;4 alloy are dependent on
the therno-magnetic history of the sample.®~!!

While a considerable amount of experimental results is
available in the literature on the magnetic, structural and
electrical properties of FSM alloys,!? there are relatively
very few reports on the temperature and magnetic field de-
pendencies of the thermal transport properties.!>~'® Thermal
transport data on Ni-Mn-Ga FSM alloys show distinct
changes across the T and the MST-AST transitions.'4!7
Considerable changes in the thermoelectric power (Seebeck
coefficient) are observed in the FSM alloy NisgMnssSn;, in
presence of magnetic field."® In Ni-Mn-In system, Zhang et
al., have reported a considerable change in thermal conduc-
tivity of NisgMnss;In g3 alloy in presence of magnetic
field.!® These results have motivated us to investigate on the
temperature dependence of thermal transport properties of
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NispMns,ln g in presence of applied magnetic fields. In the
sections below we present a detailed study of the temperature
dependence of thermoelectric power (S) and thermal conduc-
tivity («) in the presence of zero and 20 kOe applied mag-
netic field. These results show that (i) both S(7) and «(T)
undergo striking change across the paramagnetic to ferro-
magnetic transition as well as the martensitic transition in
NisoMns4In;e; (ii) the overall behavior of S(T) and «(7) are
significantly different from that observed earlier for other
Heusler alloys and also in ferromagnetic system like Ni.!%-?!
We argue that the shape of the 3d spin up and spin down
density of states (DOS) and their shifting when temperature
is reduced below T, and the twin boundaries introduced in
the system due to martensitic transition, play very important
roles in the thermal transport properties of NisoMns,Ins. An-
other striking feature revealed in the present study is the
absence of the low temperature peak in the temperature de-
pendence of S and x. We attribute this behavior to the sup-
pression of umklapp phonon-phonon, and phonon-electron
process due to scattering from impurities and twin
boundaries.

The paper is organized in the following manner. In Sec. II,
we present a brief note on sample preparation, the measure-
ment technique and on the method of the electronic structure
calculations. In Sec. III, we first describe the results of tem-
perature dependence of thermal transport properties and then
introduce the theoretical aspects of s—d scattering and its
relevance to Heusler alloys followed by the electronic DOS
structure of NisoMnsy 305In;5 6,5 Which is closest to the sys-
tem under experimental investigation. We then present the
detailed analysis of the thermal transport properties of
NisoMns,ln 4 by taking the s—d scattering into consideration.
The final conclusions are summarized in Sec. IV.
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II. DETAILS OF EXPERIMENTS AND COMPUTATION

The polycrystalline NisoMns,In;¢ used in the present ex-
perimental study was prepared by arc melting the required
amount of constituent pure elements under argon atmo-
sphere. The sample was flipped and remelted several times to
ensure homogeneity. The sample was characterized by x-ray
diffraction, ac susceptibility, magnetization, and MR
etc.>>08-11 The S and x were measured in the temperature
range 2.5-320 K for zero and 20 kOe using a Quantum De-
sign Thermal Transport Option (TTO) in a 9T Physical Prop-
erty Measurement System (PPMS). The sample used for this
study was in the form of irregular rod. One end of the sample
was connected to the cold head of the TTO puck using a gold
coated Cu strip. A heater was attached to the other end of the
sample. Two calibrated sensors were used to measure the
temperatures of both the ends of the sample. Measurements
were carried out in a continuous mode?? in which a relax-
ation technique in the frame work given by Maldonado?? is
employed to estimate the S and . Here, the temperature of
the cold head was continuously varied from an initial value
to a final value with a rate of 0.2 K/min or less. A small
current pulse was given to the heater. This results in a time
varying temperature difference between the two ends of the
sample. Temperature of the both the ends were measured and
the temperature difference across the sample was calculated
over a period of time after switching on and off the heater.
Similarly, the thermo emf generated due to the temperature
difference across the sample was also measured. The tem-
perature difference and the corresponding emf as function of
time were fitted to relaxation equation®” to estimate the «(T)
and S. Since, the sample was not regular, we present only the
relative value of x(7) with respect to x(320 K), so that the
errors in the estimation of absolute values of «(7) are
avoided.

The electronic structure calculations for Nis
Mnsy 305105 65 in both the paramagnetic and ferromagnetic
state were carried out using state-of-the-art full potential lin-
earized augmented plane-wave (FP-LAPW) method.>* The
lattice parameter of 6.011 A and L2, structure’ were used
for the calculations. The Muffin-Tin sphere radii were chosen
to be 2.322, 2.281, and 2.549 a.u. for Ni, Mn, and In atoms,
respectively. For the exchange-correlation functional, we
have adopted recently developed generalized gradient ap-
proximation (GGA) form of Perdew et al?® The self-
consistency was achieved by demanding the root mean
square (RMS) change in the effective potential and magnetic
field to be smaller than 107*. The density of states were
calculated using 200 k-point mesh in the Brillouin zone.

The composition NisgMns, 3550555 is chosen due to the
calculation of DOS for NisMns,In;4 is almost impossible for
us as it cost huge computational time. The
NisgMnsy 395Iny5 655 1S the nearest composition for which
electronic structure calculation is possible through 32 atom
super cell configuration and for this composition, the sample
undergoes martensitic transition below in the ferromagnetic
state.!

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of S in
NisoMns4In,¢ for magnetic field H=0 and H=20 kOe. S(7)
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FIG. 1. (Color online) Thermopower of NisyMnsylng in the
temperature range 2.5 to 320 K in presence of zero and 20 kOe
magnetic field. The Curie temperature is characterized by a slope
change at 302 K. A large negative peak just below 7, is observed
(see text for details). A sharp jump is seen across MST-AST transi-
tion. This transition shifts to lower temperature in presence of mag-
netic field. At low temperatures, the characteristic peak in S corre-
sponding to phonon drag effect is absent here.

is negative in the entire temperature range of interest. In the
paramagnetic state, S is about —10.5 uV/K at 315 K. As
temperature is decreased, S increases in the negative direc-
tion. A change of slope in S(7) occurs around 302 K, and this
temperature roughly coincides with Ty of NisoMns,In,q.>
Similar change in slope around T has earlier been observed
for Ni (Refs. 19 and 20) and Ni-Mn-Ga."> However, S(7)
decreases sharply in magnitude below 298 K giving rise to a
negative peak in S(7). Such a behavior of S(T) across T is
different from what has been observed for Ni and Ni-Mn-Ga.
S(T) measured across the T in the presence of an applied
magnetic field, does not show any significant change in the
behavior. When temperature is further decreased below 290
K, there is a sharp drop in the magnitude of S(7) at about
240 K. We attribute this sharp change to the AST-MST tran-
sition in NisgMns4In ;.3 Across this transition, hysteresis be-
tween warming and cooling cycle is observed over a wide
range of temperature. This hysteresis is related to the disor-
der influenced first order nature of this AST-MST phase
transition’® and  agrees well with the  other
measurements.>%%!! With an applied field of 20 kOe, the
drop in S(T) occurs at 230 K. This is because of the shift in
the AST-MST transition to lower temperatures with an ap-
plied magnetic field. Well below the AST-MST transition
there is again no significant field dependence of S(7). It is
also interesting to note that, S(7) is linear below this transi-
tion without any signature of phonon drag effect.!”

Figure 2 shows the «/k3y verses T plot for
NisoMnsyIng. A sharp peak in x(7) is observed in the tem-
perature regime, which coincides with the paramagnetic to
ferromagnetic transition. This behavior is in sharp contrast
with what has been observed in a sample with nearby con-
centration NisyMns;,In;¢3,'% as well as Ni-Mn-Ga.'> Nor-
mally, a change of slope in «(7) is observed across the Curie
temperature for the transition metal ferromagnets.?! On de-
creasing the temperature further below T, (7) suddenly
drops across the AST-MST transition around 240 K. A
marked hysteresis in «(7) is observed between heating and
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FIG. 2. (Color online) Thermal Conductivity of NisogMns,In 4 in
the temperature range 2.5 to 320 K in presence of zero and 20 kOe
magnetic field. The T, is characterized by a jump at 303 K. A sharp
drop due to martensitic transition is observed at 240 K when tem-
perature is reduced.

cooling cycle across this AST-MST transition. Application of
a magnetic field of 20 kOe also has a significant effect on
k(T) in the temperature region around the AST-MST transi-
tion.

A peak in «(T) is generally expected at low temperatures
for metallic samples due to the phonon umklapp process.?’
This characteristic peak in «(7) is absent in the present
sample, and «(7) decreases rather monotonically in the MST
phase of NisoMnsyIn.

The magnetism, and electrical transport properties of
Heusler alloys can be understood using the s—d
interaction.?®3! Using the same interaction mechanism the
properties of Ni across the T were also explained.!*?° In the
paramagnetic state of Ni-Mn based Heusler alloys, Ni 3d
band is nearly full, where as, the Mn 3d band is half filled.*
As the temperature is decreased below T, the Mn 3d spin up
(spin down) band is shifted below (above) the Ep. This re-
sults in draining out (filling up) of spin down (up) band.*?
Hence, there is a temperature dependent behavior of s—d
scattering. As a consequence, drastic changes can be ob-
served in the temperature dependence of transport properties.
This aspect is discussed below to explain the thermal trans-
port properties of NisoMns,In.

A. Contributions from s—d scattering
to the transport properties

In case of s—d scattering, the energy dependent electrical
conductivity can be expressed as'

2, ,Ny(Ep)
o(Ep) = e’K,_o= —e*u*————, (1)
" "3 NEp)

where e is the electronic charge, u is the drift velocity. The
N,(Ep) and N,(Eg) are the DOS of conduction and d elec-
trons at Ey, respectively. The K|, is the transport integral and
is given by?’
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1 (™ d
K, = —zf (- EF)”(— —f>cr(w)dw, (2)
e )., Jw
where f is the Fermi function. Then S and electronic part of
thermal conductivity k, can be expressed as?

1 K
S=——— (3)
eTKO
and
1 K?
K, = _<K2—_1>- (4)
T K,

The temperature dependence of transport properties for
kgT<Ep (kg is the Boltzmann constant) can be extracted
using Sommerfeld expansion of K,,. Then for a ferromagnetic
state, o, S, and K can be expressed as*®

2 2.2 Ns(EF)

o(Ep) = —e“u , (5)
773 Ny(Ep) + Ny (EF)
5 +
_ mkgT| 1 INy(w) Jw dw

- 3e ]\7‘Y Jw NdT+Ndl w=Ej

(6)
and
2 N

K, =LoT=eu? HC) (7)

37 Ny(o)+Nyg(o)’

where Ny and Ny are the up spin and down spin d-DOS,
respectively. Here the transport properties are governed by
the changes in the d-DOS. In case of ferromagnets, spin up
and spin down DOS will split and move against each other
when the temperature is decreased below T.. The loss of
d-DOS at E and the changes in %L()w) and %ﬁiw at Er due
to the shifting in bands explain to a first approximation, the
behavior of o, S, and « across the T, in Nickel.?!

B. Electronic structure of NisoMn34In;¢

The partial DOS structures of Ni, Mn, and In for
NisoMnsy 305In;5 655 are shown in Fig. 3 for both nonmagnetic
(paramagnetic) and ferromagnetic cases. In the paramagnetic
state, the Mn and Ni 3d DOS are dominant near the Fermi
level. The In 5p and 5s states are very small in the paramag-
netic state and remains nearly same in ferromagnetic state
also. As the temperature is reduced below 7, the Mn 3d
states will split into up spin and down spin bands and move
downwards and upwards with respect to the Fermi level,
respectively. We also find there are considerable changes in
the Ni 3d DOS structure.

C. Thermoelectric power

The thermoelectric power of NisgMns,In;¢ can be under-
stood if we apply the Eq. (6). to the calculated DOS structure
at the Fermi level. The major contribution to S is arising
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FIG. 3. (Color online) Density of states for NisgMns4 355105 625,
which is closest to the present system under experimental investi-
gation. In the paramagnetic state, Mn 3d and Ni 3d partial DOS
(PDOS) are dominant at E. The Mn 3d and Ni 3d PDOS at Ey are
reduced in the ferromagnetic state. The In 5p and Ss states are small
in the paramagnetic state and in ferromagnetic state, these states
mostly remains same as in the paramagnetic state.

from the N, which consists of In 5p and 5s states. At Ex, N
is broad and very small (Fig. 3). As S“(ﬁ%)m@ [first
term in the Eq. (6)], we find large negative S at high tem-
peratures. This is true for most of the Heusler alloys.'>!833
The second term in the Eq. (6). can account for the changes
in the S(T) across the T (Fig. 4). The changes in N, and
N, .
(a_w)w:Ep when temperature is decreased below T are sum-

marized below.

(a) The Ny (EF) of Mn 3d decreases and its derivative
INgp(w)
o AEp varies from negative value at near 7 to zero at

far below T.

(b) The Ny (Er) of Mn 3d decreases and its derivative
INg)(w)
% at Ep varies from positive value at near T to lower

positive value at far below T.

=10+
NI_Mn_ In l ;,...:,.
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FIG. 4. (Color online) Thermopower near the Curie temperature
of NisgMnsyln;¢ in presence of zero and 20 kOe magnetic field for
the cooling cycle.
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(c) The both Nd (E f) and Nd {(E ) of Ni 3d decreases and

their derivatives ;L)w d ; at Ep vary from negative
value at near 7 to zero at far below Tc.

Hence, near T, the absolute value of S increases as all the
DOS except Mn 3d spin down band are contributing a nega-
tive thermoelectric power. However, when temperature is
further lowered, the contributions from Ni 3d and Mn 3d
spin band vanish as derivatives of these DOS structures ap-
proaches to zero and the only contributing term is from Mn
spin down band which is positive. Hence, we observe a de-
crease in absolute S. In other words, the changes in the elec-
tronic DOS structure below the ferromagnetic state are re-
sponsible for the changes in the thermoelectric power.

When temperature is further decreased in zero magnetic
field, a sharp jump of about ~5 wV/K is observed at the
martensitic transition at about 240 K having a width of 1 K.
It is observed that the jump in S across the first order struc-
tural transition is common in many of the systems such as
NiTi,** Ce;AL* GdsGey, and related alloys,**° and
Niso_,Mn,s, ,Ga,s, ' etc. It is also observed that the width of
the jump is over several Kelvin for the case of non magnetic
systems like NiTi and Ce;Al etc. and is very sharp when
such a transition is coupled with a magnetic transition like in
the systems GdsGe, or structural transition in the ferromag-
netic state like Nisy_,Mnys, Gays, Tbs(SiysGeys)s (Ref. 38),
etc. In the present case, the AST-MST transition is also as-
sociated with a marked drop in magnetization.® And, we no-
tice that similar to the cases of Nisy_ Mn,s, Gays,
Tbs(Sip sGeys)s and GdsGey the jump in S(7) is also quite
sharp across the AST-MST structural transition in
NisoMn34In 6. For the cooling cycle, the jump in the absolute
thermopower across the structural transition can be from a
lower value to a higher value,'>* or from a higher value to a
lower value.?~%° This can be understood by considering the
changes in the electronic structure at the Fermi level across
the martensitic transition. It is to be noted here that the over-
all electronic structure do not change much across the mar-
tensitic transition, but the Fermi level shifts either upwards
or down wards. Below the structural transition, there is a loss
of DOS at E for NiTi (Ref. 41) and Ni-Mn-Ga.*>*3 Hence,
for the cooling cycle, the observed jump in S(7) is from a
lower value to a higher value. In case of Fe, VAL, there is an
enhancement of DOS at E below the structural transition.*’
Here, during cooling, the observed jump in S(7) is from a
higher value to a lower value. Hence, the drop in S across the
MST transition for the present sample can be inferred to be
due to an enhancement of DOS at Ey. The shift in the Fermi
level can be estimated by considering a linear temperature
dependence of S=7?k;T/2¢Ey at low temperatures.'” The
S(T) is linear below martensitic transition. The slope of the
linear fit (solid red line in Fig. 5) to S(7) in MST phase can
be used to estimate Ey for the MST phase and is about 1.2
eV. In order to estimate the Ej for the AST phase, a hypo-
thetical linear temperature dependence of S(7) at low tem-
peratures for the AST phase can be assumed as that shown
by a solid black line in the Fig. 5. It is supported by our 20
kOe data where a quasi linear temperature dependence of §
is observed between MST start temperature of H=20 kOe
and H=0 . The Ej estimated from this, is about 0.74 eV.
Hence, the shift in the Fermi level across the maartensitic
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FIG. 5. (Color online) Temperature dependence of S for cooling
in presence of zero and 20 kOe magnetic field. The solid black line
is the hypothetical line representing temperature dependence of S in
the AST phase at low temperature. The solid red line is the linear fit
to experimental data points below martensitic transition.

transition is about 0.46 eV. This is in agreement with the
theoretical calculations for Ni-Mn-Ga systems.*>*3

In metals, normally a peak in S(7) is observed below 50
K. This is associated with the phonon-electron umklapp scat-
tering. Here, the electrons gain momentum when they are
scattered by low energy phonons, leading to a positive peak
in S(7).'"° This is called phonon drag thermopower and is
observed for Ni-Mn-Ga alloys also. However, there is no
such peak in NisyMns,In ;4. The S(7) is extremely linear in
the temperature range 2.5 to 230 K. In the MST phase, twin
boundaries and the impurities due to surface relief can con-
tribute to the scattering of phonons and electrons. If the size
of the twin boundaries is of the order of wavelength of the
phonons present at that temperature, then the phonons are
normally scattered by these twin boundaries. Apart from this,
relaxation time corresponding to phonon-impurity scattering
is also high. When such scattering is present, less phonon
momentum is imparted to the conduction electrons and the
corresponding peak in S(7T) reduces or disappears.'® Simi-
larly, scattering of electrons from the twin boundaries and the
impurities in the MST phase suppresses the electron-phonon
umklapp scattering. This also contributes to the suppression
of the phonon drag thermoelectric power.

D. Thermal conductivity

Normally, there is a change in slope in o, S, and « at the
T.. This can be explained by Egs. (5)—(7). However, tem-
perature dependence of transport properties of transition met-
als cannot be explained by these equations.* It is also true
for changes in « around T, for NisoMn,sGays,'> and Gd (Ref.
46) as well as in our present data on NisoMns,In, (Fig. 6).
This discrepancy is due to the omission of higher order terms
in deriving Eq. (7). Temperature dependence of S shows that
there is considerable contribution from derivatives of the
DOS at Ej. Hence, in order to explain the changes in « near
the T, one needs to consider higher order terms. The higher
order correction to k, is given by
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FIG. 6. (Color online) Temperature dependence of « near 7T, for
the cooling cycle. Higher order corrections for k, is required to
explain the changes around 7.

N
Ak, T{O.46M(

2
; o?Nd(w)) ~ 0.35N5(w) PNy (o)
N, (w)

dw Niw) de?

+] (®)

This correction needs to be incorporated in to Eq. (7),
after taking the spin splitting into consideration. This is be-
cause, Ak, will be very large and can have either sign de-
pending upon the contributions from higher order deriva-
tives. These contributions can become large when a large
DOS is present in a narrow energy range and/or deviation
from parabolic nature of DOS fails to exist.

Apart from the variations around T,  is temperature
dependent below T,. Generally, for a normal metal, oo 7"!
at high temperatures, leading to a constant «,. However, in
case of s—d scattering ¢ is not proportional to 7-'. Hence,
we find temperature dependence of «,.

There is a sharp drop in « across the martensitic transition
when temperature is decreased below 250 K. Note that the
results of S(7) studies discussed above suggest that there is
an increase in the DOS at the Fermi level. Hence, one ex-
pects an increase in o and « below the martensitic transition.
However, this is in contradiction with the observed results of
o and k. This is because of the dominance of scattering of
phonons and electrons from the impurities and twin bound-
aries which suppresses the effects due to an enhancement of
the DOS at Er. Hence, both electrical and thermal conduc-
tivities decrease at the AST to martensitic transition.

In general thermal conductivity can be expressed as k
=kK,+k;, where «; is the lattice thermal conductivity and is
given by KL=%CUUZ7', where C, is the lattice heat capacity, v
is the group velocity of phonons, and 7is the relaxation time.
At high temperatures, phonon-phonon interactions dominate
and the corresponding 7 is inversely proportional to
temperature.'”# Phonon heat capacity at these temperatures
is independent of temperature and hence, «; = 7T~'. Here, for
metals, « is dominated by «,. In the low temperature limit,
only long wavelength phonons exist and hence impurity-
phonon and phonon-boundary scattering dominates leading
to temperature independent 7.1%4* At these temperatures, lat-
tice heat capacity varies as T° leading to «; % 7°. In addition,
K, will be linear in 7. At intermediate temperatures, umklapp
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FIG. 7. (Color online) Temperature dependence of magnetother-
moelectric power (MTEP) for H=20 kOe for the cooling cycle in
NisoMn3yln;q. MTEP is very large across the AST-MST phase tran-
sition and is almost zero otherwise.

phonon-phonon interaction dominates leading to 7
xexp(©,/T).'"* Here, lattice heat capacity is slow varying
function of temperature leading to «; <exp(®,/T). Hence,
for a metal, a peak in the temperature dependence of thermal
conductivity occurs at low temperatures.

However, when impurity level is fairly large, effect due to
phonon-impurity scattering can be seen even at high tem-
perature. As said earlier, this scattering also leads to suppres-
sion of umklapp scattering. Hence, temperature dependence
of k; is seen as T° at low temperatures and constant at high
temperatures. Similarly, at low temperatures, the scattering
of electrons from impurities leads to x,*7 as o become
independent of temperature. Hence, in our data, the peak in «
at low temperatures is absent (Fig. 2). This is supported by
the large residual resistivity of 250 u{)cm in the MST
phase.?

E. Effect of magnetic field on the thermal transport
properties of NisgyMnz,In¢

The MST to AST phase transition in NisoMnsyIn;q can be
driven either by temperature or by magnetic field.> The drop
in S(T) at AST-MST phase transition at 240 K shifts to 230 K
in presence of 20 kOe of magnetic field. This is because of
the shift in the AST-MST transition to lower temperatures
with an applied magnetic field.> Hence, there is a large mag-
netothermoelectric power (MTEP=[Sy—-Sx_0]
X 100/8y-¢) across the AST-MST phase transition. Figure 7
shows the temperature dependence of MTEP for H
=20 kOe. MTEP is about 50% around the martensitic tran-
sition and is almost zero otherwise. This magnitude is similar
to that of MR observed across the AST-MST transition in
NisoMny,In,¢.° From Eq. (3). it can be shown that the MTEP
. . dpo/py .
is  proportional to  [(py(=5,~)=po)/ po]szF. Since,
(po/ pH)szF> 1, we expect MTEP should be proportional to
MR. The MR is negative in this system.? This means that the
MTEP should be negative. However, we have observed a
positive MTEP. This indicates the mechanisms that are gov-
erning the MTEP and MR are different. As said earlier, the
changes in the MTEP is mainly due to shift in the Fermi
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FIG. 8. (Color online) Temperature dependence of magnetother-
mal conductivity (MTC) for H=20 kOe for the cooling cycle in
NisoMngyln;q. MTC is very large across the AST-MST phase tran-
sition and is also significant in the AST phase below T..

level resulting in the drop in the absolute value of S. How-
ever, scattering of electrons by the twin boundaries do not
effect S much at these temperatures. But, in case of resistiv-
ity, formation of twin boundaries and the surface reliefs con-
tribute heavily as compared to the changes in the Fermi sur-
face. Hence, we observe a positive MTEP where MR is
negative. There is a change of sign in MTEP below the AST
to MST transition. We do not have any straightforward ex-
planation for this behavior right now.

An application of magnetic field of 20 kOe also has a
significant effect on «(7) in the temperature region around
the AST-MST transition. Figure 8 shows the temperature de-
pendence of magnetothermal  conductivity — (MTC
=[ky— Kkp=0) X 100/ k=) for H=20 kOe. Similar to MTEP,
MTC is large across the AST-MST transition and the magni-
tude is similar to MTEP and MR. In contrast to MTEP, MTC
is also significant in the AST phase below T-. The change of
sign in MTC below the AST-MST transition is similar to
MTEP. In Ni-Mn-In systems, Zhang et al. have shown that
the Wiedemann-Franz law is valid below T.!? In such cases,
the «, can be expressed as LyTo [from Eq. (4)]. Hence, MTC
is proportional to -MR. Since, MR is negative in these sys-
tems we found a positive MTC which is in agreement with
the observations of Zhang et al.'* Hence, it appears that the
electrical and thermal conductivities across the MST-AST
phase transition are governed by twin boundary scattering
while thermoelectric power across the MST-AST phase tran-
sition is governed by changes in the electronic structure.
These lead to correlation between MTC and MR while
MTEP shows no correlation with the MR.

IV. CONCLUSION

In conclusion, we have measured the thermoelectric
power and thermal conductivity of NisuMns,In g in presence
of zero and 20 kOe magnetic field. An anomalous peak just
below T, in the temperature dependence of S and « is shown
to be due to the shape of the 3d spin up and spin down DOS
and their shifting below 7. The sharp drop in S across the
martensitic transition suggests that there is an enhancement
of DOS at E. However, the drop in the « across this transi-
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tion cannot be accounted by similar arguments. We inter-
preted this as due to the scattering of conduction electrons
and phonons by the disorder introduced into the system dur-
ing the martensitic transition. In presence of magnetic field,
the martensitic transition shifts to lower temperatures leading
to large values of magnetothermoelectric power and magne-
tothermal conductivity in the vicinity of martensitic transi-
tion. An interesting feature of thermal transport properties is
the absence of a peak in their temperature dependence below

PHYSICAL REVIEW B 81, 195105 (2010)

50 K. This arises from the suppression of umklapp phonon-
phonon, and phonon-electron process due to scattering from
impurities and boundaries.
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