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Large anisotropy of spin polarization in Heusler alloy Ni,MnGa

induced by martensitic transformation
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Spin polarization both in the cubic austenitic and tetragonal martensitic phases of the Ni,MnGa
alloy has been investigated using first-principles calculations combined with classical Bloch—
Boltzmann transport theory. It is shown that the degree of spin polarization, while decreasing from
42% in the (001) directions of the austenitic phase to 30% in the [100] direction of the martensitic
phase, rises to 75% in the [001] direction of the martensitic phase, resulting from a preferential
reconstruction of the spin-down Fermi surfaces upon martensitic transformation. With this finding,
various recent intriguing electrical measurements upon Ni,MnGa across the martensitic
transformation can find an explanation. This also opens a way of searching for giant
magnetoresistance materials. © 2008 American Institute of Physics. [DOI: 10.1063/1.2917406]

I. INTRODUCTION

Since the discovery of giant magnetoresistance (GMR)
effect in multilayered Fe/Cr and Co/Cu structures,' ™ many
research efforts have been devoted to further promoting the
magnitude of GMR. One of the very effective routes is to
increase the degree of spin polarization (DSP) of the ferro-
magnetic layers. As a crucial parameter in determining the
magnitude of GMR, DSP characterizes the difference be-
tween the contributions of up spins and down spins to the
electronic transport properties.4 With regard to DSP, the half-
metals are obviously the optimum candidates since they ex-
hibit a 100% spin polarization at absolute zero temperature.
Unfortunately, however, only a few materials, such as
NiMnSb, Co,MnSi, CrO,, and Fe;0,, have been identified as
half-metals.”® So a natural question to consider is, whether it
is possible to achieve a very large DSP in ordinary (non-half-
metallic) materials via structure manipulation so as to extend
the family of the GMR materials?

The Heusler alloy Ni,MnGa is one of the well-known
ferromagnetic shape memory alloys.g’lo At temperatures over
220 K, it displays a cubic structure with an L2; atomic or-

dering (space group Fm3m), which can be viewed as four
interpenetrating fcc sublattices occupied in sequence by Ni,
Mn, Ni, and Ga atoms, respectively.9 Upon cooling, the high-
temperature cubic polymorph, also termed the austenitic
phase, undergoes a martensitic transformation into the tetrag-
onal martensitic phase with ¢/ a=~0.94° This is a diffusion-
less, first order transition from the austenitic parent phase of
higher symmetry to the martensitic phase of lower symmetry.
Considering also the ferromagneticity of the martensitic
phase, the Ni-Mn—Ga alloys are bestowed with many appli-
cable properties beyond the shape memory effect.'”" In this
article, we report the computation of the DSP for both the
austenitic and martensitic phases of Ni,MnGa using first-
principles calculations combined with classical Bloch—
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Boltzmann transport theory. It is found that following the
martensitic transformation, the DSP of this alloy decreases
from 42% to 30% in the [100] direction, whereas it increases
from 42% to 75% in the [001] direction (specified with re-
gard to the tetragonal martensitic phase). An asymmetrical
effect of the lattice distortion upon the Fermi surface topol-
ogy, consequently the electronic mobility, of up spins and
down spins should be responsible for the extraordinary en-
hancement of DSP in a certain lattice direction.

Il. CALCULATION DETAIL

Different definitions of DSP have been adopted for the
discussion of various spin dependent transport behaviors. "
For spin-polarized photoemission, it is the number of con-
duction electrons that uniquely determines the magnitude of
resistivity, so a “DOS” definition for DSP, i.e., the N defini-
tion in Ref. 12, is appropriate. In contrast, the GMR effect is
also affected by the velocity of the conduction electrons,
therefore the difference in the velocities of the spin-up and
spin-down conduction electrons has to be taken into account
in the DSP definition for the relevant discussions. Accord-
ingly, we adopt the o-definition for DSP, i.e., the Nv* defi-
nition in Ref. 12, which is written as

_ oi(1) — ou(l)

Fu= O-ii(T)"'a-ii(l). ()

Here, 0;;(T) and o,(]) denote the i direction conductivities
of up spins and down spins, respectively. Following the clas-
sical Bloch—Boltzmann transport theory with the relaxation
time approach,13 spin dependent conductivity in the i direc-
tion, o;;(m) (m=1 or | for up spins or down spins), is given
by

© 2008 American Institute of Physics

Downloaded 10 May 2008 to 159.226.36.145. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2917406
http://dx.doi.org/10.1063/1.2917406
http://dx.doi.org/10.1063/1.2917406

093704-2 Zhu et al.

oam) = S, f ), ()1, () Sy (00) — Erldk.
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Here, m and n are the spin and band index, v/, denotes the
projection of the electron velocity on the i direction, ¢, is the
band energy, Ef is the Fermi energy, and 7 is the relaxation
time. Remarkably, vﬁl, e,, and E are all related to the elec-
tronic band structure and can be rigorously evaluated from
the first-principles calculations. In contrast, the relaxation
time 7 that arises from the scattering of electrons by defects
or interfaces is difficult to be determined theoretically for the
time being. The conductivity specified in Eq. (2) relies upon
both the various possible scattering mechanisms and the
“pure band effect,” as is in the case of GMR effect where the
impact of the spin dependent electron scattelring]4 as well as
of the electronic structure for the ideal lattice' has been
confirmed. In the following discussion, we adopt a constant
relaxation time approximation,16 focusing our attention on
the effect of the electronic structure. Although the detailed
features of the scattering process have been smeared out, it
will be shown that the calculated conductivity for Ni,MnGa
agrees well with several experimental measurements.

To compute the spin-polarized electronic band structure
for the cubic austenitic and tetragonal martensitic phases of
Ni,MnGa, we employed the self-consistent full-potential
linearized-augmented plane-wave method based on the local
spin-density approximation within the density functional
theory.17 The lattice constants for the unit cell, which con-
tains eight Ni, four Mn, and four Ga atoms, are a=5.825 A
for the cubic phase and a=5.92 A, ¢=5.566 A for the tetrag-
onal phase.9 The self-consistency was achieved at 20
k-points for the cubic phase and 40 k-points for the tetrago-
nal phase in each irreducible Brillouin zone. A cutoff energy
was set at 350 eV for all the calculations. For the summation
over the electronic states in Eq. (2), the first Brillouin zone
was divided into a mesh of 27000 k-points, which suffices to
achieve an accuracy of a few percents.

lll. RESULTS AND DISCUSSION

The DSP of Ni,MnGa in the cubic austenitic phase
amounts to 42% in the highly symmetric (001) directions, in
the tetragonal martensitic phase it diverges into two distinct
values due to the lowered symmetry. It decreases to 30% in
the [100] direction but measures as high as 75% in the [001]
direction, i.e., the spin polarization is significantly enhanced
along the ¢ axis.

In order to explain this unexpected result, the contribu-
tion of each individual conduction band to the conductivities
of the up spins and down spins, as exemplified in Fig. 1, has
to be closely inspected. Upon martensitic transformation, the
conductivities of the up spins and down spins are modified
quite differently. With regard to that in the (001) directions of
the austenitic phase, the conductivities of up spins, both in
the [100] and in the [001] directions, only slightly change,
and in an irregular way, leading to a decrease of only 2% in
the total conductivity. On the contrary, the conductivity of
the down spins generally (except for the bands 55 and 56)
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FIG. 1. Band-by-band contribution of spin-up (a) and spin-down (b) con-
duction bands to the total conductivity in the Ni,MnGa alloy. Here, “A”
stands for austenitic phase and “M” for martensitic phase, respectively.

displays a significant drop in the [001] direction but in-
creases a lot in the [100] direction. In fact, the total conduc-
tivity of down spins suffers a loss of 65% in the [001] direc-
tion while it increases for 31% in the [100] direction. This
clearly indicates an opposite change in the DSPs in the [100]
direction and in the [001] direction. Accordingly, from Eq.
(1), the DSP changes, as specified in the last section, from
42% for the austenitic phase in the (001) directions, to a
value of 30% in the [100] direction and a value of 75% in the
[001] direction of the martensitic phase.

The calculation results presented above agree well with
the experimental results of conductivity measurements on
Ni,MnGa alloys. According to the band-by-band conductiv-
ity given in Fig. 1, the total conductivities in the [001] and
[100] directions of the tetragonal martensite, normalized to
that in the (001) directions for the cubic austenitic phase,
should be 0.81 and 1.08, respectively. This predicts a consid-
erable crystallographic anisotropy of conductivity in the
Ni,MnGa martensite, i.e., 0y [001]=0.750100). Recently,
Srivastava et al. succeeded in preparing a single variant
phase (c-oriented) of martensitic NigMn,gGay,, and mea-
sured an “appreciable” anisotropy in the conductivity o
<o, ,.18 The failure to obtain a quantitative evaluation of
the conductivity anisotropy for Ni,MnGa martensite lies in
the difficulty of preparing a single-crystal sample. The mar-
tensite derived from the single-crystal austenitic phase upon
martensitic transformation is generally polyvariant due to the
simultaneous occurrence of the various martensitic variants
(up to 24). For such a polyvariant Ni,MnGa sample, suppos-
ing the ¢ axes of its 24 martensitic variants are equiprobably
distributed in all directions, then its conductivity is only
about 3% less than the austenitic phase. This, when reflected
on the R-T curve, will display a small hump at around the
transformation temperature, as was confirmed by our mea-
surement, see Fig. 2, and by other researches. '’

One of the most meaningful conclusions drawn from the
above calculations is that the DSP of Ni,MnGa can be enor-
mously changed via the martensitic transformation, and a
significantly enhanced value can be found in the [001] direc-
tion of the martensite. Two questions can be posed here.
First, why was the change in the conductivity for most spin-
down bands much larger than that for the spin-up bands.
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FIG. 2. Temperature dependence of the resistance of Ni,MnGa measured in
the heating run. T, stands for the critical temperature for reversed marten-
sitic transformation.

Second, why did the conductivity for down spins increase in
the [100] direction while it more seriously drops in the [001]
direction? To find a reasonable answer to these questions, we
made a close inspection of the electronic band structures of
the two phases (Fig. 3). From the results of DOS (not shown
here), it can be found that near the Fermi level there is no
obvious difference between the up-spin DOS of both phases,
whereas a peak of the down-spin DOS splits upon the mar-
tensitic transformation (shifted for ~0.18 eV). This is in
good agreement with the results reported in Ref. 20, in which
this peak splitting is considered as an indication of the band
Jahn-Teller effect that causes the martensitic transformation
of Ni,MnGa.

The spin-polarized band structures near the Fermi level
for both phases are plotted in Fig. 3. For the cubic austenitic
phase, nine spin-up bands (65-73) and eight spin-down
bands (49-56) run across the Fermi level. However, for the
tetragonal martensitic phase, the spin-down band 56 rises
and fails to meet the Fermi level, hence only seven spin-
down bands remain running across the Fermi level. By com-
paring the fine structure of the bands for both phases, it can
be seen that the martensitic transformation has little effect on
the spin-up bands, whereas the spin-down band structure is
rather remarkably modified along some k-paths where a band
that crosses, or misses, the Fermi level in the cubic austenitic
phase turns to depart from, or run across, the Fermi level in
the tetragonal martensitic phase. In fact, this observation is in
accordance with the DOS peak splitting near the Fermi level
for the down spins. Therefore, both DOS and the fine band
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FIG. 3. Energy bands along three characteristic k-paths for Ni,MnGa in the
austenitic phase (solid line) and martensitic phase (scattered line). Here
illustrated, from top to bottom, are four spin-up bands 66, 68, 70, and 72
(left), and four spin-down bands 50, 52, 54 and 56 (right). The horizontal
dashed lines indicate the Fermi levels.
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FIG. 4. (Color online) Characteristic Fermi surface sheets for the spin-up
bands 70 and 72 as well as the spin-down bands 52 and 54 in the unit cell of
Ni,MnGa (from top to bottom). Left column: cubic austenitic phase. Right
column: tetragonal martensitic phase.

structure have indicated a preferential influence on the con-
duction bands of down-spins by phase transition.
Nevertheless, the band structures given in Fig. 3 illus-
trate only the electronic energy on a few k-paths of high
symmetry. It would be desirable to depict the Fermi surface
sheet for each conduction band in the first Brillouin zone so
as to more straightforwardly demonstrate the properties of
the conduction electrons. Using the XCRYSDEN program,21
the Fermi surface sheets of all the conduction bands have
been plotted for the austenitic and the martensitic phases,
with some exemplified in Fig. 4. It can be seen that the
martensitic transformation leads to only very tiny modifica-
tion to the Fermi surface topology for up spins, whereas for
down spins the Fermi surface sheets generally are remark-
ably deformed. The characteristic change of the Fermi sur-
face sheets for spin-up bands, except for bands 65-69 and 71
and 72 which remain nearly intact, is the tendency that the
two pieces of the Fermi surface with k,>0 and k,<O ap-
proach mutually to each other along k_-direction due to the
martensitic transformation. For spin-down bands, this ten-
dency of mutual approaching is so obvious that pieces of
some Fermi surfaces merge together and even then disappear
following the transition. The Fermi surface sheets of spin-
down bands 51-54 are reconstructed into a nearly cylindrical
shape with its axis along the k, direction, and the Fermi
surface sheets of 56 spin-down band digress away from the
Fermi surface, thus, making no contribution to conduction.
The effect of the deformed Fermi surface is twofold. On
one hand, the shrinkage of the Fermi surface leads to a re-
duced DOS at the Fermi level, consequently, a decreased
amount of conduction electrons. On the other hand, it in-
duces a redistribution of the velocities for the conduction
electrons. As pointed out in Ref. 15, the Fermi velocity is
normal to the Fermi surface since the velocity of a conduc-
tion electron is proportional to the band energy gradient in
the reciprocal space. Thus, providing an ideally cylindrical
Fermi surface sheet, the velocity of the conduction electron
will lie in the k,-k, plane, having a vanishing component in
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the k, direction. This is to say that the more the Fermi surface
sheets mimic a perfect cylinder, the larger the anisotropy in
velocity for the conduction electrons.

Now the answers to the two questions we previously
posed become clear. First, the almost unchanged Fermi sur-
face of spin-up bands leads to an almost unchanged conduc-
tivity for up spins, whereas the reconstruction of the Fermi
surfaces of the most spin-down bands results in great change
in both the DOS at Fermi level and the velocity of the con-
duction electrons, hence the conductivity. Second, the recon-
struction of nearly all the Fermi surface sheets of spin-down
electrons into a nearly cylindrical shape leads to a strongly
increased x-y component and a much reduced z component
of the electronic velocity, therefore an obvious increase of
conductivity of down spins in [100] direction and a great
decrease in [001] direction are observed. Moreover, the re-
construction of the Fermi surface, especially the partially dis-
appearing or even completely vanishing of some surface
sheets, leads to a decrease of minority DOS at Fermi level by
about 17%. Decreased DOS, i.e., decreased number of con-
duction electrons, equally contributes to the conductivity
change of down spins both in the [001] direction and in the
[100] direction. This is just the reason why the amplitude of
the increase in conductivity of down spins in the [100] di-
rection is smaller than that of the decrease in the [001] di-
rection. So far, from the above discussion, it has been recog-
nized that the significantly elevated DSP in the [001]
direction of Ni,MnGa following the martensitic transforma-
tion is the result of an almost unchanged Fermi surface to-
pology of up spins and the reconstruction of the Fermi sur-
face of down spins. A more straightforward view can be
provided by inspecting the spatial distribution of the electron
density for different conduction bands. From the calcula-
tions, we see that the conduction electrons are dominantly
distributed around the Ni atoms, and the electronic cloud
manifests a totally different spatial extension for spin-up and
spin-down conduction bands. In the former case, the elec-
tronic cloud concentrates in between the principal axes (of
the lattice), whereas in the latter case it mainly spreads along
the principal axes. Therefore the spin-down bands are more
liable to the cubic-tetragonal structural transition.

IV. CONCLUSION

In summary, DSP in the sense of the o-definition, taking
into account the influence of the electronic structure, has
been computed for the cubic austenitic phase and tetragonal
martensitic phase of the stoichiometric Ni,MnGa alloy. It
changes from the value of 42% for the austenitic phase in the
(100) directions, to a value of 30% in the [100] direction and
to a significantly increased value of 75% in the [001] direc-
tion for the martensitic phase. This largely enhanced DSP in
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the [001] direction of the martensitic phase is a result of the
almost unchanged Fermi surface topology of up spins and
the reconstruction of Fermi surface of down-spins into nearly
cylindrical shapes. Here, the introduction of the electronic
velocity for the description of spin dependent transport prop-
erties associates the DSP of a material to its Fermi surface
topology. The preferential influence of the martensitic trans-
formation upon the Fermi surface topology of the down spins
is a consequence of the much larger DOS value for minority
spin (down spin here) at the Fermi level. This means that a
much higher DSP may be obtained via a structural transition
that deforms the sample along a certain lattice direction, pro-
vided a much larger value of minority spin DOS at the Fermi
level is initiated. This provides a clue to the search for GMR
candidate materials in those substances that may undergo
structural phase transition or be liable to lattice distortion
under external stresses.
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