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We present the measurements of electrical resistivity ���, specific heat �CP�, Seebeck coefficient �S�, as well
as thermal conductivity ��� of the Heusler compounds Ni2+xMn1−xGa from 10 to 400 K. A series of
Ni2+xMn1−xGa alloys were prepared with x=0, 0.04, 0.06, 0.10, 0.14, 0.18, and 0.24 to systematically study the
effect of substitution on the martensitic and ferromagnetic transitions. Unusual sharp peaks were observed in
both S and � around the martensitic transition temperature �TM�, while a noticeable change of slope was seen
in S and � at the ferromagnetic transition temperature �TC� in Ni2+xMn1−xGa with x�0.14. For x�0.14 the
structural and magnetic phase transitions were found to merge together, as noticed from the sharp changes in
all measured physical quantities. Existence of premartensitic transition �TP� was unambiguously resolved in the
stoichiometric compound Ni2MnGa by the CP measurement, although such a feature becomes less pronounced
with increasing x and completely disappears for the compositions x�0.10. Significant thermal hysteresis loops
between heating and cooling cycles appear in the vicinity of TM, which is associated with the presence of
7-layer and 5-layer modulated structures. In addition, huge peaks were observed in the thermal conductivity
near TM. We connected this observation to the nesting of the Fermi-level density of states, which is appropriate
for the Peierls transition.
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I. INTRODUCTION

Cubic Heusler alloys with general formula X2YZ, where X
and Y are the transition metals and Z often is an element with
sp-type valence electrons from columns III through VI in the
Periodic Table, have been of considerable interest due to
their unusual magnetic and transport properties.1–8 Particu-
larly, the Mn containing Heusler compound Ni2MnGa is a
ferromagnetic material with a displacive and diffusionless
martensitic transition from high symmetry cubic structure
�austenitic phase� to low symmetry tetragonal/ortorhombic
structure �martensite phase� upon cooling to around 220 K.3

Another appealing aspect of Ni2MnGa is the existence of
martensitic transition in this material which shows thermo-
plastic and reversible characteristics leading to the shape
memory effect. Such a shape memory effect has attracted
considerable attention towards application as actuation de-
vices and smart materials. Neutron diffraction studies re-
vealed that the martensitic transition in Ni2MnGa could be
described as a simple contraction along the �100� direction of
the cubic cell,3 without any change in the atomic position
�diffusionless�. In spite of the sizeable displacement of at-
oms, the change in the unit cell volume is only 1%.

In recent years, compositional dependence on the struc-
tural and transport properties in these enthralling materials
has been of considerable interest.1–14 For the stoichiometric
Ni2MnGa, the martensitic transition temperature �TM

�220 K� is well below the Curie temperature �TC�380 K�.
It was found that both TM and TC are very sensitive to the
composition, and substitution of Ni in place of Mn decreases
TC but enhances TM in Ni2+xMn1−xGa.2,12,15 It was argued
that a reduction of Mn content in Ni2MnGa increases the

spatial distance between Mn atoms, leading to a decrease in
the exchange integral and hence the Curie temperature.15 The
structural phase transition is presumably driven by the band
Jahn-Teller effect,16 and is accompanied by a reduction in the
unit-cell volume. The enhancement of TM with respect to Ni
substitution for Mn in Ni2MnGa can be understood in terms
of the increase of e /a ratio �electron concentration�, which is
known to increase the electronic energy of the system and
consequently the TM.17,18 The compositional dependence of
TM and TC in Ni2+xMn1−xGa alloys have opened up the pos-
sibility of coupling the structural and magnetic transitions
near 320 K for the compositions with the critical value of xC
between 0.18–0.20.2,12,15 The perplexing part of this class of
alloys is the anomalies observed around the martensitic tran-
sition region.19,20 The incomplete condensation TA2 phonon
branch around 260 K �which is well above the TM �220 K�
observed in the inelastic neutron scattering experiments
and other investigations have uncovered the presence of a
weakly first order intermediate/premartensitic transition
�TP�.2,8,11,21–29 It was proposed that the premartensitic transi-
tion is tip-off of the beginning of the martensitic transition
and temperature at which ��260 K� the premartensitic tran-
sition occurs is composition independent and appears only
for the samples with TM � �270 K.2,28 As TM increases be-
yond this critical value ��270 K�, the premartensitic transi-
tion slowly diminishes as it overlaps with TM. In addition to
the premartensitic transition, an intermediate phase was also
reported just below TM for Ni2.16Mn0.84Ga, revealed by elec-
trical resistivity measurements.6 Further, it is still not clear
about the nature of the structural phase transition, whether it
is athermal or isothermal.24,30–34 On this basis, intense inves-
tigations are being carried out recently in order to explore the
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very complex characteristics of the martensitic transition in
this series of Ni2+xMn1−xGa compounds.

Martensitic transitions in Ni2+xMn1−xGa were found to be
first-order, as indicated by the hysteretic behavior in the elec-
trical resistivity around the transition region. Recent experi-
mental and theoretical studies have suggested the existence
of 5-layer �in austenitic phase� and 7-layer �in martensite
phase� phases and their conversion around 270 K.2,6,12,35,36

Furthermore, the appearance of premartensitic transition in
Ni2MnGa seems to be very sample dependent. Some re-
searchers have suggested that anomalous features between
TM and TC is an indication of the occurrence of premarten-
sitic transition in this class of materials, while others claimed
that no sign of such transition can be resolved by various
measurements.2,7,15,28,37 Therefore, the underlying mecha-
nisms leading to the above discussed phase transitions are
not fully established.

In this paper, we report a systematic investigation of
temperature-dependent transport and thermodynamic proper-
ties including electrical resistivity ���, specific heat �CP�,
Seebeck coefficient �S�, as well as thermal conductivity ���
on Ni2+xMn1−xGa with 0�x�0.24. The present measure-
ments were carried out by taking into consideration that
these physical properties are expected to be very sensitive to
the structural and magnetic transitions in this system.2,3,20,35

Pronounced anomalous features and significant thermal hys-
teresis were observed in all measured physical properties
near the structural �martensitic� phase transition. Particularly,
there is an abrupt peak in � near the martensitic transition,
most likely due to the contributions from the soft phonons. In
addition, the features of the premartensitic transition are
studied in detail by means of these measurements. To the
best of our knowledge, this study represents the first compre-
hensive report of transport and thermodynamic properties on
the Ni2+xMn1−xGa alloys.

II. EXPERIMENT

Polycrystalline Ni2+xMn1−xGa samples with nominal com-
positions of x=0, 0.04, 0.06, 0.10, 0.14, 0.18, and 0.24 were
prepared by conventional arc melting process in argon atmo-
sphere. To promote homogeneity, the resulting ingots were
annealed in a vacuum-sealed quartz tube at 800 °C for two
days, followed by furnace cooling. For x�0.10, the room-
temperature x-ray spectra show the cubic L21 Heusler phase.
On the other hand, the tetragonal phase was observed for x
�0.10 because the TM’s of these compositions are above
room temperature. Resistivity measurements were carried
out by standard four probe method in helium closed cycle
refrigerator. Relative specific heats were performed with a
high resolution ac calorimeter, using chopped light as a heat
source. For appropriately chosen chopping frequency �typi-
cally 2–10 Hz�, the magnitude of the temperature oscillation
is inversely proportional to the total heat capacity �including
sample and addendum�. The thermal conductivity was car-
ried out in a LHe/LN2 cryostat from 10 to 400 K, using a
direct heat-pulse technique. The sample was cut in to a rect-
angular parallelepiped shape with typical size of 1.5�1.5
�5.0 mm3 with one end glued �with thermal epoxy� to a

copper block that served as a heat sink, while a calibrated
chip resistor as a heat source glued to the other end. The
temperature difference was measured by an E-type differen-
tial thermocouple with junctions thermally attached to two
well-separated positions along the longest axis of the sample.
The temperature difference was controlled to be less than
1 K to minimize the heat loss through radiation. During mea-
surements the sample space is maintained in a good vacuum
�better than 10−4 Torr�. For the Seebeck coefficient measure-
ments, Seebeck voltages were detected using a pair of thin
Cu wire electrically connected to the sample with sliver paint
at the same positions as the junctions of differential thermo-
couple. The stray thermal emfs are eliminated by applying
long current pulses ��100 s� to the chip resistor, where the
pulses appear in an off-on-off sequence. All experiments
were performed during warming with a rate slower than
20 K/h. The reproducibility of S and � measurements is bet-
ter than 2%, while the absolute accuracy of � is approxi-
mately 15%, which mainly arises from the error in measur-
ing the geometrical factor of the samples. The details of our
measurement techniques can be found elsewhere.38

III. RESULTS AND DISCUSSIONS

A. Electrical resistivity

The temperature-dependent electrical resistivity ��T� of
the stoichiometric compound Ni2MnGa is given in Fig. 1.
The obvious slope change near 380 K is indicative of the
ferromagnetic ordering. Below the Curie temperature �TC�,
the resistivity shows a steep fall, which can be attributed to
the disappearance of electrons scattering on magnetic
fluctuations.2,15,28,37 The behavior of � at Curie point is the

FIG. 1. Temperature dependence of the electrical resistivity of
Ni2MnGa measured on both cooling and heating. Inset: a close-up
plot of the thermal hysteresis effect near the martensitic transition.
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common feature for the Heusler compounds with magnetic
ordering.1 An apparent jumplike feature appears at around
220 K �TM�, signifying the occurrence of the martensitic
transition. As the temperature lowers further, the electrical
resistivity of Ni2MnGa decreases, which represents a typical
metallic behavior. A prominent thermal hysteresis loop was
found between 210 K and 265 K, confirming the first-order
nature of the structural �martensitic� phase transition. On the
other hand, such a hysteretic feature is absent for the ferro-
magnetic transition, consistent with the results reported by
others.2,15,28,37 As seen in the inset of Fig. 1, a noticeable
slope change in ��T� around 265 K in the warming curve
marks the finish of the martensitic transition �or the onset of
the premartensitic transition�, as evident by the merging of
the warming and cooling ��T� curves in this material.

Figure 2 shows the temperature-dependent electrical resis-
tivity of Ni2+xMn1−xGa with various values of x. All data
shown in this figure were performed during warming pro-
cess. Since the magnitude of � for these compounds are
rather similar, we thus offset each ��T� curve by 10 �arbitrary
unit� for clarity. As seen from Fig. 2, distinct anomalous
features in ��T� at both TC �a slope change� and TM �a jump�
can be resolved. Besides, it was generally found that as the
value of x increases, TC gradually decreases while TM in-
creases. For x=0.14, the martensitic and ferromagnetic tran-
sitions are found to be closing up on each other, and finally
TC and TM coincide for the compositions with x�0.18. Such
a coincidence gives rise to a prominent peak in � around
320 K, signifying the coupling of structural and magnetic
transitions, which is in well accordance with the other re-
ported results.2,15,20,28,37 A close-up � vs T plot near the phase
transition for Ni2.24Mn0.76Ga is illustrated in the inset of Fig.
2. As indicated in this figure, more pronounced anomalies in

��T� around the martensitic transition with cooling process
are generally observed in these materials.

Among the Ni2+xMn1−xGa alloys we investigated, a
change of slope in ��T� near 260 K was observed for the
compositions of x=0.04 and x=0.06 �indicated by the arrows
in Fig. 2�, suggesting the existence of the premartensitic tran-
sition in these compounds. However, no noticeable sign of
premartensitic transition appear in the electrical resistivity
data for larger x. The signature of this premartensitic transi-
tion in these compounds is more pronounced in the specific
heat and thermal transport properties, which will be ad-
dressed in later sections. The previously reported results sug-
gest that the 5M to 7M intermediate transitions increase the
number of conduction electrons and hence the reduction in �
would be expected.2,6 A detailed analysis of various scatter-
ing mechanisms significant to the electrical resistivity has
predicted that the electron-phonon scattering gives the domi-
nant contribution in the whole temperature range for this
class of materials, in comparison with the electron-magnon
and vibrating impurities scattering. Further details can be
seen elsewhere.37

B. Specific heat

The temperature-dependent specific heat �CP� of
Ni2MnGa is illustrated in Fig. 3. Notice that the ac technique
does not give the absolute value of specific heat without
detailed knowledge of the power absorbed from the light
pulse. The absolute value of the specific heat is obtained by
normalizing our ac data to the previously reported result at
200 K.4 The resulting temperature dependence and overall
absolute values of specific heat are similar to those reported
in Ref. 4. As demonstrated in Fig. 3, three distinct anomalies
which correspond to the martensitic transition �at around

FIG. 2. Evolution of the temperature-dependent electrical resis-
tivity in Ni2+xMn1−xGa with x=0.04–0.24 on heating. Inset shows a
blow-up plot near the phase transition for the Ni2.24Mn0.76Ga
compound.

FIG. 3. Temperature variation of the observed specific heat in
Ni2MnGa. The inset illustrates an enlarged view near the martensi-
tic and premartensitic transitions.
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220 K�, premartensitic transition �at around 260 K�, and
magnetic transition �at around 366 K� can be clearly identi-
fied by specific heat measurement. In the inset of Fig. 3, a
close-up plot of CP with heating and cooling cycles clearly
reveals a thermal hysteretic behavior at the martensitic tran-
sition in Ni2MnGa. However, no such kind of feature can be
resolved at the premartensitic transition and magnetic transi-
tion. Since the specific heat measurement is known as a sen-
sitive probe of phase transitions involving entropy change,
the existence of premartensitic transition in the shape
memory alloy Ni2MnGa is unambiguously detected by our
high resolution ac calorimeter. The excess specific heat
�Cp /Cp was estimated to be about 4% �heating cycle� and
3% at TM and TP, respectively. As the premartensitic transi-
tion is the tip-off of the beginning of martensitic transition, it
is reasonable to notice that the premartensitic transition
found in this material shows a wider transition width and
smaller excess specific heat than that of the martensitic tran-
sition itself.

At TC, it is found that the specific heat exhibits pro-
nounced peak during the magnetic phase transition due to a
large amount of entropy associated with the paramag-
netic to ferromagnetic ordering. The entropy change �S as-
sociated with each phase transition in the present case is
difficult to estimate precisely because these phase transitions
overlap and the lattice background is hard to define. We have
noticed that the excess specific heat �Cp /Cp ��4% � at TM

observed by our ac technique is smaller than that reported by
Kreissl et al. �adiabatic technique�.4 This discrepancy is not
likely due to the sample quality, since the transition width,
determined from the temperature width of half maximum, of
about 3 K in our present study is narrower than that pre-
sented by Kreissl and co-workers. Even though the ac tech-
nique has the advantages of great precision and only a small
sample needed, the latent heat usually accompanying with a
first-order phase transition is difficult to measure. Therefore,
there might be some contribution from latent heat during the
martensitic transition which is missing by our specific heat
measurement. However, the transition temperatures, charac-
teristics for the premartensitic transition and magnetic tran-
sition determined from our ac specific heat measurements are
still valid.

The T-dependent specific heat of the compositions x
=0.04, 0.06, 0.10, 0.14, 0.18, and 0.24 taken with warming
process are shown in Fig. 4. Each curve is offset by
20 �J /mol K� for clarity. Two kinds of distinct features can
be seen form CP measurements. For x�0.10, two phase tran-
sitions at TM �around 260 K� and TC �around 360 K� are
clearly visible in these compounds. As a function of Ni con-
centration, TC gradually decreases and overlaps with the
martensitic transition around 310 K. For x�0.14, only one
pronounced peak �around 310 K� in CP is found and it is
highly hysteretic �see the inset of Fig. 4�. For the x=0.14
sample, there is a noticeable shoulder right below the peak
position, suggesting the martensitic transition and magnetic
transition have not yet completely merged at this composi-
tion, consistent with the result of electrical resistivity mea-
surement.

A remarkable feature is the observation of premarten-
sitic transition around 260 K for the compositions x�0.06,

as indicated by the arrows in Fig. 4. The temperature
��260 K� at which the premartensitic transition occurs is
almost composition-independent, and completely disappears
for the compositions x�0.10. This is in good agreement
with the previously reported results.2,22 Another interesting
aspect is that the anomalies at TM contain many small satel-
lite peaks �or scatters�. Such a feature is more apparent in the
x=0.10 sample �see Fig. 4�. These satellite peaks indicate
that the structural transition takes place in multiple steps.
This is also consistent with the previously reported DSC
measurements.39 Due to the absence of configuration contri-
butions to the entropy in the case of martensitic transforma-
tions, it is assumed that the total entropy has three main
contributions, namely, electronic, magnetic, and vibra-
tional.12 Previous reports have indicated that the electronic
contribution is very small and the vibrational contribution is
independent of composition.12,40 This leads to the conclusion
that the increase in entropy for Ni excess alloys is mainly
due to the magnetic contribution. This is further supported by
the strong increase in the magnetization jump for the Ni
excess alloys.41 In this regard, the observed peaks in specific
heat measurements are more pronounced for Ni excess al-
loys.

C. Seebeck coefficient

The temperature-dependent Seebeck coefficient S�T� with
warming process for Ni2MnGa �x=0� is displayed in Fig. 5.
The Seebeck coefficient of Ni2MnGa is negative for the en-
tire temperature range under investigation, regardless of the

FIG. 4. The temperature dependent specific heat for
Ni2+xMn1−xGa with x=0.04–0.24 on heating. Each curve is offset
by 20 J /mol K for clarity. The inset shows the thermal hysteretic
behavior in CP near the phase transition for the x=0.18 compound.
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positive phonon-drag effect at low temperature. The negative
S value for this compound suggests that electron-type carri-
ers dominate the thermoelectric transport. With decreasing
temperature, a clear change of slope to a larger dS /dT value
was found near TC, similar to that of the electrical resistivity
data. In the vicinity of TM, the Seebeck coefficient exhibits a
pronounced peak with �S /S�20% within a narrow tem-
perature interval of about 5 K. Notice that an apparent ther-
mal hysteresis loop was also observed near TM, as displayed
in the inset of Fig. 5. In addition, a distinct kink around TP

�260 K �indicated by arrows in Fig. 5� signifies the occur-
rence of the premartensitic transition, in agreement with the
specific measurement. Theoretical and experimental studies
have suggested that significant changes take place at the
Fermi surface associated with the phase transitions in
Ni2MnGa.2,35,42,43 Since the Seebeck coefficient measure-
ment is a sensitive probe of energy relative to the Fermi
surface, the result of Seebeck coefficient measurement would
provide valuable information toward the understanding of
the influences to the band structure in Ni2MnGa during these
phase transitions.37,44,45 The steep fall of Seebeck coefficient
near the ferromagnetic transition is ascribed to a reduction of
magnetic scattering to the thermoelectric transport at TC.
Such an anomalous feature is consistent with the band struc-
ture calculations, which suggest that the density of states
�DOS� at the Fermi surface reduces significantly due to fer-
romagnetic ordering.35 On the other hand, the prominent
anomalous peak in S suggests a strong modification of band
structure at TM, associated with the structural change near the
phase transition. For ordinary metals, Seebeck coefficient is
often discussed using the well-known Mott formula �elec-
tronic contribution�,

Se 	
1

e
� 1

N�E�
�N�E�

�E
�

E=EF

, �1�

assuming a one-band model with an energy-independent re-
laxation time, where e is the elementary charge, and N�E� is
the electronic DOS. Equation �1� indicates that any change in
the Seebeck coefficient is a direct consequence of the modi-
fications in the DOS near the Fermi level.43,46 Another pecu-
liar feature of the Seebeck coefficient in Ni2MnGa is the
appearance of a broad minimum at around 220 K �happen to
be close to TM�, indicating the existence of a pseudogap in
the electronic density of states in this material. Such a
pseudogap feature is well-documented for other Heusler
compounds.47,48

In Fig. 6, we display the temperature-dependent Seebeck
coefficient of Ni2+xMn1−xGa with various x values, measured
in the warming process. Again, each curve is offset for clar-
ity. The room temperature S found to be negative, revealing
that the majority charge carriers are electrons irrespective of
their compositions. The composition dependent Seebeck co-
efficient shows three different trends as a function of tem-
perature. First, the S�T� behavior is nearly identical for the
low Ni substituted samples with x=0.04, 0.06, and 0.10. A
small but detectable variation in the slope of S around 260 K
for x=0.04 and 0.06, similar to that of the stoichiometric
compound �x=0�, indicates the premartensitic transition. The
observed premartensitic transitions are attributed to a small
tetragonal distortion, whereas the martensitic transition is as-
sociated with considerably larger tetragonal distortion. How-
ever, such a signature of premartensitic transition is invisible

FIG. 5. Seebeck coefficient vs temperature in Ni2MnGa on heat-
ing. Inset: a close-up plot near TM with both cooling and heating
runs. FIG. 6. Evolution of the temperature-dependent Seebeck coeffi-

cient in Ni2+xMn1−xGa with x=0.04–0.24 on heating. Inset shows
the blowup plot near the phase transition for Ni2.18Mn0.82Ga
compound.
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for x�0.10, which is in good agreement with our specific
heat results and previous findings.2,28 This can be attributed
to the assessment that the increase in conduction electron
upon Ni substitution to the level up to which the premarten-
sitic transition can take place by not significantly altering the
particular part of the multiply connected Fermi surface.2 Sec-
ond, for x=0.14, the Seebeck coefficient decreases with in-
creasing temperature and then develops a broad minimum at
around 220 K. With further increasing temperature a signifi-
cant jump in S around 310 K to 330 K was found, presum-
ably due to TM and TC approaching each other or TM and TC
separated by a close interval of temperature. Finally, for the
excess Ni substituted samples with x=0.18 and 0.24, S�T�
shows an abrupt jump associated with a well-defined spike
near 320 K as the TM and TC couples. The phase transition
was again found to be strongly hysteretic, as shown in the
inset of Fig. 6. Such a distinctive jump in S is remarkable in
the sense that no similar feature has been observed in the
electrical transport.

Another systematic variation with respect to Ni content is
that the broad minima in S shift to lower temperature with
larger x value ��200 K for x=0.18 and �170 K for x
=0.24�. The upturn in S at high temperatures is presumably
attributed to the contribution of thermally excited quasiparti-
cles across their pseudogaps. As the temperature increases,
intrinsic electrons and holes are excited. If the holes have a
slightly higher mobility than the electrons in these materials,
the thermal transport is increasingly governed by p-type car-
riers and the negative Seebeck coefficient reduces after pass-
ing the broad maximum. If the rigid-band shift of EF from
near the valley of pseudogap to a slightly above the center
with increasing x value, then it would require lower activated
energy for quasiparticles thermally excited across the
pseudogap. Such an interpretation can qualitatively explain
the tendency that the minimum position in S shifts to lower
temperatures with increasing Ni substitution.

Now we discuss the anomalous feature near the martensi-
tic transition for Ni2+xMn1−xGa. In comparison with the elec-
trical resistivity data, these abrupt jumps and spike-shape
features are unique and significant, representing sensitive na-
ture of S towards the martensitic transition in this series of
alloys. It is worth mentioning that our S data for Ni2MnGa
has a very similar temperature variation to that of the non-
magnetic shape memory alloy NiTi,44,49 except for the oppo-
site sign. This can be correlated with the predictions made
from theoretical investigations of Ni�Ti/Al� and Ni2MnGa,
as these two systems have rather similar Fermi surf-
ace.8,11,22,23,35,50,51 Therefore, the anomalous feature in S is
mainly arising from the change of the Fermi surface as the
material undergoes the martensitic transition. However, the
spike-shape peak in S is very unusual. This could be con-
nected to the scattering with the heat carrying soft phonons,
which will be described in the following section. During cu-
bic to tetragonal structural transition, changes in the lattice as
well as electronic levels take place. Further the splitting
causes the redistribution electrons, which in turn drives the
structural transition described by the band Jahn-Teller effect.
These appreciable changes are expected to exhibit the corre-
sponding predominant changes in the observed Seebeck co-
efficient in these Ni2+xMn1−xGa alloys. Unfortunately, there

were no substantial reports of Seebeck coefficient measure-
ment available in this type of compound except the one re-
cently published by Priolker et al.45 However, the anomalous
S features reported by the authors were not as pronounced as
the present observations, presumably due to sample quality
and/or measurement technique.

D. Thermal conductivity

The temperature-dependent thermal conductivity ��T�
with warming process for the stoichiometric Ni2MnGa is
shown in Fig. 7. The magnitude of room-temperature thermal
conductivity is approximately 150 mW/K cm. With raising
temperature, � increases until a broad maximum occurring at
around 100 K, which is due to the reduction of thermal scat-
tering at low temperatures. The maximum takes place at the
temperature where the phonon mean free path is approxi-
mately equal to the crystal site distance. Around the marten-
sitic transition temperature TM �220 K, � exhibits a steplike
jump accompanied by a remarkable spike-shaped peak with
�� /��40%. As temperature increases further, a notable
slope change at TP�260 K signifies the existence of the
premartensitic transition in this compound, consistent with
the specific heat and Seebeck coefficient results. Above TP, �
drops with increasing temperature, following the approxi-
mately 1/T behavior. Such a temperature variation is com-
monly seen at high temperatures for crystallized solids. Near
the Curie temperature �TC�380 K�, � shows a noticeable
drop �see the upper inset of Fig. 7� presumably due to an
increase of magnetic scattering in the paramagnetic state. In
addition, significant thermal hysteresis between heating and
cooling was also observed near the martensitic transition, as

FIG. 7. Thermal conductivity as a function of temperature for
Ni2MnGa on heating. Estimated electronic ��e� contribution to the
total thermal conductivity is given as a solid line. Inset: a blow-up
plot for the observed thermal conductivity near the magnetic tran-
sition �upper� and martensitic transition �lower�.
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shown in the lower inset of Fig. 7. Similar to that of the
specific heat and Seebeck coefficient data, the cooling run
has a less pronounced anomaly than that of the warming run.
Since the thermal conductivity measurements provide valu-
able information about the various scattering processes of
thermal carriers, the present data would offer an opportunity
to probe the interplay between the lattice, charge, and mag-
netic degrees of freedom in these shape memory alloys.

In general, the total thermal conductivity for a metal can
be expressed as a sum of lattice �L and electronic �e terms:
�=�L+�e. The electronic contribution is estimated by means
of the Wiedemann-Franz Law: �e� /T=L0. Here � is the dc
electrical resistivity and L0=2.45�10−8 W 
 K−2 is the Lor-
entz number. We thus calculate �e using the Wiedemann-
Franz Law and the measured � data. As illustrated in Fig. 7,
the solid lines represent calculated �e for Ni2MnGa, and the
electrical thermal conductivity �e is found to be about one-
third of total thermal conductivity. From this estimation, it is
clearly seen that the anomalous features in � at TP and TC are
essentially electronic origin. However, the significant spike-
shaped peak in the vicinity of the martensitic transition can-
not be explained by the electronic contribution, but must be
due to the change of lattice thermal conductivity �L during
the transition.

By the generalized simple equation, the lattice thermal
conductivity is given as �L=Cvvl,52 where Cv is the phonon
specific heat, v represents the phonon drift velocity, and l is
the mean free path. The phonon drift velocity and mean free
path are expected not to be greatly influenced by the transi-
tion. However, a pronounced specific heat peak with
�CP /CP�40% was reported by Kreissl et al. for Ni2MnGa,
which well accounts for the observed peak in �4. Note that
similar peak features in � were also seen in the charge-
density-wave �CDW� materials, which undergoes the Peierls
transition at low temperatures.53–56 The appearance of Kohn
anomaly and the anomalous heat carried by the soft phonons
were suggested as possible origins for such peaks in thermal
conductivity.38,53,55 The martensitic transition and the Peierls
transition exhibit striking similarities, such as the existence
of the soft phonon modes. Recent theoretical studies also
indicated that the structural transition in Ni2MnGa is very
similar to that of the Peierls transition.35 Inelastic neutron
scattering studies have revealed a significant �� � 0	 TA2

phonon softening near TM with a wave vector �0=0.33 in
Ni2MnGa. Besides, A-15 compounds with similar structural
transition and �-U are also the well-known examples with
Jahn-Teller distortion involved.57–59 A comprehensive theo-
retical approach to relate the two types of transitions could
be seen in the theoretical work carried out by Bhatt et al.57,60

A detailed analysis of specific heat in the Peierls transition
region indicated that the coherence length 
0 must be short
enough for a significant contribution from the lattice.53,56 We
have recently reported that the coherence length 
0 of the
strong-coupled CDW systems R5T4Si10 �R=rare-earth ele-
ments; T=Ir,Rh� is as short as 5 Å.61 Consequently, there
are a large number of soft phonon modes in the transition
region which provides a substantial specific heat arising from
their occupation. Since the softening modes near 2kF are
propagating, the heat carried by the soft phonons is consid-
erable and is most likely responsible for the giant thermal

conductivity peak. Hence, both specific heat and thermal
conductivity features around the Peierls transition could be
qualitatively understood in terms of this picture. This sce-
nario is also applicable in the present case, where Ni2MnGa
has been found to possess short coherence length.62 There-
fore, the giant thermal conductivity peak appeared in
Ni2MnGa near TM can be qualitatively understood with the
appearance of additional heat carrying soft phonons.

Figure 8 illustrates the temperature-dependent thermal
conductivity of Ni2+xMn1−xGa alloys with various values of
x. Note that each curve is offset and taken with warming
process. The value of room-temperature thermal conductivity
for all compositions is found to be nearly equal with a mag-
nitude of approximately 150 mW/K cm. The small variation
of ��RT� in these alloys is within the uncertainty of our
measurement technique. As seen from Fig. 8, the composi-
tion dependent on thermal conductivity shows two distinct
temperature variations. The low Ni substituted samples with
x=0.04, 0.06, and 0.10 show rather similar ��T� to that of the
stoichiometric Ni2MnGa sample, except the variation near
the transition temperatures. The slope change in � at TP is
still visible for the x=0.04 and 0.06 samples, in accordance
with the specific heat and Seebeck coefficient data. As the Ni
content increases �x=0.10, 0.18, and 0.24�, the broad maxi-
mum at low temperatures evolves into a plateau toward
higher temperatures, and TC and TM coincides at around
320 K for the composition x=0.18. The disappearance of the
low-temperature maximum in � is presumably due to the
enhanced phonon scattering from point defects in the heavily
substituted samples. In the case of composition with x
=0.14, TC and TM are closing up, and �� is found to be

FIG. 8. Evolution of the temperature-dependent thermal conduc-
tivity in Ni2+xMn1−xGa with x=0.04–0.24 on heating. Inset shows
the blowup plot near the phase transition for Ni2.18Mn0.82Ga.
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considerably smaller than all other compositions. This is
most likely that two approaching phase transitions with very
different origins in nature interfere with each other, resulting
in a mixed transport response in this material. For x�0.18, a
single peak appears near 320 K as a result of coupling of TM
and TC, which is in good agreement with previously reported
results.2,12,15,28 It is worthwhile mentioning that a huge ther-
mal conductivity peak ��� /��100% � near TM within a nar-
row temperature range of 10 K was observed for x=0.18
�see the lower inset of Fig. 8�. Such a tremendous phenom-
enon among the thermal transport properties, to the best of
our knowledge, is unique to the martensitic transition in the
shape memory alloys and definitely warrants further investi-
gations.

E. Compositional dependence on transition temperatures

From the above transport and thermodynamic measure-
ments, two groups of samples, above and below x=0.14 �or
with TM above and below 270 K�, with distinct physical
properties were observed. Existence of such different groups
based on the composition or TM has already been reported.12

It has been suggested that the alloys with high TM �above
270 K� are expected to have seven-layered martensitic struc-
ture, where as the alloys with low TM �below 270 K� undergo
structural transformation to the five-layered martensitic
structure.2,12 The existence of premartensitic transition is
found in the low Ni concentration samples �x�0.06�, and
the temperature at which this transition occurs is rather inde-
pendent of the composition �TP�260 K�. For the x=0.10
sample, the premartensitic transition diminishes by overlap-
ping with martensitic transition at around 270 K, consistent
with the previous report that premartensitic transition ap-
pears only for the sample with TM � �270 K.2,28 For the x
=0.14 sample, the martensitic and magnetic phase transitions
were found to be overlapping, and the transition temperature
takes a sudden jump to around 310 K. For samples with x
�0.18, TM and TC completely couple to each other, as evi-
denced by the single anomaly in all measured properties.
However, in each of these two groups, TM and TC do not
vary significantly until a sudden jump of transition tempera-
ture occurs at a critical composition xC=0.14. We speculate
that the five-layered and seven-layered modulations play an
important role in the determination of the structural transi-
tion temperature. For a particular composition, martensitic
transition temperature may differ significantly depending on
the modulation phases. The alloys with five-layered �seven-
layered� modulation undergo a martensitic transition at a
lower �higher� temperature. The substitution of Ni in place of
Mn decreases the amount of five-layered modulation but en-
hances the seven-layered modulation. A sudden jump of TM
at the critical composition xC=0.14 would correspond to a
complete transformation from five-layered to seven-layered
modulation in this compound. Such behavior has been also
observed by others.12

Further, we notice that the variation of TM as a function of
Ni concentration is not as systematic as TC, which lead to the
speculation that TM may be slightly sample dependent. A
recent report also indicated that the martensitic transition

temperatures differ slightly for different samples of the same
composition.12 This is further evident from the different val-
ues of TM given in the literature, presumably due to the struc-
tural disorder and/or deviations from the nominal
composition.41 Nevertheless, it was found that both TM and
TC appear at nearly identical temperatures in different mea-
sured physical properties for a particular composition, and
the overall variation of TM shows an increasing tendency as a
function of Ni concentration. Therefore we believe that the
observed anomalous features in the thermodynamic and
transport properties are intrinsic to the alloys investigated.

F. Thermal hysteresis

Lastly we discuss another interesting feature exhibited in
these alloys, namely the thermal hysteretic behavior in the
vicinity of the martensitic transition. From Fig. 1 to Fig. 8,
we have presented the significant difference in all measured
transport and thermodynamic properties between cooling and
heating runs in these selected compositions. Actually, such
hysteretic behavior at TM exists in all compositions we in-
vestigated. This effect was also found in the well-known
shape memory compound NiTi, and the reported Seebeck
coefficient in NiTi is very similar to our results.44,49 Another
notable feature is the reduction in the height of the peak
during the cooling process in S and �, and the TM determined
from the cooling run is always several degrees lower than
that of the warming run. On the other hand, the electrical
resistivity data show an opposite hysteretic behavior to the
thermal transport measurements, as the cooling run shows a
more pronounced anomaly at TM. Therefore, for a given ther-
mal cycle �cooling and heating�, the thermal properties �CP,
S, as well as �� exhibit rather different hysteretic behavior
than that of the electrical transport property ���. Such a hys-
tereses effect is presumably due to the presence different
modulated structures of 5M and 7M.6 It has been suggested
that these modulated structures have different type of Fermi
surface nesting, thus also the conduction electron density.35,6

During heating the 7M to 5M reverse transition is absent,6

leading to the observed difference in these transport proper-
ties during thermal cycles.

IV. CONCLUSION

In summary, we have performed a systematic investiga-
tion of temperature-dependent transport and thermodynamic
properties including electrical resistivity ���, specific heat
�CP�, Seebeck coefficient �S�, and thermal conductivity ���
on the Ni2+xMn1−xGa Heusler compounds with 0�x�0.24.
Two groups of samples, above and below x=0.10 �or with
TM above and below 270 K�, exhibit distinct behavior in the
presented physical properties. Pronounced anomalous fea-
tures and significant thermal hysteresis were observed in all
measured quantities near the martensitic phase transitions. In
particular, there is an abrupt peak in � near the martensitic
transition, presumably due to the contribution from the soft
phonons. Existence of premartensitic transition was unam-
biguously resolved in the low Ni concentration samples, and
becomes less distinctive with larger x. Our present study
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constitutes the most thorough transport and thermodynamic
measurements on the shape memory alloy Ni2MnGa and the
effects of Ni excess to the parent compound. However, the
observed giant thermal conductivity peak near the martensi-
tic phase transition in these alloys is quite unusual and war-
rants further investigations.
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