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Generalized susceptibility of the magnetic shape-memory alloy Ni2MnGa
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We have investigated the generalized susceptibilityx(q) and Fermi-surface-nesting of the ferromagnetic
shape-memory alloy Ni2MnGa. As the temperature is lowered below the Curie point, a premartensitic trans-
formation takes place when the magnetization reaches about 84% of itsT50 saturated value. We show
that the spin-split band structure near this magnetization gives rise inx(q) to a prominent peak at

q5( 1
3 , 1

3 ,0)(2p/a), corresponding to the experimentally observed wave vector for the premartensitic phase.

DOI: 10.1103/PhysRevB.66.054424 PACS number~s!: 71.18.1y, 63.20.Dj, 75.50.Cc
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The discovery of a martensitic transformation~MT! in
ferromagnetic Ni2MnGa ~Ref. 1! has been followed by ex
tensive investigations.2–16The excitement concerning this a
loy stems from the MT giving rise to the shape-memo
effect that can be influenced by applied magnetic fiel
There are other MT’s controlled by magnetism17 but this one
accommodates larger strain and also has a more prac
temperature range that can be varied by alloying. This c
acteristic of Ni2MnGa means that the shape-memory eff
can be better controlled by external magnetic fields as we
temperature for use in sensors and actuators. Ni2MnGa has a
nonmagnetic fccL21 Heusler structure with a lattice con
stant of 5.822 Å at high temperature, and undergoes a fe
magnetic phase transition at 380 K ([TC, the Curie tem-
perature! and a MT to a modulated tetragonal structu
having c/a50.97 at 220 K ([TM) upon cooling.10 TC and
TM are very sensitive to the atomic ordering and composit
of the sample.5,11 Additionally, there is a precursor phenom
enon related to a premartensitic phase transition for wh
the atoms are in modulated positions.10 The modulation has a
six-plane period along the@110# direction. At the wave vec-
tor q5(z,z,0)(2p/a) with z5 1

3 , theTA2 phonon branch of
Ni2MnGa has a strong temperature-dependent dip. Sim
premartensitic soft-mode behavior in the same pho
branch has been observed in Ni-Ti~Ref. 18! and Ni-Al ~Ref.
19! alloys. In both cases, the phonon softening has b
shown to be directly related to Fermi-surface nesting~FSN!
and strong electron-phonon coupling.20,21 It is natural to ask
if the premartensitic phenomenon in Ni2MnGa is of similar
origin.4

Since it is well known that the FSN effect can be a drivi
force for the phonon softening preceeding a MT,20,21it would
be desirable to investigate the geometry of the Fermi surf
This was the motivation of Velikokhatny and Naumov,12 who
calculated band structures, density of states~DOS!, the gen-
eralized susceptibilityx(q), and the Fermi-surface geomet
of Ni2MnGa in both the paramagnetic (T.TC) and ferro-
magnetic (T50 K) phases. From the results of those calc
lations, they concluded that the driving force of the p
martensitic phonon softening was not related to FSN in
ferromagnetic phase because their calculated nesting ve
in the ferromagnetic phase wasz50.43, which is substan
tially larger than the experimental value,z5 1

3 . Rather, they
suggested that FSN in the ferromagnetic phase is respon
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for the lattice modulation observed after the MT, resulting
a fivefold modulation along the@110# direction, called the
M (5) phase. They also suggested that the premarten
phase trasnsformation might be caused by anharmonic
fects as discussed in Ref. 22.

Since Ni2MnGa exhibits the shape-memory effect in th
ferromagnetic phase, it is desirable to investigate the in
play between the magnetism and the MT and/or phonon s
ening in this material. The phonon softening persists down
TM , which is significantly belowTC, but far aboveT
50 K. At T5TM , therefore, the material is not fully mag
netized. Since the nesting vectorq could depend on the mag
netization, the conclusion of Velikokhatny and Naumov th
FSN is not responsible for the phonon softening in the f
romagnetic phase, should be reinvestigated. In this pape
report on the results of calculations of Fermi surfaces a
x(q) in this partially magnetized region, making use of t
Stoner approximation by assuming that the splitting betw
the majority~spin-up! and minority~spin-down! bands is lin-
early proportional to the spontaneous magnetization. We
that the nesting vectorq, indeed, depends on the magnetiz
tion and that FSN is likely responsible for the phonon so
ening and premartensitic transformation in the ferromagn
phase.

We used the scalar relativistic full potential spin-polariz
linear muffin-tin orbital method23 within the local-density
approximation with the exchange-correlation potential
Voskoet al.24 in these calculations. We used 3d, 4s, and 4p
orbitals for each atomic site for the basis set. To generate
self-consistent potential and charge, we iterated with 47k
points in the 1

48 th irreducible Brillouin zone. For thex(q)
calculations, the whole reciprocal unit cell is divided in
80380380 parallelepipeds, corresponding to 11 921 ir
ducible k points, and each parallelepiped is further cut in
six tetrahedra. Thek-space integration was done by using t
linear-energy-tetrahedron method.25 For the calculation of
x(q),

x~q!5 (
n,m,k

f @em~k!#$12 f @en~k1q!#%

en~k1q!2em~k!
,

where f (e) is the Fermi-Dirac distribution function an
em(k) is themth band energy atk; we considered only the
bands crossing the Fermi energy~see Table I!. Since the
results of ourx(q) calculations for the paramagnetic an
©2002 The American Physical Society24-1
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zero-temperature ferromagnetic phases do not show sig
cant differences with Velikokhatny and Naumov, we will n
discuss those results in detail, but will concentrate on
changes inx(q) with the magnetization. For calculated ma
netic moments, we obtained 3.93mB in the unit cell: 3.31mB
per Mn atom, and 0.31mB per Ni atom. These values ar
consistant with the earlier magnetization measurement1 and
calculated results.12,13Reference 12 contains a good descr
tion of the ferromagnetic properties for Ni2MnGa.

The Stoner theory provides a simple and convenient
scription for the temperature dependence of the ferrom
netic band structure where we assume that the splitting
tween the spin-up and spin-down bands is linea
proportional to the magnetization and the permanent spo
neous magnetization follows the relationship given at fin
temperature by26

M ~T!5M0f ~T!,

whereM05M (T50), the saturation magnetization at 0 K
and the functionf (T) satisfies the equation

f ~T!5tanhF f ~T!
TC

T G .
The function f (T) has solutions of 1 forT50 and 0 forT
5TC. This formula is in fairly good agreement with th
measured magnetization.7 The energy difference between
say, thenth spin-down band andnth spin-up band at anyk
point is proportional to the magnetization, and the ene
eigenvalues are interpolated as

«6
ferro~n,k;TÞ0!5«para~n,k!2@«para~n,k!

2«6
ferro~n,k; T50!#

M ~T!

M0
, ~1!

where«para (« ferro) is the energy eigenvalue with the ban
index n and k for the paramagnetic~ferromagnetic! phase,
and ‘‘1’’ ~‘‘ 2 ’’ ! sign corresponds to the spin-up~spin-down!
band. We then use the new eigenvalues (TÞ0) to calculate
the density of states and obtain the Fermi level and mag
tization, which should be the same as theM (T) used in Eq.
~1! if the result is self-consistent. We find that at premarte
sitic transformation temperature (TPM>260 K), the magne-
tization is about 84% of the full magnetization (T50 K).
We note that the above procedure differs from the st
Stoner model in that the band splittings depend on thk
vector. Also, the approximation needs only be reasonable
states near Fermi level for thex(q) calculation to be mean
ingful.

TABLE I. The band numbers for the bands crossing the Fe
level for various magnetizations and temperatures. Temperat
are derived by formulas given in the text.

Magnetization~%! 0 10 30 50 75 100
Temperature~K! 380 379 368 346 293 0
Spin up 20,21 20,21 22–23 22–24 22–24 22–
Spin down 20,21 19–21 19,20 18–20 18,19 18,
05442
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Our calculated band structures~not shown! for both the
paramagnetic and ferromagnetic phases are very simila
those previously reported,12 except the band structure in Re
12 contains ‘‘ghost’’ bands~Ga 4d band! above the Fermi
level. The calculated DOS is also in good agreement with
DOS reported in Ref. 13. As mentioned previously, the c
culated x(q)’s and Fermi-surface geometry for both th
paramagnetic andT50 ferromagnetic phases are very sim
lar to those given in Ref. 12 exhibiting a nesting vect
q5(z, z, 0)(2p/a), z50.30(0.425) for the paramagnet
~ferromagnetic! phase.

In the fully magnetized case, we have a peak inx(q) at
z 5 0.425~0.40! that arises from the down~up! bands~see
Fig. 1!. With decreasing magnetization, the peak deriv
from the down~up! bands moves to larger~smaller! q values.
At 80% magnetization, the peaks are located atz
50.5, 0.325. Worth noting is the nature of the bands wh
cross the Fermi level. While the up bands~22nd, 23rd, and
24th! have about 0.35 Ry bandwidth, the down bands~18th
and 19th! have about 0.07 Ry. Because of smaller dispers
of the spin-down bands, it is likely that temperature effe
are more critical for the down bands than for the up ban
The relative magnitudes of thex(q) peaks are not indicative
of their influence in producing phonon anomalies since
crucial electron-phonon matrix elements have not been
cluded.

The band pair most prominently contributing to the pe
at z50.425 is the 19th spin-down band27 for the fully mag-
netized case (T50).12 As the temperature increases fro
zero, however, the dominant contribution tox(q) arises from
transitions from states in the 22nd spin-up band to ot
states in the same band separated byq. From now on, we

i
es

FIG. 1. Total generalized susceptibility contributed by t
spin-up and spin-down bands which cross the Fermi level. All so
lines are guides to the eye.
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GENERALIZED SUSCEPTIBILITY OF THE MAGNETIC . . . PHYSICAL REVIEW B66, 054424 ~2002!
will consider only the 22nd spin-up band, because this b
is mostly responsible for FSN in the ferromagnetic pha
(TM,T,TC). Furthermore, we will also consider only th
ferromagnetic phase with the magnetization over 60%
cause of the following three reasons. First, the most do
nant contribution comes from the 22nd spin-up band t
exhibits a distinct FSN effect. The 22nd spin-up band sta
to cross the Fermi level when the magnetization reac
;30%, corresponding toT5368 K, and its contribution to
x(q) spectrum becomes most significant at 60% magnet
tion or larger. Second, the phonon softening becomes sig
cant for temperatures below 330 K where the magnetiza
is 60%. Finally, although the paramagnetic phase has a
tinct FSN effect in the 20th band, nesting characteristics
its Fermi surface are somewhat unclear in the magnetiza
below 60%. We should also remark that when the magn
zation is small, the temperature is already high enough
cause considerable smearing of the Fermi surface, so tha
FSN would be significantly weakened.

Since the band splitting depends on the magnetizatio
is reasonable to expect that the geometry of the Fermi
face and/or the bands crossing the Fermi level can cha
and thus the FSN vectorq that gives rise to the peak in th
x(q) spectrum may change. We calculated thex(q) and
Fermi-surface geometry from the ‘‘adjusted’’ band structu
according to Eq.~1!. In Table I, the numbers for both spin-u
and spin-down bands crossing the Fermi level with vario
magnetizations and temperatures are listed. The numbe
bands crossing the Fermi level changes with magnetizat
We count the bands above the energyE520.330 Ry.

The calculatedx(q) curves withq along the@110# direc-
tion for various magnetizations are shown in Fig. 2, in wh
only the 22nd spin-up band contribution is shown. The
exists a sharp peak aroundz50.3 for the magnetization
greater than 60%, and the peak moves towards higherz as
the magnetization increases, or equivalently the tempera
decreases. Eventually,z reaches the value of 0.4 at full mag
netization and is believed to be responsible for the modula
crystal structure, theM (5) phase.12 According to the results
of our calculations, the phonon-softening wave vectorq is
changed by the magnetization that can be controlled thro
the variation of an external magnetic field or by temperatu
At 80% magnetization, the nesting vector isz> 1

3 , which is
the same as the measured one at the transition (T5260 K).
This nesting vector is denoted by the arrow in Fig. 3.

Two other important features of Fig. 3 deserve mentio
ing. The first one is the change of magnitude with magn
zation, which can be explained by the geometry of the Fe
surface. As shown in Fig. 3, the area of Fermi surface
creases with increasing magnetization. Since the intensit
x(q) depends on the area of nested Fermi surface, the
creasing Fermi-surface area results in the reduction of
intensity ofx(q). The second one is the change of the wid
of the peak. The width of the peak decreases as the ma
tization increases and reaches its minimum at 80% of
magnetization, and then increases again as the magnetiz
increases. This is also attributed to the characteristics of
Fermi-surface geometry. As can be seen in Fig. 3, the Fe
surface is completely flattened at;80% of magnetization,
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while the pair of ‘‘nested’’ bands bends outward~inward!
with respect to each other as the magnetization increa
~decreases! from 80% magnetization.

The 80% magnetization has special characteristics for

FIG. 2. Magnetization dependence of generalized susceptib
contributed by the 22nd spin-up band. All solids lines are guide
the eye.

FIG. 3. Fermi surfaces for various magnetizations atkz50.5.
The nesting vector withz5

1
3 is denoted by the arrow.
4-3
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phonon softening. At 80% of the magnetization, the FSN
optimized. Not only the Fermi surface is completely flatten
in the kz50.5 plane but the nesting feature persists far fr
kz50.5. Figure 4 shows that the Fermi surface intersec
the planes perpendicular to thez axis with variouskz values.
Although the two sheets of Fermi surface perpendicular
the z direction change their shape appreciably, the para
ism between the two is not altered askz changes. Figure 5
shows the Fermi surface in the@001#3@110# plane. It would
seem to have a nestingq vector that is off the@110# direction.
But generalized susceptibility calculations in various dire
tions gave the largest peak in@110# direction. This is related
to the curvature of Fermi surface as commented above
shown in Fig. 4. The Fermi surface has different curvatu
at differentkz values. The two Fermi surfaces in the nesti
region are perfectly nested when they are moved only in

FIG. 4. Geometry of the Fermi surface for variouskz values
calculated at 80% magnetization.

FIG. 5. Geometry of the Fermi surface in the@001#3@110#
plane calculated at 80% magnetization.
05442
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@110# direction. Figure 5 does suggest that nesting off
@110# direction will be significant and that phonon softenin

could extend for some distance off the (1
3 , 1

3 ,0) position.
We did not explicitly evaluate the electron-phonon mat

elements, however, by analyzing the orbital and symme
properties of the wave functions for those states involved
the FNS, we may deduce that the coupling is strong. T
analysis shows the main contribution to the FSN comes fr
states having predominately Mn character atk and states
with Ni character atk1q. The Mn states atk have largedxy ,
dyz , anddzx components. These components are the dia
nal directions of the corresponding planesxy, yz, and zx.
The Ni states atk1q also have largedxy , dyz , and dzx

components. Because these two atoms are located alon
body-diagonal direction, the large wave function compone
of Mn and Ni have what is called a ‘‘dormant’’ symmetry.28

When the atoms are displaced relative to each other along

@11̄0# direction, this symmetry is broken and large electro
phonon matrix elements result.

There are several studies of the transition tempera
changes with different electron concentrations16,29–31 and
magnetic fields.6,7,32 And recently, L. Man˜osa et al.33 re-
ported that the location of the dip in@110# TA2 phonon
branch can be changed by altering the electron concentra
A rigid band model using our band structure can expl
reasonably well the effects of electron concentration, but
energy scale is completely different for understanding
magnetic-field effects on theq vector if band splitting is the
only thing considered. We believe that domain structure a
magnetoelastic coupling must also be considered.

FIG. 6. The generalized susceptibilityx(q), evaluated using
Fermi-Dirac distribution for 0 K, 300 K, and 600 K with the energ
bands split for 80% magnetization~corresponding to.270 K).
4-4
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Until now, we assumedT50 for the Fermi-Dirac distri-
bution functionf (e),

f ~e!5H 1 if e,eF

0 if e.eF .

However, because temperature affects the Fermi surfac
changing the distribution as well as the band splitting, it
worth commenting on the change inx(q) caused by finite
temperature changes of the Fermi-Dirac distribution fu
tion. Figure 6 shows thex(q) with the Fermi-Dirac distribu-
tion function evaluated at three different temperatures us
the bands at 80% magnetization. The sharp peak inx(q) is
still present, but rounded by the thermal distribution effec
It is an expected result.

In summary, we have presented computational res
for the generalized susceptibilityx(q) and the geometry o
the Fermi surface for Ni2MnGa with various magnetizations
A peak of thex(z, z, 0) curve is related to FSN and move
toward higher z values as the magnetization develop
Furthermore, the geometry of the spin-up Fermi surface
closely related to the intensity and width of the peak
well as the peak position in thex(q) spectrum. The Fermi-
surface nesting effect is optimized at 80% of full magneti
tion and the nestingq vector at 80% magnetization is exact
the same as that of the observed phonon softening,z5 1

3 . The
rsi
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at-
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80% magnetization occurs close to the temperature reg
near which the premartensitic transformation occurs. Th
results strongly suggest that the Fermi-surface nesting
dominant driving force for the phonon softening in the fe
romagnetic phase down to the temperature where the
martensitic structural phase transition occurs. Thus, sim
to the phenomena observed in Ni-Ti and Ni-Al alloys, Ferm
surface nesting along with strong electron-phonon coup
leads to a dramatic temperature-dependent softening
particular phonon modes. These modes are responsible
the observed premartensitic phase tranformation. Whe
the premartensitic transformation~static displacements!
is realized or not, it is believed that the softening of t
phonon modes~dynamic! can lower the relevant energ
barrier and promote the low-temperature martens
transformation.34

Highly precise measurement of the wave vector for
premartensitic phase in high magnetic fields might confi
the above picture of magnetic Fermi-surface nesting. S
experiments may be inconclusive if lattice strain energies
strong enough to suppress incommensurate ordering nea

( 1
3 , 1

3 ,0) wave vector. High-pressure experiments may of
an alternative approach if high precision can be attained
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