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In this paper, we report results of the first studies on the thermoelectric g@&ey of the magnetic heusler
alloy Ni, 1gVing g1Ga. We explain the observed temperature dependence of the TEP in terms of the crystal field
splitting and compare the observed behavior to that of the stoichiometric sysin®&. The resistivity as
a function of temperature of the two systems serves to define the structural transition temggyatinech is
the transition from the high-temperature austenitic phase to the low-temperature martensitic phase. The occur-
rence of the magnetiqCurie-Weis$ and martensitic transitions at almost the same temperature in
Ni, 1dMng g;Ga has been explained from TEP to be due to changes in the density of states at the Fermi level.
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Ni,MnGa is one of the shape memory effect compounds Studies of Nj,Mn;_,Ga alloys have emerged with a
which is currently exciting and has gained considerable inphase diagram which indicate that partial substitution of Mn
terest since it is ferromagnetic. The origin of the shapefor Niresults in the increase in the structural phase transition
memory effect in NiIMnGa is in the martensitic transition temperatureT,, (martensitic transitionand the decrease in
which takes place on cooling through 220 K from the cubicthe Curie temperaturd: up to their coincidence ak
L2, Heusler structure to a tetragonal phase. If the material is=0.19(Refs. 13 and 1§ Theoretical analysis demonstrating
plastically deformed in the low-temperature martensiticthe importance of the conduction electron density in stabiliz-
phase and the external load removed, it regains its origindhg the Heusler structure was noted a while ago and the
shape when heated above the transition temperature. Bassdggestion that the structure is stabilized because the Fermi
on early neutron diffraction data the transformation has beesurface touches the Brillouin zone boundary was made by
described as a simple contraction along {fi€0} direction  Ref. 15. The aim of the present work is to investigate the
of the cubic cell without any change in atomic positidns. transport properties of the polycrystalline,NiMn, g;Ga al-
This phase transition is remarkable in that, inspite of thdoy and compare it with the stoichiometric JMnGa alloy in
large deformation, it is reversible and a single crystal can berder to understand the effect of excess Ni on the density of
cycled through it many times without breaking. In recoveringstates(DOS) at the Fermi level. For this purpose we have
their shape the alloys can produce a displacement or a forcetudied the temperature-dependent resistivity and thermo-
or a combination of the two, as a function of temperatureelectric power(TEP) which is sensitive to changes in the
Because of these novel and remarkable properties shaf@OS at the Fermi level of the two alloys.
memory alloys find themselves in a large number of applica- Polycrystalline Nj,,Mn;_,Ga (x=0,0.19 ingots were
tions in the fields of engineering and medicfeSince  prepared by the conventional arc-melting method in argon
Ni,MnGa orders ferromagnetically below 375 K, the possi-atmosphere. The starting materials with 99.99% purity were
bility of producing giant field-induced strains, which are antaken in the stoichiometric ratio and were remelted 4-5 times
order of magnitude larger than those observed in rare-eartto attain good compositional homogeneity. Since the weight
transition-metal alloys, has stimulated a large number ofoss during melting was approximatet0.5%, the compo-
investigations, sition of the ingots was assumed to be nominal. X-ray dif-

Recently it has been found that in Ni-Mn-Ga systemsfraction (XRD) powder pattern recorded in the range 20°
huge strains can be induced by application of a magneties26=<100° confirmed that the samples were homogeneous
field*~" These compounds undergo a martensitic transformaand of single phase with no detectable impurity and the pat-
tion between a low-temperature tetragonal phase which iterns are presented in Fig. 1. The;MnGa has a cubit.2;
magnetically hard and a high-temperature cubic pliasey-  structure at room temperature with lattice parameder
netically sofy.1® This difference in the anisotropy strongly =5.824 A. As the martensitic transition temperature for
modifies the field dependence of the magnetization in théNi, ;gMng1dGa is ~320 K, the XRD pattern represents a
two phases, with the saturation magnetization value beingtructure with lower symmetry. This pattern can be indexed
slightly lower in the cubic austenife!® Some recent works to a body-centered-tetragonal struct@tg/mmn) (Ref. 16
have evidenced the occurrence of significant isothermabr to a face-centered-orthorhombic structifFgnmm with
variations of the magnetic entropy in NiMnGa compoundsa=b (Ref. 1). It may be noted here that the tetragonal and
[up to |AS,|=18 J(kg K) for H=5 T] in correspondence orthorhombic structural models are related to each other by a
with the martensitic transformation. In these cases, the masimple transformation matriX. In the orthorhombic struc-
tensitic transition temperaturégy, are lower than the Curie tural model only the lattice parameters change from that of a
temperaturél and, as a consequence, the martensitic transzubic high-temperature phase but the relative atom coordi-
formation takes place between two ferromagnetic ph&sés. nates remain unchanged. The lattice parameters obtained
For a composition for whichfc~ Ty, the occurrence of a from the orthorhombic model wer@=5.416 A andc
large magnetocaloric effect has been demonstrated6.523 A.
recently’? Electrical resistivity was measured using the standard
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FIG. 1. X-ray diffraction patterns of NMnGa and
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four-probe technique. The samples were first cooled to 80 K
and the resistance was measured upon warming up to 350 K
followed by subsequent cooling b_ack to 8(_) K. The.ther- FIG. 2. Plots of resistance versus temperature fgMxiGa and
mopower measurements were carried out using the dn‘ferer}\]i2 1Mo Ga.
tial method where the voltage differend® due to the tem- ' '
perature differencé\T across the sample was measured ina given experimental condition a complete conversion may
the temperature range 100—400 K in the warming and coolrot be achieved. Upon subsequent heating, the reverse
ing cycles similar to that of resistivity measurements. Thetransformation—i.e., 7M-5M—is absent and this leads to
sample was kept between two highly polished copper plateglifferent behavior of transport properties upon warming and
electrically insulated from the rest of the sample holder. Twocooling.
heater coils, one on the bottom and the other on the top On warming, N}MnGa exhibits a jumplike feature at
copper plate, served to raise the overall temperature of tharound 210 K which is associated with a transition from the
sample and to maintain a temperature gradient across theartensitic to the austinitic phase for this alloy. Cooling from
length of the sample, respectively. The overall temperature dhe high-temperature austinitic phase results in a well-
the sample was measured by a platinum resistance thermordefined peak at around 265 K which marks the premartensi-
eter(PT-100 while the gradient was monitored by a copper-tic transition (Tp,) in agreement with Khovailet all® As
Constantan thermocouple operating in the differential modereported in the literature the ferromagnetic transition for this
To measure the thermopow8iat a particular temperature— alloy takes place at~ 380 K which is beyond the studied
say, T—the temperature difference across the sample is firsemperature range and hence we do not observe any such
adjusted to nearly 0 K~1 wV) by passing current through signature in the resistance measurement for this alloy. In
the two heater coils. The top copper plate of the sampléNi, ;dMnggiGa, the structural transitiomy, (320 K) and the
holder is then heated, resulting in a thermo &fpécross the ferromagnetic transitionT¢ (322 K) occur at almost the
sample. The voltage¥s and that developed across the ther-same temperatures. Moreover, these transitions being very
mocoupleVy, are measured for different temperature gradi-broad, the premartensitic transition as observed yMNGa
ents between the two plates. A graph \&f versusVy, is is not revealed in this alloy. Also, theoretical as well as ex-
plotted and its slopg€AVs/AVy,) is measured. Knowing the perimental studies of Ni-Mn-Ga indicate that the premarten-
slope and the thermopowes;, of the thermocouple &, the  sitic transformation is observed only in the alloys with
thermopowelS is obtained. Tw <260 K (Ref. 19-22. Thus absence of the anomaly as-
The temperature dependences of resistivity measuresigned aslp in the Ni, 1gMng g:Ga alloy is expected due to
upon warming and cooling in BinGa and Nj ;gMngg:Ga  its high martensitic transition temperature.
are presented in Fig. 2. A large hysteresis is observed upon The thermopower is very sensitive to the energy depen-
thermal cycling in both the compositions as evident fromdence of the carrier mobility near the Fermi level which in
Fig. 2 and the inset therein. This could be due to the variatiotiurn depends on the crystal structure concerned. Hence, the
in the percentage conversion from a five-layered modulatioTEP of Ni ;dMng g:Ga alloy would be expected to exhibit
(5M) to seven-layered modulatiqi@M) termed as the inter- interesting behavior in the vicinity of the austenitic-to-
martensitic transition occurring at low temperatufédn  martensitic phase transition given that the two different crys-
such a transition, the sample undergoes a transformatiatal structures are involved along with the ferromagnetic tran-
from the 5M state to the 7M state upon cooling. This trans-sition occurring at the same temperature. Figure 3 shows the
formation depends on the warming-cooling rate and intemperature dependences of the TEP for the two alloys in the
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FIG. 4. Thermoelectric power as a function of normalized tem-

FIG. 3. Thermoelectric power as a function of temperature for - .
P P perature for NilMnGa and Nj ;dMng g:Ga.

Ni,MnGa and Nj ;gMIng g:Ga.

temperature range 100-400 K. The striking feature is the U:J U(e)ﬁ_fodf
broad hump obtained in the vicinity dj, for Ni,MnGa due de
to the austinitic-to-martensitic transition. Such a feature is
absent for Nj;qMnggGa. As the fact that thelc for  which is the simple semiclassical result for thermal diffusion
Ni,MnGa and Nj;dVingg;Ga is ~380 K and ~322K, re-  in metallic systems.
spectively, there is a contribution from the magnetic scatter- Owing to the fact that there is not much change in the
ing to the TEP in the austinitic phase which is clearly evidentatom positions in the transition from cubic to tetragonal
from the steep fall ofS with the decrease in temperature in structure, a safe assumption that any change in the TEP is a
this region. As the temperature is further decredSeshows  direct manifestation of the changes in the density of states
a strong negative dip in TEP and finally resumes the normalDOS) can be made.
metallic behavior o5— 0 asT— 0. Such a behavior is typi- Figure 4 represents the TEP data with the temperature
cal of the Heusler alloys representing the fact that they are axis normalized with respect to the matensitic temperatures
good approximation towards local-moment ferromagneticof the respective alloys. The TEP data in the G886/ T,
system&* The negative dip occurs a~0.4T¢c and a weak =<1.02 range show an inflection point at normalized tempera-
temperature dependence of TEP around the Curie temperaires of ~0.86 and~0.94 (see inset for Ni,MnGa and
ture is also seen as observed for other Heusler aftbys. Ni, 1qMIng g:Ga, respectively. If a model for the DOS near the
The warming data for the TEP are lower in magnitude inFermi level is assumed consisting of a peak near the Fermi
comparision with the subsequent cooling results. This agevel, the TEP of both alloys can be accounted for by this
mentioned above can be explained to be due to the 5Mpeak shifiting closer to the Fermi level in NiMn, 5,Ga.
—7M intermartensitic transition occurring due to thermal The shift of the inflection point from 0.86 to 0.94 can then be
cycling of the alloys during measurements. associated with the shift of the peak in the DOS towards the
To explain the observed anomaliesSnwe consider two  Fermi level as the Ni content is increased in going from
scattering contributions to TEP: the magnetic scattering oNi,MnGa to Ni, ;gVIng g;:Ga.
the thermal current as both the alloys are magnetically or- Increasing Ni doping for Mn results in doping electrons in
dered at lower temperatures and the structgrartensiti¢  the DOS at the Fermi level. This considerably alters the band
transition scattering. Thus the total TEP can be written as structure as is evident from the change in magnitude of the
thermopower in proceeding from the martensitic to the aus-

S=StS, tenitic phase. The decrease in the magnetic ordering tem-
where perature coupled with the increase in the martensitic transi-
tion temperature can also be understood from here. The 3
Sn=ax T2, band in Ni is nearly full whereas that in Mn is half filled.

Hence replacement of Mn by Ni results in reduction of mag-
netic moment and the magnetic transition temperature. Simi-
1 ofo larly, a change in the position of the peak in the DOS at the
S=- Jl'f (e~ M);U(f)dfy Fermi level, which is associated with the Ni ®and results
in a phase instability and therefore a phase transition from
where f, is the Fermi-Dirac distribution functiony is the  the cubic austentic phase to the tetragonal martensitic phase.
chemical potential, and Such peaks in the electronic DOS are known to lead to a

is the magnetic contribution, and
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structural phase transitidi.These changes are probably a whereby it has more weighting towards lower energies, and
result of a redistribution of @ electrons among thed3orbit-  that the Fermi level is situated very close to the peak. Such a
als whose degeneracy is further broken by the lowered synDOS can explain the observed thermopower very well, espe-
metry from cubic to tetragonal. Substitution of Ni for Mn cially in the martensitic phase, and has been used to explain
results in a transfer of electrons from the nearly fulll®and  thermopower data of shape memory NiTi allé§sin the

of nickel to the more than half filleddBband of manganese. present Study, the thermopower can be exp|ained by assum-
It is the splitting of energy subbands which are degenerate iihg a similar model of the DOS. A shift in the position of the
the cubic phase which enables the electrons .'[0 .redistributﬁeak in the DOS is observed towards the Fermi level with
themselves so as to lower the free energy. This is the wellycreasing Ni concentration. The assumed model, on integra-

known band Jahn-Teller mechanism. In the band model ther@on, yields the same variation as the TEP observed experi-
is an increase in the width of the energy bands because, Wh‘?’ﬂentally in the present study.

the crystal deforms, there is a change in the degree of overlap |, conclusion, we have studied the resistivity and investi-
of the associated orbitals. Unlike in the case of stoichioyated the variation in thermopower for the magnetic heusler
metric NbMnGa, where the/a ratio of the tetragonal phase alloys Ni,MnGa and Nj ;Mng g:Ga. The experimental re-
is <1, for Niz.1Mingg:Ga, thec/aratio is>1. This will lead g jts indicate that the TEP for Niging g:Ga, though differ-
to a redistribution of electrons in the crystal-field-spll 3 ent from that for NjMnGa, the general trend in the variation
band of this alloy. A redistribution of magnetization is found ¢ TEP is that of a typical Heusler alloy with local-moment
for st0|ch|ometr|.c NjMnGa in the neutron scattering experi- ferromagnetism. With the assumed model, the peak in the
ment as a function of temperature when it undergoes a trarhos just below the Fermi level is seen to shift towards
sition from the high-temperature austinitic t0 l0W- pigher energy in the region of the martensitic transition with
temperature martensitic ph_a@e. _ increasing Ni content. All the anomalies observed in the TEP
The band structure of BMnGa has been in Ref. 27. The 15ye peen explained to be due to crystal field splitting and

composition of bands that are active at the Fermi surfaCgne associated changes in the density of states near the Fermi
could be identified. With this identification the Fermi level |g\q.

lies just above a peak in the DOS of the minority-spineyli

band and at a position in the Mn band there is an almost K.R.P. would like to acknowledge financial support from
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