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

gq= (%,%,O)(Zw/a), corresponding to the experimentally observed wave vector for the premartensitic phase.

DOI: 10.1103/PhysRevB.66.054424 PACS nuntber71.18:+y, 63.20.Dj, 75.50.Cc

The discovery of a martensitic transformati@dT) in for the lattice modulation observed after the MT, resulting in
ferromagnetic NiMnGa (Ref. 1) has been followed by ex- a fivefold modulation along th€l110] direction, called the
tensive investigation%:® The excitement concerning this al- M(5) phase. They also suggested that the premartensitic
loy stems from the MT giving rise to the shape-memoryphase trasnsformation might be caused by anharmonic ef-
effect that can be influenced by applied magnetic fieldsfects as discussed in Ref. 22.

There are other MT’s controlled by magnetiSrbut this one Since NbMnGa exhibits the shape-memory effect in the
accommodates larger strain and also has a more practicirromagnetic phase, it is desirable to investigate the inter-
temperature range that can be varied by alloying. This chalay between the magnetism and the MT and/or phonon soft-
acteristic of N\MnGa means that the shape-memory effectening in .thIS .matgrlallz The phonon softening persists down to
can be better controlled by external magnetic fields as well asv: Which is_significantly belowTc, but far aboveT

temperature for use in sensors and actuatorgviNGa has a :(t)' K('j Aé.T:-I;m ' the:gfore, the m"liée(;'al IS QOt fl#:y mag-
nonmagnetic fcd.2, Heusler structure with a lattice con- netized. Since the nesting vectprould depend on the mag-

stant of 5.822 A at high temperature. and underaoes a ferr netization, the conclusion of Velikokhatny and Naumov that

i ' h i g't' ? 380 Pé h Cg' i %SN is not responsible for the phonon softening in the fer-
magnetic pnase transition & Tc, the Curie tem- romagnetic phase, should be reinvestigated. In this paper we
peraturg and a MT to a modulated tetragonal structure

i - 20 report on the results of calculations of Fermi surfaces and
having c/a=0.97 at 220 K ETy) upon cooling.” Tc and x(q) in this partially magnetized region, making use of the

Ty are very sensitive to the atomic ordering and compositionsioner approximation by assuming that the splitting between
of the samplé:** Additionally, there is a precursor phenom- e majority(spin-up and minority(spin-down bands is lin-
enon related to a premartensitic phase transition for whickyarly proportional to the spontaneous magnetization. We find
the atoms al’e- in modulated pOSItIOquSThe modulation has a that the nesting Vecth', indeed, depends on the magnetiza_
six-plane period along thil10] direction. At the wave vec-  tjon and that FSN is likely responsible for the phonon soft-
tor g=(¢,¢,0)(2w/a) with {=3, the TA, phonon branch of ening and premartensitic transformation in the ferromagnetic
Ni;MnGa has a strong temperature-dependent dip. Similashase.
premartensitic soft-mode behavior in the same phonon we used the scalar relativistic full potential spin-polarized
branch has been observed in Ni{Ref. 18 and Ni-Al (Ref.  |inear muffin-tin orbital metho@ within the local-density
19) alloys. In both cases, the phonon softening has beegpproximation with the exchange-correlation potential of
shown to be directly related to Fermi-surface nestif§N)  \oskoet al?*in these calculations. We used 34s, and 4
and strong electron-phonon couplifftf’* It is natural to ask  orbitals for each atomic site for the basis set. To generate the
if the premartensitic phenomenon inNinGa is of similar  self-consistent potential and charge, we iterated withk47
orgin. points in thejsth irreducible Brillouin zone. For the/(q)
Since it is well known that the FSN effect can be a driving calculations, the whole reciprocal unit cell is divided into
force for the phonon softening preceeding a #T}it would  gox 80x 80 parallelepipeds, corresponding to 11921 irre-
be desirable to investigate the geometry of the Fermi surfacycible k points, and each parallelepiped is further cut into
This was the motivation of Velikokhatny and Naumidwho  sx tetrahedra. The-space integration was done by using the

calculated band structures, density of sta@®®S), the gen-  |inear-energy-tetrahedron meth&iFor the calculation of
eralized susceptibility(q), and the Fermi-surface geometry x(9),

of Ni,MnGa in both the paramagnetid@$ T.) and ferro-
magnetic T=0 K) phases. From the results of those calcu- flem(K){1—f[e(k+q)]}

lations, they concluded that the driving force of the pre- x(a)= Zk e (KT ) — en(K) ,

martensitic phonon softening was not related to FSN in the i A "

ferromagnetic phase because their calculated nesting vectathere f(e) is the Fermi-Dirac distribution function and
in the ferromagnetic phase wds=0.43, which is substan- ¢,(k) is themth band energy &; we considered only the
tially larger than the experimental valugs= 3. Rather, they bands crossing the Fermi energsee Table )l Since the
suggested that FSN in the ferromagnetic phase is responsibiesults of oury(q) calculations for the paramagnetic and
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TABLE I. The band numbers for the bands crossing the Fermi
level for various magnetizations and temperatures. Temperature
are derived by formulas given in the text.

80.0 T

== DN BAND
o«——e UP BAND

Magnetization(%) O 10 30 50 75 100
TemperaturdK) 380 379 368 346 293 0
Spin up 20,21 20,21 22-23 22-24 22-24 22-24
Spin down 20,21 19-21 19,20 18-20 18,19 18,19

70.0 | 4

its]

[arb.un

zero-temperature ferromagnetic phases do not show signifiz e0.0 | ]
cant differences with Velikokhatny and Naumov, we will not
discuss those results in detail, but will concentrate on the
changes iny(q) with the magnetization. For calculated mag-
netic moments, we obtained 3,93 in the unit cell: 3.3Lp
per Mn atom, and 0.3dz per Ni atom. These values are
consistant with the earlier magnetization measuremand
calculated result®'3Reference 12 contains a good descrip-
tion of the ferromagnetic properties for JMnGa. !
The Stoner theory provides a simple and convenient de-
scription for the temperature dependence of the ferromag-  40.0 ‘ : * *
netic band structure where we assume that the splitting be 0.0 0.2 O‘é[l 1 0]0‘(62 1a) 0.8
tween the spin-up and spin-down bands is linearly T
proportional to the magnetization and the permanent sponta- g, 1. Total generalized susceptibility contributed by the
neous magnetization follows the relationship given at finitespin.yp and spin-down bands which cross the Fermi level. Al solid
temperature b lines are guides to the eye.

50.0 | 1

1.0

M(T)=Mof(T), Our calculated band structurésot shown for both the
whereM,=M (T=0), the saturation magnetization at 0 K, paramagnetic and ferromagnetic phases are very similar to
and the functiorf(T) satisfies the equation those previously reporteéd,except the band structure in Ref.
12 contains “ghost” band$Ga 4d band above the Fermi
level. The calculated DOS is also in good agreement with the
DOS reported in Ref. 13. As mentioned previously, the cal-
culated x(q)’s and Fermi-surface geometry for both the
paramagnetic an@i=0 ferromagnetic phases are very simi-

d i atidnTh diff b lar to those given in Ref. 12 exhibiting a nesting vector
measured magnetizationThe energy difference between, q=(¢, ¢, 0)(2m/a), £=0.30(0.425) for the paramagnetic

say, thenth spin-down band andth spin-up band at ank (ferromagnetit phase.
point is proportional to the magnetization, and the energy In the fully magnetized case, we have a peal{u) at

eigenvalues are interpolated as { = 0.425(0.40 that arises from the dow(up) bands(see
Fig. 1). With decreasing magnetization, the peak derived
from the down(up) bands moves to largésmallep g values.

At 80% magnetization, the peaks are located &t
=0.5, 0.325. Worth noting is the nature of the bands which
cross the Fermi level. While the up ban@2nd, 23rd, and
where £P3 (¢ s the energy eigenvalue with the band 24th) have about 0.35 Ry bandwidth, the down bantth

Tc
f(T) =tan)'{ f(T) T

The functionf(T) has solutions of 1 fof=0 and 0 forT
=Tc. This formula is in fairly good agreement with the

&®"(n,k; T#0) =P n,k) —[£P*qn,k)

M(T)

—eEnk T=0)] . (@)
0

index n and k for the paramagneti¢ferromagnetit phase,
and “+” (* —") sign corresponds to the spin-(gpin-down
band. We then use the new eigenvalués-Q) to calculate

and 19th have about 0.07 Ry. Because of smaller dispersion
of the spin-down bands, it is likely that temperature effects
are more critical for the down bands than for the up bands.

the density of states and obtain the Fermi level and magneFhe relative magnitudes of thg(q) peaks are not indicative

tization, which should be the same as M¢T) used in Eq.

of their influence in producing phonon anomalies since the

(1) if the result is self-consistent. We find that at premarten<crucial electron-phonon matrix elements have not been in-

sitic transformation temperaturd §,,=260 K), the magne-
tization is about 84% of the full magnetizatio® €0 K).

cluded.
The band pair most prominently contributing to the peak

We note that the above procedure differs from the striciat {=0.425 is the 19th spin-down batidor the fully mag-

Stoner model in that the band splittings depend on khe

netized case [=0).? As the temperature increases from

vector. Also, the approximation needs only be reasonable fazero, however, the dominant contributionytfq) arises from

states near Fermi level for thg q) calculation to be mean-
ingful.

transitions from states in the 22nd spin-up band to other
states in the same band separatedgbyrom now on, we

054424-2



GENERALIZED SUSCEPTIBILITY OF THE MAGNETIC.. .. PHYSICAL REVIEW B56, 054424 (2002

will consider only the 22nd spin-up band, because this banc  12.0
is mostly responsible for FSN in the ferromagnetic phase

(Tu<T<T(). Furthermore, we will also consider only the S et
ferromagnetic phase with the magnetization over 60% be- o

cause of the following three reasons. First, the most domi- o LEoBEE0
nant contribution comes from the 22nd spin-up band that zr
exhibits a distinct FSN effect. The 22nd spin-up band starts ~ 10.0 o e

to cross the Fermi level when the magnetization reaches L e
~30%, corresponding t§ =368 K, and its contribution to %’ 3 L !

—

x(q) spectrum becomes most significant at 60% magnetiza-'g

S e
tion or larger. Second, the phonon softening becomes signifi. PO% 00l
cant for temperatures below 330 K where the magnetizatior.=, AT o wfw
is 60%. Finally, although the paramagnetic phase has a dis@ 8.0 . b4t o aid
tinct FSN effect in the 20th band, nesting characteristics of &< BN 5 AT L Nl e
its Fermi surface are somewhat unclear in the magnetizatior
below 60%. We should also remark that when the magneti-
zation is small, the temperature is already high enough tc
cause considerable smearing of the Fermi surface, so that ar - ;(5)3)
FSN would be significantly weakened. 6.0 .~ o 80‘%{; ]

Since the band splitting depends on the magnetization, it
is reasonable to expect that 'the geometry of the Fermi sur .- +90%
face and/or the bands crossing the Fermi level can chang a — 050,
and thus the FSN vectay that gives rise to the peak in the —a 100%
x(q) spectrum may change. We calculated thég) and
Fermi-surface geometry from the “adjusted” band structures 4.0 L L . L
according to Eq(1). In Table I, the numbers for both spin-up 0.0 0.2 0.4 0.6 0.3 1.0
and spin-down bands crossing the Fermi level with various 1 10] 2r/a)
magnetizations and temperatures are listed. The number of o . o
bands crossing the Fermi level changes with magnetization. FIG. 2. Magnetization dependence of generalized susceptibility
We count the bands above the eneBgy —0.330 Ry. contributed by the 22nd spin-up band. All solids lines are guides to

The calculatedy(q) curves withg along the[110] direc- 1€ Y&

tion for various magnetizations are shown in Fig. 2, in which hile th i of 4" bands bend i
only the 22nd spin-up band contribution is shown. There//hile the pair of “nested” bands bends outwa(mhward)
exists a sharp peak aroungl=0.3 for the magnetization with respect to each other as the magnetization increases

greater than 60%, and the peak moves towards highes (decreaseosfrom 80% mggnenzauon.' -

the magnetization increases, or equivalently the temperature The 80% magnetization has special characteristics for the
decreases. Eventually,reaches the value of 0.4 at full mag-
netization and is believed to be responsible for the modulatec
crystal structure, thé1(5) phase? According to the results

of our calculations, the phonon-softening wave vedas
changed by the magnetization that can be controlled througt
the variation of an external magnetic field or by temperature.
At 80% magnetization, the nesting vector/is 3, which is

the same as the measured one at the transifien260 K).

— 85%

1.0 ;

This nesting vector is denoted by the arrow in Fig. 3. 3
Two other important features of Fig. 3 deserve mention- §
ing. The first one is the change of magnitude with magneti- >

zation, which can be explained by the geometry of the Fermi
surface. As shown in Fig. 3, the area of Fermi surface de-
creases with increasing magnetization. Since the intensity o
x(q) depends on the area of nested Fermi surface, the de
creasing Fermi-surface area results in the reduction of the
intensity of x(q). The second one is the change of the width
of the peak. The width of the peak decreases as the magng S
tization increases and reaches its minimum at 80% of full Y0 05 : 010 05 10
magnetization, and then increases again as the magnetizatic ky@r/a)

increases. This is also attributed to the characteristics of the

Fermi-surface geometry. As can be seen in Fig. 3, the Fermi FIG. 3. Fermi surfaces for various magnetizationkat 0.5.
surface is completely flattened at80% of magnetization, The nesting vector witlf=3 is denoted by the arrow.
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[110] direction. Figure 5 does suggest that nesting off the
[110] direction will be significant and that phonon softening

could extend for some distance off thg, §,0) position.

We did not explicitly evaluate the electron-phonon matrix
elements, however, by analyzing the orbital and symmetry
properties of the wave functions for those states involved in
the FNS, we may deduce that the coupling is strong. The
analysis shows the main contribution to the FSN comes from
states having predominately Mn characterkaand states
with Ni character ak +q. The Mn states &t have larged,, ,
dy,, andd,, components. These components are the diago-
nal directions of the corresponding planeg, yz, andzx.

The Ni states ak+q also have larged,,, dy,, andd,,
components. Because these two atoms are located along the
body-diagonal direction, the large wave function components
of Mn and Ni have what is called a “dormant” symmet#/.
When the atoms are displaced relative to each other along the

0.0 0.2 0.4 0.6

kyQ2r/a)

FIG. 4. Geometry of the Fermi surface for variokis values

calculated at 80% magnetization.

0.8

[110] direction, this symmetry is broken and large electron-
phonon matrix elements result.

There are several studies of the transition temperature
changes with different electron concentrati§rf€=3! and
magnetic field$:"3? And recently, L. Maosa et al* re-
ported that the location of the dip if110] TA, phonon

1.0

phonon softening. At 80% of the magnetization, the FSN isbranch can be changed by altering the electron concentration.
optimized. Not only the Fermi surface is completely flattenedA rigid band model using our band structure can explain
in the k,=0.5 plane but the nesting feature persists far fromreasonably well the effects of electron concentration, but the
k,=0.5. Figure 4 shows that the Fermi surface intersecte@nergy scale is completely different for understanding the

the planes perpendicular to thexis with variousk, values.

magnetic-field effects on thg vector if band splitting is the

Although the two sheets of Fermi surface perpendicular tanly thing considered. We believe that domain structure and
the z direction change their shape appreciably, the parallelmagnetoelastic coupling must also be considered.
ism between the two is not altered laschanges. Figure 5

shows the Fermi surface in th601] X[110] plane. It would
seem to have a nestimgvector that is off th¢110] direction.

But generalized susceptibility calculations in various direc-
tions gave the largest peak [ihl0Q] direction. This is related

to the curvature of Fermi surface as commented above ani
shown in Fig. 4. The Fermi surface has different curvatures_,
at differentk, values. The two Fermi surfaces in the nesting .2
region are perfectly nested when they are moved only in theg

1.0

11.0 T T

10.0

9.0

[001]

X [arb

8.0

7.0

0.2 0.4 0.6 0.8 1.0

06
[110]

0.0 0.2 0.4

FIG. 5. Geometry of the Fermi surface in th601]x[110]

plane calculated at 80% magnetization.

0.8

{[110] 2n/a)
FIG. 6. The generalized susceptibility(q), evaluated using

Fermi-Dirac distribution for 0 K, 300 K, and 600 K with the energy
bands split for 80% magnetizatignorresponding te=270 K).
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Until now, we assumed =0 for the Fermi-Dirac distri-

80% magnetization occurs close to the temperature region
bution functionf(e),

near which the premartensitic transformation occurs. These
results strongly suggest that the Fermi-surface nesting is a

dominant driving force for the phonon softening in the fer-
romagnetic phase down to the temperature where the pre-
martensitic structural phase transition occurs. Thus, similar

to the phenomena observed in Ni-Ti and Ni-Al alloys, Fermi-
rface nesting along with strong electron-phonon coupling
changing the distribution as well as the band splitting, it is©2dS 0 @ dramatic temperature-dependent softening of
particular phonon modes. These modes are responsible for

worth commenting on the change i(q) caused by finite o .
temperature changes of the Fermi-Dirac distribution func.ihe observed premartensitic phase tranformation. Whether

) : . . . the premartensitic transformatiorstatic displacemenks
tion. Figure 6 shows the(q) with the Fermi-Dirac distribu- 50 ji7ed or not, it is believed that the softening of the
tion function evaluated at three different temperatures us'”%honon modes(dynamio can lower the relevant energy

the bands at 80% magnetization. The sharp peak(@) IS  parrier and promote the low-temperature martensitic
still present, but rounded by the thermal distribution effectsrgnsformatiors?
It is an expected result. Highly precise measurement of the wave vector for the
In summary, we have presented computational resultremartensitic phase in high magnetic fields might confirm
for the generalized susceptibility(q) and the geometry of the above picture of magnetic Fermi-surface nesting. Such
the Fermi surface for NMnGa with various magnetizations. experiments may be inconclusive if lattice strain energies are
A peak of they(¢, ¢, 0) curveis related to FSN and moves strong enough to suppress incommensurate ordering near the

toward higher { values as the magnetization develops.(1 1 0) wave vector. High-pressure experiments may offer

Furthermore, the geometry of the spin-up Fermi surface ig, ajternative approach if high precision can be attained.
closely related to the intensity and width of the peak as

well as the peak position in the(q) spectrum. The Fermi- The Ames Laboratory is operated for the US Department
surface nesting effect is optimized at 80% of full magnetiza-of Energy by the lowa State University under Contract No.

1

if e<er
fo=1,

if e>ep.

However, because temperature affects the Fermi surface

tion and the nesting vector at 80% magnetization is exactly
the same as that of the observed phonon softeiding,. The

W-7405-Eng-82. One of ufl.Y.R) was also supported by
the Korea Research Foundation Grant No. KRF-01-DP0193.

*Permanent address: Department of Physics, Hoseo University, 13). Since they occur above the Fermi level they do not signifi-

Asan, Choongnam 336-795, Korea.

cantly influence the Fermi surface.

1p.J. Webster, K.R.A. Ziebeck, S.L. Town, and M.S. Peak, Philos!3M. Pugaczowa-Michalska, Acta Phys. Pol98, 467 (1999.

Mag. B 49, 295(1984).

2S. Fujii, S. Ishida, and S. Asano, J. Phys. Soc. J#).3657
(1989.

3G. Fritsch, V.V. Kokorin, and A. Kempf, J. Phys.: Condens. Mat-
ter 6, L107 (1994).

4A. Zheludev, S.M. Shapiro, P. Wochner, A. Schwartz, M. Wall,
and L.E. Tanner, Phys. Rev. ®l, 11 310(1995.

SU. Stuhr, P. Vorderwisch, V.V. Kokorin, and P.-A. Lindga Phys.
Rev. B56, 14 360(1997).

6A. Planes, E. Obradd\. Gonzdez-Comas, and L. Marsa, Phys.
Rev. Lett.79, 3926(1997.

"F. Zuo, X. Su, and K.H. Wu, Phys. Rev. 8, 11 127(1998.

8A. Gonzdez-Comas, E. ObradoL. Marnosa, A. Planes, V.A.
Chernenko, B.J. Hattink, and A. Labarta, Phys. Re®0B7085
(1999.

9p.J. Brown, A.Y. Bargawi, J. Crangle, K.-U. Neumann, and
K.R.A. Ziebeck, J. Phys.: Condens. Mattel, 4715(1999.

1A, Zheludev and S.M. Shapiro, Solid State Comm@8, 35
(1996.

15T, Kanomata, K. Shirakawa, and T. Kaneko, J. Magn. Magn.
Mater. 65, 76 (1987).

16A.N. Vasil'ev, A.D. Bozhko, V.V. Khovailo, I.E. Dikshtein, V.G.
Shavrov, V.D. Buchelnikov, M. Matsumoto, S. Suzuki, T.
Takagi, and J. Tani, Phys. Rev.3®, 1113(1999.

17T, Kakeshita and K. Shimizu, Trans. Mater. Res. Soc. J8R,
981 (19949.

185 K. Satija and S.M. Shapiro, Phys. Rev2B 6031(1984).

195 M. Shapiro, J.Z. Larese, Y. Noda, S.C. Moss, and L.E. Tanner,
Phys. Rev. Lett57, 3199(1986.

20G.L. Zhao and B.N. Harmon, Phys. Rev.4B, 2818(1992.

21G.L. Zhao and B.N. Harmon, Phys. Rev.4B, 2031(1993.

22R.J. Gooding and J.A. Krumhansl, Phys. Rev3® 1535(1989.

233.Yu. Savrasov and D.Yu. Savrasov, Phys. Rew4 12 181
(1992.

10A. Zheludev, S.M. Shapiro, P. Wochner, and L.E. Tanner, Phys?*S.H. Vosko, L. Wilk, and M. Nussair, Can. J. Phys8, 1200

Rev. B54, 15045(1996.
1For the compilation of the experimental results for various

(1980.
253, Rath and A.J. Freeman, Phys. RevIB 2109(1975.

samples, see, for example, T. Castan, E. Vives, and P.-A. Lind2%see, for example, H. Ibach and H.thyuSolid-State Physi¢2nd

gad, Phys. Rev. B50, 7071(1999.
20.1. Velikokhatny and I.I. Naumov, Phys. Solid Staté, 617

(1999. The band structure in this paper contains the so-called

“ghost bands” arising from Ga @ states(compare with Ref.

ed. (Springer, Berlin, 1995 pp. 169-172.
2'The band index in Ref. 12 is smaller than ours by 5 because we
treat the Ga @ bands as valence states.
28\\. Weber, inThe Electronic Structure of Complex Systemited

054424-5



YONGBIN LEE, JOO YULL RHEE, AND B. N. HARMON PHYSICAL REVIEW B66, 054424 (2002

by P. Phariseau and W. M. TemmerméPlenum Press, New 3Lv.V. Khovailo et al, J. Phys.: Condens. MattéB, 9655(2001).

York, 1984). S2W.H. Wanget al, J. Phys.: Condens. MattéB, 2607 (2007).
29A.D. Bozhkoet al, Zh. Eksp. Teor. Fiz115 1740(1999 [JETP 33| Mafosaet al, Phys. Rev. B54, 024305(2001).
88, 954 (1999]. 343.A. Krumhansl and R.J. Gooding, Phys. Re\B® 3047(1989.

30F, Zuoet al, J. Phys.: Condens. Mattéd, 2821(1999.

054424-6



