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Magnetic anisotropy in Ni,MnGa
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We study here, within the density-functional theory, the magnetic anisotropy efiddg) in Ni,MnGa
which is a prototype of a magnetic shape-memory alloy. We calculate the MAE, which is a key property for the
magnetic shape-memory effect, for tetragonal structure with different ratios af #imel a lattice constants,
reproducing the experimental easy axes both in compression and elongation of the structure. Good agreement
between the theory and the experiments in the actual values of the MAE is also found when the nonstoichi-
ometry of the experimental samples is modeled with a simple rigid band approximation. In addition, we
estimate the magnetostriction coefficient, confirming the difference between the ordinary magnetostriction and
the magnetic shape-memory effect. Equally important, we study the microscopic origin of the MAE in
Ni,MnGa with the spin density and the orbital moment anisotropy and extend the analysis of the orbital
moment anisotropy to the ternary compounds. These results show that the largest contribution to the MAE
comes from Ni, in spite of the larger magnetic moment in the Mn sites.

DOI: 10.1103/PhysRevB.65.134422 PACS nunider75.30.Gw

[. INTRODUCTION tions try to align with the external field. For fields below
saturation and with a large enough MAE, it will be energeti-

Novel materials which can function as sensors as well agally favorable to redistribute the twin variants: instead of
actuators are attaining increasing interest from a technologrotating the magnetizations with respect to their local crystal
cal point of view. In this context, magnetic shape-memorystructure, the twin boundaries move and the easy axes align
(MSM) a_”oyél are promising_ The magnetic control offers with the field. On the Whole, this movement leads to the
fast response compared to the temperature-driven convefrge shape changes observed in the MSM alloys. Although
tional shape-memory alloysand in addition, strains are the MSM mechanism differs from ordinary magnetostriction,
larger than in the ordinary magnetostrictive materfals.  the magnetostriction coefficient remains still a basic property
fact, unusually large strains up to 6% under a magnetic fieldn the MSM materials. The crucial magnetic parameter is,
have been observed in recently developed Ni-Mn-Ga alloy§owever, the MAE. _
close to the stoichiometric composition ;NInGa* The Apart from a large MAE, the MSM effect requires of
MSM effect, which differs from the ordinary magnetostric- course the occurrence of both ferromagnetism and a marten-
tion also by its mechanism, is driven by the magnetic anisotSItiC phase transformation. The martensitic transformation in
ropy energ)(MAE). The purpose of this paper is to Study the NizMnGa inVOIVeS' tetr.a.gonal distortions from the CUbiZl )
MAE and its origins in the prototype MSM alloy p¥inGa  Structure shown in Fig. 1. Both phases are ferromagnetic
with first-principles calculations.

The MSM effect is based on the magnetic-field-induced
redistribution of twin variants in the martensitic phdse.
When NpMnGa alloy is cooled down, it undergoes a struc-
tural transformation from a cubi@ustenitic phageto a te-
tragonal structurémartensitic phage In the cubic structure
there are three crystallographically equivalent directions for
the tetragonal deformation. Therefore, the martensitic phase
consists of regions which have different deformation direc-
tions. These regions are called twin variants and they are
separated by well-defined boundaries. Naturally, the local
crystallographic structure determines the easy axis of mag-
netization, so that different variants have a different global
direction for the easy axes i.e., the local magnetic moments
in the different variants have different directions in the ab-
sence of an external magnetic field. Now, when an external
magnetic field is applied to the sample, the local magnetiza- FIG. 1. ThelL2, structure.
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with the magnetic moment mainly on the Mn sites. Thesehe OMA, where we extend the analysis of the relationship
have been studied experimentally with x-ray and neutrorbetween the MAE and the OMA to the tetragonal distortions
diffraction®’ and with theoretical calculatiorfswhile mag-  of this ternary alloy. Finally, we draw the conclusions in Sec.
netization curve measuremeht¥’showed that the martensi- V.
tic phase of NiMnGa has uniaxial magnetic anisotropy, the
microscopic origins of the MAE in this alloy have not been Il. COMPUTATIONAL DETAILS
studied. Our purpose is to investigate the role of the constitu- A Method
ent atoms for the MAE and to sketch the composition depen- '
dence of the MAE around the pNInGa stoichiometry. The calculations are done within the density-functional
The two main sources of the MAE are the spin-orbit cou-theory using the FLAPW method as implemented in Ref. 22.
pling and the magnetic dipole-dipole interactions. TheThe generalized gradient approximafiti&GA) is used for
dipole-dipole induced anisotropy depends on the shape of thie exchange and correlation potentials. The spin-orbit cou-
sample and in many cases it is small compared to the spirpling is treated within the second-order variational metffod.
orbit coupling'® The spin-orbit interactionH,,=¢L-S,  The plane-wave cut-off for the scalar relativistic basis func-
which has a relativistic origin, couples the spins to the undions isRytK =9, leading to~350 plane waves with the
derlying crystal lattice, giving rise to an anisotropy. smallest muffin-tin radiu®,,+=2.2 a.u. In the second varia-
As a ground-state property, the MAE can be calculatedional step states up to 3.5 Ry are included in the basis. Since
via the density-functional theory. However, the smallness ofhe spin-orbit coupling is a local effect, it is included only
the MAE makes the calculation difficult. In transition metals, within the muffin-tin spheres. The sphere radii used are 2.4,
the spin-orbit coupling strength is typically about 50 meV 2.3, and 2.2 a.u. for Ga, Mn, and Ni, respectively. Only the
and the MAE, as a fourth-order effect in the cubic symmetryspherical part of the potential is used when calculating the
is therefore of order ofteV. Calculations within the density spin-orbit matrix elements. The effects of increasing the
functional theory have produced relatively good values forsphere radii or the energy cutoff for the second variational
Co and Fé? but for Ni even the correct easy axis is not step were checked, neither of them changing the results.
reproduced. In surfaces and in systems with a lower symme- The MAE can be calculated as a difference in the total
try the MAE is a second-order effect, making the calcula-energy between the different magnetization directions. This
tions more tractabl&~1" Up to now, calculations have been requires subtraction of two large numbers in order to obtain
performed mostly for monoatomic or binary compounds. Weone small number, and the total energy calculations must
present here calculations for a ternary compound. therefore be converged extremely well. However, the fact
A deeper understanding of the physics behind the magthat the spin-orbit coupling is a small effect can be used to
netic anisotropy is brought about by the connection betweesimplify the calculation of the MAE. According to the force
the MAE and the anisotropy in the orbital magnetic momenttheoren?®?° the energy differenc®E associated with the
In the absence of the spin-orbit coupling the orbital momentMAE can be calculated as a difference in the band energies,
is largely quenched by the crystal field. The spin-orbit cou-
pling induces some orbital moment, which in tetragonal A _2 _z
structures can be further enhanced due to a lowered symme- E= = €110~ 2 €jo01)- @
try. Due to spin-orbit coupling, there is orbital moment an-
isotropy (OMA) which was shown to be proportional to the The eigenvaluesg; are determined in the second variational
MAE in the cases with a single atom in the unit cell, assum-step, the subscriptsl10] and[001] refer to the magnetiza-
ing that the majority band is completely filled and spin-flip tion direction, and the summation is over bands knubints.
terms are neglecteld.As the spin-flip terms and contribu- The calculations are simplified considerably since only one
tions from the other spin subband can be important, this reself-consistent scalar relativistic calculation is needed. The
lation was generalized, showing that in addition to the orbitalconvergence of the self-consistent calculation is also not so
moments, the MAE contains contributions also from a mag-<rucial as when determining the MAE from total energies.
netic dipole term® However, little research has been doneThe validity of the force theorem is checked in the next
on the interpretation of this relation for compounds with sev-subsection.
eral atoms. The connection between the MAE and the OMA The presence of spin-orbit coupling together with spin
has been formulated for these cases in Ref. 20 and wpolarization leads to a lowering of symmetry. Only the sym-
present here the analysis for a ternary compound. metry operations of the scalar relativistic system which leave
The calculations in this work are done using the full-the spin quantization axis invariant remain when the spin-
potential linearized augmented plane-wavgLAPW)  orbit coupling is included. In the tetragonal structure with the
method* and the main aspects of the scheme are describd®01] magnetization the symmetry is not lowered, but when
in Sec. Il. Since the MSM effect takes place in the tetragonathe magnetization is rotated to thi&10] direction only 8
structure, we calculate the MAE for different tetragonal ge-symmetry operations from 16 remain. First, the scalar rela-
ometries in Sec. lll A. We also discuss the composition detivistic potential is calculated with the fullnot lowered by
pendence of the MAE in terms of a simple rigid band modelspin-orbit coupling symmetry. Second, the scalar relativistic
and determine the magnetostriction coefficient from the calwave functions and the spin-orbit Hamiltonian are calculated
culated MAE. Furthermore, we investigate the microscopidn a k mesh in the first Brillouin zone, which is obtained
origins of the MAE in Sec. Ill B with the spin density and using only the 8 symmetry operations which are common for
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both spin quantization axes. In this way only one set of sca- 200 —
lar relativistic wave functions is needed.

- . , 180 7
B. Brillouin zone integrations

Within the force theorem, the MAE is determined solely
from band energies. Therefore, the Brillouin zone integration
is the dominant source of errors. As the MAE is a small
qguantity and sensitive to the exact structure of the Fermi
surface, a very dense meshlofpoints is needed. Different
integration schemes have been used in the literature in order 64000 14000 8000 4500 |
to reduce the number &f points. A possibility is to use some 120 | 33000 | | |
broadening technique, such as Gaus<ian Fermf® broad- | MAA-A— - — A -A
ening, to smooth out the discontinuities at the Fermi level.

. . . . . L | L | L | L | L

The problem is that the size of the appropriate broadening is 1000005 01 015 02 025
not known in advance: small broadening does not improve 1/n x 103
the convergence, while too large broadening will affect the k
results because these methods do averages over the FermiFIG. 2. The MAE as a function of the inverse of the number of

s_urfa(_:e. Anqther tec;hnique fpr the Brillouin zone integra-k points. Some corresponding numberskagoints, ny , in the ful
tions is provided by interpolation methods such as the IIneaérillouin zone are also shown in the figureO}f tetrahedron
tetrahedron methddand its modified versiorf. The tetrahe-  aihod: Fermi broadening off{) 27meV, (0)68 meV, and
dron method is free of adjustable parameters and it shoulfir)136 mev: (¥) self-consistent. Lines are only guides for the
converge to the correct result in the limit of infinitely defkse  gyes.
mesh. However, the problem in the tetrahedron method is
that band crossings are not taken into account; i.e., the ordefetragonal distortion is shown in Fig. 3. The values of the
ing of bands can be incorrect and errors arise when the bandAE in tetragonal structures are about two orders of mag-
crossings occur near the Fermi level. In this section we tesiitude larger than in the cubic structure, as is expected due to
the convergence of some integration methods in the calculax lower symmetry. Within the scope of this work the MAE in
tion of the MAE. the cubic structure is considered to be zero. In the tetragonal
We use the tetragonal structure corresponding to the extructures(see Fig. 3 the [001] axis changes from easy to
perimental one ¢/a=0.94). The self-consistent scalar rela- hard whernc/a goes through 1. These calculations reproduce
tivistic calculation is done using the modified tetrahedronthe experimental easy axis both foa<1 (Refs. 9—11 and
method with 8000k points in the full Brillouin zone. The for c/a>1 (Ref. 31), but the theoretical value is about 2.5-
eigenvalue sums of Eql) are then calculated with different 3.5 times higher compared with the experimental values
k meshes and integration methods. All the subsequent MAEQ-74 eV for c/a=0.94.
values are given with respect to a formula unit. As shown in  There are at least two important differences in the experi-
Fig. 2, the Fermi broadening improves the convergence ofnents and in the theory which can explain the discrepancy in
the corresponding MAE’s when increasing the width of thethe value of MAE. First, the measurements are done at room
broadening. However, the results also change and the MAEemperature, while our calculations refer to zero temperature.
which is obtained with large broadening is not necessarilyrhe overall temperature dependence of MAE is complex as

correct. Although the results with a small broadening agregt includes effects from electronic states, magnons, and
with those of the tetrahedron method, the convergence is

slower. Since the convergence behavior is not improved from 200 ——
that of the tetrahedron method, there is no benefit using the oo
Fermi broadening method. We have therefore used the tetra- I
hedron method with 3300& points, which gives a good
convergence, in all the following calculations.

Some total energy calculations are also performed to
check the validity of the force theorem. As also shown in
Fig. 2, the difference between the values obtained with the
force theorem and with the total energies is small so that the
use of the force theorem is justified.
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-100- y
IIl. RESULTS AND DISCUSSION

A. MAE and magnetostriction 0.92 0.96 1 1.04

The MAE is calculated for different tetragonal structures
while keeping the volume fixed to the theoretical volume of FIG. 3. The MAE as a function of the tetragonal distortion. The
the cubic structur@ The calculated MAE as a function of the solid line is a fit to the linear part of the curvela>0.96.
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200 - - - constantC’, C=3V,C'/2, whereV, is the volume of the
unit cell. The magnetostriction coefficiengg, is defined as
the strain that minimizes the total energy of EB):

150

B

100 Noo1= — LToh (3

MAE (ueV)

The linear variation of the MAE with the small distor-
tions, Fig. 3, allows us to calculate the magnetostriction co-
efficient of the cubid.2; structure together with E@3). The
oL , . , ! , B constant is determined from the linear part of the MAE vs
295 30 30.5 c/a plot and the elastic consta@’ for the C coefficient is
v obtained either from calculations or experiments. The theo-

. retical value forC’ is 4.7 GPa(Ref. 33 while the experi-
FIG. 4. The MAE as a function Sf the numbe_r of valence e'?c'mental values vary from 4.5 GRRef. 34 to 22 GPa(Ref,
trons per formula unith,, for c/a=0.94. Experimental values: . , o
(0)) Ref. 9, () Ref. 11,7) Ref. 12, and () Ref. 10 35) According to the value used f@’, the magnetostriction
o T T T coefficient varies then from~—500x10"° to ~—100
m><10‘6. The calculated magnetostriction coefficient has the

the calculations with the Fermi broadening, Sec. Il B, which>8Me order of magnitude as the experimental one which is

_ — 6 — — 6
suggest that in NMnGa the MAE increases with decreasing between~ —250x10"" and 130x 107" (Refs. 1 and B

temperature, althought one should remember that the tenq_epend@ng on the temperature and t_he composition. A plir_ect
' gomparison of theoretical and experimental magnetostriction

peratures in Fig. 2 are very high. This trend is in agreemen! - .
with the case of tetragonal Nf,while for Ni,MnGa experi- is complicated because of the several sources for the differ-
' 2 ences: temperature, composition, the elastic constants, or the

mental results have not been reported. > ;
Another difference between the theory and the experimen‘foeff'c'emB' The cglculaﬂons reproduce, however, the cor-
rect order of magnitude.

is that the experiments are done with nonstoichiometric com Because the number of the data points is not enough to
ositions. From the several effects of nonstoichiometry we ) . .
P y scribe the linear behavior of the MAE aroucih=0.94,

consider here the change in the average number of valen<dE<9 . . .
electrons within a simple rigid band approximation. The ei- g. (3) cannot be applied directly for the martensitic phase.

genvalues from a calculation with a stoichiometric composi-H.owe.V er, some estimation of the magnetostriction qoefﬂ-
tion are used, but the summation in Ed) is done with a cient in the martensitic phase can be done. The elastic con-

varying band filling. The number of valence electrons is var-StantC, of the tetragonal structure is 13.5 G_?ﬁsaand the
ying g lope of the MAE vsc/a curve nearc/a=0.94 is around 3

ied, and the Fermi level is determined in accordance with thé : ' .
new number of electrons. The results for the experimenta?'mes larger than near the cubic structure; see Fig. 3. There-

structure are shown in Fig. 4 along with some experimental°r® e magnetostriction for thga=0.94 variant should be
values for the MAE. of the same order _of magnitude as for th@, structure.
Already this simple approximation for the nonstoichiom- Thege fmdmgs. confirm that the ordinary magnetostriction is
etry brings the theoretical MAE in good agreement with the? Minor effect in the MSM shape change of 6%.
experiment and reproduces correctly the experimental trend
about the composition dependence of the MAE. The remain-
ing discrepancies between calculated and experimental val-
ues of MAE could originate either from deficiencies of the ~Some qualitative information about the contribution of
used approximations such as the GGA or from experimentalifferent atoms to the MAE can be obtained from the spin
conditions such as the finite temperature, mentioned earlieflensity. Because the total energy is a functional of the spin
and other alloying effects. density, it is natural to assume that the spatial variation in the
Next, the MAE is used to calculate the magnetostrictiondifference of spin density with different spin quantization
coefficient of the cubi¢ 2, structure. According to the linear axes gives information about the spatial contributions to the
magnetoelastic theory the MAE depends linearly on the teMAE. The spin densitythe component parallel to the quan-
tragonal strain. The total energy can be written as a sum dfzation axig is calculated from the spin-orbit-perturbed

50

phonons. The electronic contribution can be obtained fro

B. Microscopic origin of the MAE

magnetoelastic and elastic enetgy wave functions and the resulting difference in the spin den-
sity between th¢110] and[001] magnetization directions is
Eiot= — aBe+ Cé?, 2) shown in Fig. 5. It is interesting to note that for Ni the

difference is positive and is mainly due dg. orbitals, while
wheree is the tetragonal distortions=2/3(c/a—1), a=1  for Mn the difference is negative and has maidly, charac-
for magnetization parallel to tetragon&l01] axis, anda= ter. The directionality of the characters shows that the mag-
—1/2 for magnetization perpendicular to that axsis the  netic coupling is mainly between the atoms of the same spe-
magnetoelastic coupling constant a@ds related to elastic cies. The most important fact in Fig. 5 is that the spin density
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300— T T T
% Ni Ni 8 - |
200 -
g oy % 100} .
Mn 3
N’
S 1
[110]
=100 -
FIG. 5. Difference in spin density in (1) plane. Solid lines
denote positive values with 18 e/A® spacing between contours, Py R R S
dashed lines negative values with f0e/A® spacing. 0.95 1 1.05 11

difference for Ni is around an order of magnitude larger than g 7. MAE calculated with ©) force theorem, with 1) Eq.
for Mn. This suggests that the largest contribution to theg).
MAE comes from Ni.

More information about the importance of the constituentgng
atoms for the MAE can be obtained from the orbital mo-
ments. Both the OMA and the MAE originate from the spin- Au=—4gall—all]. (5)
orbit coupling so that a large OMA is indicative of a large

MAE in many cases. The orbital moments, which are . . PR
~0.02545 within the Ni spheres and-0.016ug within the tween different spins. When spin flips are neglected and the

. B ajority band is assumed to be completely filled (=a'!
Mn spheres, are calculated using the spin-orbit perturbeHga”zO) these equations reduce to the linear relationship

wave functions. The resulting total and atomlc—sphere—between the MAE and the OMA as shown earlier in Ref. 18.

g;ﬁg:ﬂgﬁsidisos'wegi ?ths?r?ewgm A'\: Ivg\]/itr?ir?sthaeﬂlj\lr?cst,lok?ecr)é tigeThe above expressions can be further generalized to the case
' P with several atoms in the unit c&li

about 2 times larger than in the Mn sphere. The shape of the
curve is similar to the MAE as seen in Fig. 3, suggesting that
the two quantities are related also in,MinGa. In other AE=-2 &la)'+al'-all-al] (6)
words, the atomic-sphere-decomposed OMA reinforces the 4
argument that Ni has a larger contribution to the MAE thangnd
Mn, in accordance with the spin density.

The above considerations about the relationship between B ol
the MAE and the OMA can be put in a more quantitative A'““__A'zq: €qlag —ag'l- )
form using arguments from second-order perturbation theory.
In the cases with a single atom per unit cell the MAE The relationship between the MAE and the OMA as given by
and the OMAA 1 can be written a$ Egs.(6) and(7) is not necessarily linear even when spin flips
and other spin sub bands are neglected because the spin-orbit
coupling parameterg, are different for different atoms.

The a?1?2 indicate the terms coming from the couplings be-

AE=-¢fall+all-all-all] (4) Under the assumption that only the Ni and Mn contribute
to the MAE and that spin flips and other spin subbands can
FTT T ' ] be neglected, Eq6) can be written as
0.015 .
A0_01_ _ AE:%AMNi+%AMMn' (8)
jaa] L
50 005 N Some estimates for thg, can be obtained from an atomic
< program which givegy;=121 meV andé,;,=60 meV. If
= oL | these values are used in E®), the resulting MAE's are
© | larger than in Fig. 3. However, it is expected that in the
00051 | crystalline alloy thet, are reduced from their atomic values.
) A relatively good fit between the MAE calculated from Eq.
I (8) and the MAE calculated within the force theorem is ob-
'0‘01_0‘92 Y T S m— ] tained by usingty;=60 meV andé,,=30 meV as seen in
) c/a Fig. 7. Together with the atomic-sphere-decomposed OMA

(see Fig. 6 this suggests that Ni contributes to the MAE 4

FIG. 6. The OMA as a function of the tetragonal distortio@.)(  times more than Mn. Although these fitted values§pmay
total, (O) Ni, and (¢) Mn. be an underestimation due to the neglect of the other spin
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sub-band in Eq(6), the importance of the Ni for the MAE is information about the importance of the constituent atoms
well established. This observation is quite surprising becausfr the MAE is obtained from the OMA. Detailed analysis of

the largest contribution for the magnetic moment comes fronthe relationship between the MAE and the OMA allows us to
Mn. Altogether, it is seen that different magnetic propertiesexpress the contribution of an atom to the MAE in terms of

originate from different atoms. its OMA. The calculated OMA's show that the MAE results
from Ni and Mn, and that about 80% of the MAE comes
IV. CONCLUSIONS from Ni. Interesting in this result is that the situation is op-

_ posite for the magnetic moment, with80% of the magnetic
The purpose of this research was to study the magnetig,oment coming from Mn.

properties of NjMnGa, which is an example of a magnetic  The results presented show that the calculation of the
shape-memory alloy. We assume that the relevant quantifsyag is feasible also in ternary compounds. Furthermore, we
for the MSM effect is the magnetic anisotropy energy. Thenave shown how the OMA can be used in analyzing the
MAE is studied with density-functional calculations to ob- importance of the constituent atoms. Our calculated MAE
tain insight into its distortion dependence and origins. Hereg|rifies the origin of MAE expressions which could be used
the MAE is found to vary linearly with small tetragonal dis- g input for higher level models, such as micromagnetic
tortions. Clearly, our calculations reproduce the experimentghodels. In view of these model calculations, more first-
easy axis, which changes frdi®01] to [110] when changing  principles calculations could be performed: for example, the
the tetragonality fromc/a<1 to c/a>1. In addition, the  cajculation of angular variation of the MAE or the OMA in

magnetostriction coefficient of the cui@, structure is de-  orthorhombic structures would be interesting. On the other
termined to be in good agreement with the experiments. Thgnd, as the MAE is important for the MSM effect, these
magnetostriction in the martensitic phase is estimated t@a|culations suggest further ideas how the Ni-Mn-Ga alloys
have the same order of magnitude as inlti¥, corroborat-  should be optimized in order to maximize the MAE. We note
ing the result that ordinary magnetostriction is a minor effecthat Ni has the largest contribution to the MAE, but on the

in the MSM phenomenon. _ . other hand the MAE is sensitive to the band filling.
Although the theoretical MAE is close to the experimental

values, we believe that a better fit can be obtained when the
composition dependence is taken into account. We have ac-
complished that with a simple rigid band model, which  This work has been supported by the Academy of Finland
shows that the MAE decreases about 50% with a smallCenters of Excellence Program 2000-2D@&d by the Na-
change in the composition, consistent with the experimentdional Technology Agency of FinlanfrEKES) and the con-
trend. sortium of Finnish companid#\BB Corporate Research Oy,

Microscopic origins of the MAE are studied first with the AdaptaMat Oy, Metso Oyj, Outokumpu Research) GY.A.
difference in the spin density for the two magnetization di-is supported by the EU TMR prograniContract No.
rections. This shows the orbital characters of the magnetiERB4001GT954586 Computer facilities of the Center for
coupling and that the coupling is mainly between atoms ofScientific Computing(CSO Finland are greatly acknowl-
same species. The main finding of the current study is seeedged. L.N. acknowledges support from the Swedish Re-
also in the spin density: Ni is more important for the MAE search Council and the Swedish Foundation for Strategic Re-
than Mn, and the role of Ga is negligible. More quantitativesearch.
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