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First-principles calculations of spin spirals in NiMnGa and Ni,MnAl
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We report here noncollinear magnetic configurations in the Heusler allgyi®a and NjMnAl which are
interesting in the context of the magnetic shape memory effect. The total energies for different spin spirals are
calculated and the ground-state magnetic structures are identified. The calculated dispersion curves are used to
estimate the Curie temperature which is found to be in good agreement with experiments. In addition, the
variation of the magnetic moment as a function of the spiral structure is studied. Most of the variation is
associated with Ni, and symmetry constraints relevant for the magnetization are identified. Based on the
calculated results, the effect of the constituent atoms in determining the Curie temperature is discussed.
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I. INTRODUCTION Although the original formulation of the local-spin-
density approximatiorf of density-functional theory allowed
Materials showing strong coupling between the magneticioncollinear magnetic order, first-principles calculations for
and structural properties are interesting from a technologicghis aspect have begin only recentfpr a review, see Ref.
point of view. Th-Dy-Fe alloygTerfenol-D, already in com- 18). One application has been the study of noncollinear
mercial usg exhibit magnetic-field-induced strains of ground states, for example, #Fe (Refs. 19-21or in frus-
~0.1% based on the magnetostriction phenomér@n.the  trated antiferromagnefé:*In addition, the noncollinear for-
other hand, Ni-Mn-Ga alloys close to the,NinGa stoichi- mulation enables studies of finite-temperature properties of
ometry show strains up to 10% with moderate magnetionagnetic materials. Since the dominant magnetic excitations
fields?~* The mechanism of this phenomenon, the magneti@t low temperatures are spin waves which are noncollinear
shape memoryMSM) effect, is based on the magnetic-field- by nature, it is possible to determine the magnon spectra and
induced movement of structural domaiitwin variants and  ultimately the Curie temperature from first principfés?’
is different from ordinary magnetostrictiGriThe basic mag- Most of the previous work has been done for elements or
netic properties related to the MSM effect include the satucompounds with only one magnetic constituent. We study
ration magnetic moment and the magnetic anisotropy whiclinere systems with several magnetic atoms and show how the
have been studied earlier for MnGa®’ Here, we probe interaction between different magnetic sublattices can give
deeper into the magnetic properties ofMnGa and another rise to interesting effects.

MSM candidate, NiMnAl, by studying noncollinear mag-  The paper is organized as follows. Some general proper-
netic configurations which also enables one to consideties of spin spirals are discussed in Sec. Il followed by the
finite-temperature effects in a natural way. description of the computational scheme in Sec. Ill. We

Although one ingredient in the MSM effect is a structural study the total energy and magnetization with spiral mag-
transformation (martensitic transformationfrom a cubic
structure to a lower-symmetry structure upon cooling, we
concentrate here only on the high-temperature phase. In this
phase NjMnGa has the cubit 2, structure(see Fig. 1 as
shown byx-ray and neutron-diffraction measuremehis he
magnetic order is ferromagnetic and most of the magnetic
moment originates from M® In the stoichiometric com-
pound the Curie temperature is about 370(Ref. 9 and
decreases with increasing Ni contéhiOn the other hand,
Ni,MnAl is less studied and its structure and magnetic con-
figuration do not seem to be perfectly understood. On the
structural side, botiL2,; and disorderedB2 structures are
reported’~1° depending on the thermal treatment. The mag-
netic configuration is found to be ferromagnetic with Curie
temperatures between 300 K and 400 K in Ref. 13 and anti-
ferromagnetic or spiral in Refs. 11 and 12. The magnetic
moment comes mainly from Mn atoms also in this .
compound->*® It seems that the ground-state magnetic con- ‘ X Q Mn .Nl
figuration depends on the underlying crystal structure. Here
we address the possibility of noncollinear magnetic configu- FIG. 1. Cubic cell of the.2; structure, wher& is Al or Ga. The
rations in thelL 2, structure. cubic cell contains four primitive cells.
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netic orderings and estimate the Curie temperature in Sec. IV Basically, the spin spiral relates only the magnetizations

and finally we conclude in Sec. V. in the different primitive cells. However, the symmetry prop-
erties constrain the magnetization which we discuss here in
Il. GENERAL PROPERTIES OF SPIN SPIRALS the context of thd_21 structure. The primitive cell of the

L2, structure(one-fourth of the cubic cell shown in Fig) 1
The magnetic configuration of an incommensurate spirtontains four atoms: two Ni, one Mn, and one Ga or Al atom.
spiral shows the magnetic moments of certain atomic planeg the full cubic symmetry the two Ni atoms are equivalent
varying in direction. The variation has a well-defined periodput this equivalence can be broken when the spin spiral low-
determined by a wave vectgr When the magnetic moment ers the symmetry of the system. If the spiral wave vector is
is confined to the lattice sites the magnetizatirvaries as  in the[111] direction the two Ni atoms are no longer equiva-
lent under space-group operations. Considering also the spin
cog(q- Iy + ¢ép)sin(6y,) rotations, the phases, of the two Ni magnetizations are
M(r,)=m,| Sing-ry+¢n)sin(6y) |, (1) oppos_ite since the atoms are relgted by space inversion. If the
two Ni atoms are treated as equivaléwhen allowed by the
cog ) spiral symmetry constraints for the phases of Ni moments
are even stronger. If the magnetic moments of Ni within the

moment of atorm with a phasep,, at the positiorr,,. Here, primitive cell areM(ry) =m,cos(b,)=M(r,), the magnetic

we consider only planar spirals, that &&= /2 which also Moment in the neighboring cell atr, is M(—r;)=m,cos
gives the minimum of the total energy. When the spin-orbit(_d’l)' On the othe_r hand, the. Ni‘atoms ar, and_atrz are
interaction is neglected thedirections in spin space and real cOnnected by a lattice translation, so that according td2g.
space are not coupled and the relative orientations of th(r2)=micos(-¢;+q-R) and one has the relatios, =
magnetic moments are the important quantities. The magne- #17d-R for the phase. In order to obtain the true

tization of Eq.(1) is not translationally invariant but trans- Minimum-energy configuration it may be necessary to treat
forms as the Ni atoms as inequivalefite., lower the symmetry of the

system so that the above relation for the phase does not have
M(r+R)=D(q-R)M(1), (2  tohold.

where polar coordinates are used amg is the magnetic

whereR is a lattice translation an is a rotation around the
z axis. A spin spiral with a magnetization in a general point

in space can be defined as a magnetic configuration which The spin spirals discussed in Sec. Il are studied within
transforms according to Ed2). Since the spin spiral de- density-functional theory. We use the full-potential linearized
scribes a spatially rotating magnetization, it can be correlategugmented-plane-wave metfi8din an implementation
with a frozen magnon. which allows noncollinear magnetism including spin
Because the spin spiral breaks translational symmetry, thepirals®!*? In addition to the full charge density and to the
Bloch theorem is no longer valid. Computationally, onefull potential, the full magnetization density is used. The
should use large supercells to obtain total-energy spin spiralgnagnetic moment is allowed to vary both in magnitude and
However, one can define generalized translations which conn direction inside the atomic spheres as well as in the inter-
tain translations in real space and rotations in spin sfface. stitial regions. The plane-wave cutoff for the basis functions
These generalized translations leave the magnetic structuig Rk, ,,=9, leading to~350 plane waves with muffin-tin
invariant and lead to a generalized Bloch theorem. Thereforgadii of 2.25 a.u. Brillouin-zone integrations are carried out
the Bloch spinors can still be characterized bl @ector in  with the special point method using 8&Qoints in the full
the Brillouin zone, and can be written as Brillouin zone and a Fermi broadening of 0.005 Ry. Total
energies are given per formula unit and they are converged at
least up to 0.01 mRy. For the exchange-correlation potential
: 3 we use both the local-spin-density approximatiofi. SDA)
and the generalized gradient approximati@GA),> which
The functionsu,(r) andd,(r) are invariant with respect to we discuss next in more detail.
lattice translations having the same role as for normal Bloch
functions. Due to this generalized Bloch theorem the spin
spirals can be studied within the chemical unit cell and no A. LSDAvs GGA
large supercells are needed. It has been pointed out that the use of the GGA is benefi-
Although the chemical unit cell can be used, the presenceial in the context of NiIMnGa.®® Because there has been
of the spin spiral lowers the symmetry of the system. Onlysome discussion about the different exchange-correlation po-
the space-group operations that leave invariant the wave vetentials in the context of noncollinear magnetism, we present
tor of the spiral remain. When considering the general spirsome comparison also here.
space groups, i.e., taking the spin rotations into account, the Although there is no global spin-quantization axis, one
space-group operations which reverse the spiral vector teean consider at every point of space a local coordinate sys-
gether with a spin rotation ofr around thex axis are sym- tem such that the magnetization at that point is in 2tc-
metry operation$’ rection. Since the LSDA depends only on the magnitude of

I1Il. COMPUTATIONAL METHOD

e—|q~r/2uk(r)
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FIG. 2. Total energy as a function of the spiral veajdn units FIG. 3. Total energy as a function of the spiral veaoCircles
of 2x/a. Circles represent LSDA, squares are for GGA. represent NiMnAl, squares are for NMnGa.

the magnetization, the exchange-correlation potential can Hel11]. g is given in units of 2r/a wherea is the theoretical
calculated at every point in the local coordinate system suchattice constant of the.2; structuret® The corresponding
as in the usual collinear case. The noncollinear potential isotal energies are shown in Figs. 3 and 4.
obtained by rotating back to the global frame of reference. Figure 3 shows that the variation of total energy @01]
On the other hand, the GGA depends also on the gradients ahd[ 111] directions is similar in NiMnGa and NjMnAl for
magnetization. Because the magnetization direction magll values ofg. The lowest energy in all cases is @0
vary, only projections of the magnetization on the local quanwhich is the normal collinear ferromagnetic configuration.
tization axis are used in the standard GGA when evaluatin@oth materials have small minima at the antiferromagnetic
the gradients. If the magnetization direction varies slowlyconfiguration atg=(0 0 1), but at other antiferromagnetic
this should not cause any problems. Some previous work hasonfigurations atj=(0.50.50.5) there are no minima.
led to suggestions that the disagreements between theory andThe energy in th¢110] direction is also similar for both
experiment are due to projection errors in some c&ses.materials as seen in Fig. 4. Here, the effect of symmetry
However, later work has corroborated the fact that the maironstraints can be seen clearly. If the two Ni atoms are
issue is not the exchange-correlation functional but the actualquivalent the energy is higher especially around
computational method, pointing to the importance of all-=(0.50.50). When the magnetic moments of the two Ni are
electron and full-magnetization treatmefts*° allowed to relax independently the energy lowers and the
We have done all the calculations in this work both with dispersion becomes flat afteq=(0.50.50). Near the
the LSDA and the GGA. The total energy as a function of theBrillouin-zone boundary atj=(0.750.750) both materials
spiral wave-vector length in BinGa is shown in Fig. 2 for

a single direction. I ; —
One can see that for smail both approximations give

similar results. With largeq the results differ slightly but the 6

same qualitative behavior is seen. For the other results pre-

sented in the following sections the qualitative behavior is 5

also the same for the LSDA and GGA, and the quantitative —_
differences between the two approximations are even é‘
smaller. The differences between the LSDA and GGA in spin Er
spiral calculations are small also for pure eleméhfBhere- E
fore, only the GGA results are discussed in the following.

IV. RESULTS AND DISCUSSION 1

A. Total energies

PR A S N1 L PR A S N1 L
First, we have studied the possibility of noncollinear or- (a)ﬂd 0'25[(10('150]0'75 lg 0'25[(10('150]0'75 1
dering by studying the energetics of spiral configurations.
This study also provides information about finite-  F|G. 4. Total energy as a function of the spiral veajoCircles
temperature properties. The total energy is calculated as @present NiMnAl, squares are for NMnGa. (a) Ni atoms are
function of the spiral wave vectay, and the wave vector is equivalent;(b) Ni atoms are inequivalent. Vertical line denotes the
varied along the high-symmetry directior@01], [110], and  Brillouin-zone boundary.
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show small energy minima corresponding to incommensu-
rate spiral order. At the antiferromagnetic configurations at
g=(1 1 0) there are no clear energy minima even though in
the case of NIMnAl the dispersion is very flat.

Generally, the spin spirals are related to magnons which
allows the estimation of magnon-related properties, such as
spin stiffness and Curie temperature, from the total energies
calculated above. The total energy of the planar spin spiral is
related to the magnon energy, as**°

Apg
wg=— E(A), (4)
P L PR I I

whereM is the magnetic moment per unit cell. In the law- 0 0‘25[ ‘3750‘])'75 To 0‘25[ 0~50(])~75
limit the magnon dispersion is quadratic, and one defines the a9 a9
spin stiffness constar? as FIG. 5. Magnetic moments within the atomic spheres as a func-

D2 5 tion of the spiral vecton. Circles represent BMnAl, squares are

wq=DQg" ) for Ni,MnGa. (a) Ni atoms are equivalentb) Ni atoms are in-

From the calculated total energies in Figs. 3 and 4 we cafduivalent.

estimate the same spin stiffness for both materials which is

D=77 mRya.l? This in good agreement with the experi- equivalence of Ni atoms has no effect on the Mn moment.

mental value 79 mRy aZimeasured in Ni-Mn-Ga film& This points to a more localized character of the magnetic
The Curie temperature can be estimated on the basis eioment of Mn, compared to a more itinerant character of Ni.

the Heisenberg model. By mapping the first-principles result®ecause most of the total magnetic moment comes from Mn,

to the Heisenberg model, the Curie temperatligein the  these alloys can be considered as localized-moment systems

random-phase approximation is giverfby/ consistent with the traditional view for similar materidfs.
However, despite the relative smallness of its magnetic mo-
1 bug V f 5 1 ©) ment, Ni has a significant effect on the energetics as dis-
= d*g—, 6 i i
KsTe M (2m)3 qwq cussed later. The differences between,NiGa and

Ni,MnAl are small: the magnetic moment in MnGa is

whereV is the unit-cell volume, and the integration is over Slightly larger, as shown already in previous wok. _
the Brillouin zone. An estimation can be obtained using the Since the magnetic moment in Ni shows a larger varia-
quadratic dispersion, E¢b), and carrying out the integration tion, the behavior of the Ni moment for several directions is
over a sphere having the same volume as the Brillouin zonednalyzed in more detail. The magnetization decreases mo-

This results in notonously both in thd001] and in the[111] directions.
Differences are at the antiferromagnetic configurations since
1 3Vay the magnetic moment of Ni remains finiteg (1 1 1) but
T 2 (7)  vanishes aj=(00 1). In the[110] direction, the behavior
slc MmD of the Ni moment depends strongly on the symmetry as seen
whereqq= (67%/V)¥3. By using the calculated spin stiffness
constant we obtaiff ;=830 K which is clearly an overesti- 05— —T T
mate. As seen in Figs. 3 and 4 the dispersion cuE(e)
deviates strongly from quadratic behavior with largerA 04 1L 1
better estimate can be obtained by considering the dispersion ’
guadratic up to some radius and constant thereafter. Based on ¢
the calculated energies in Figs. 3 and 4 the constant is chosen ~03F -
to be 5 mRy wheng>0.7q4. The Curie temperature ob- =
tained in this way isT;=485 K which compares well with 2
the experimental one, 380 K. 0.2r ]
B. Magnetic moments 0.1- -4 -
In order to obtain a deeper understanding of the energy
dispersion we next look into the behavior of magnetization. R TR R kS Y R R
The magnetic moments averaged over the atomic spheres for 0 0'25[00(')5(1]0'75 0 o1 [o(izqog] 04 05

differentq are shown in Figs. 5 and 6. The atomic magneti-

zations show that within the Mn spheres the magnetization is FIG. 6. Magnetic moments within the Ni sphere as a function of
nearly constant and the variation in the total magnetization ishe spiral vectorq. Circles represent BMnAl, squares are for
mainly due to Ni. Also, the symmetry consideration of the Ni,MnGa.
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FIG. 8. Schematic view of magnetic moments in nearest-
neighbor Mn atoms of the two equivalent Ni atoms qt

neighbor Mn atoms of Ni atoms a® g=(001) and(b) q

=(0.50.50.5).

—(0.50.50).

the frustration leads to a zero average moment within the Ni

in Fig. 5. When the two magnetic moments are forced to béphere. The Ni moment is, however, zero also cat

the same, the magnetization starts to decrease with increas-(0-50.50). At this point there are three groups of equiva-
ing g and vanishes to zero valueg (0.5 0.50). For larger lent Mn neighbors. One group contains two Mn atoms and
q values the moment shows a small peak before decreasitfe other groups contain one Mn atom. The magnetic mo-
again to zero in the antiferromagnetic statgjat(1 1 0). In  ments of single Mn atoms are antiparallel to each other and
the case of Ni atoms being inequivalent only a monotonou$ave a 90° angle with respect to the moments in the group of
decrease similar to tH®01] direction is seen. the two Mn atoms. The other equivalent Ni atom has three

Because most of the variation in total magnetization isSimilar groups of neighboring Mn atoms, such as the first Ni
due to Ni, it should have a stronger effect also on the energ@tom. The important point is that the moments in the group
dispersion. The importance of Ni can be seen most clearly iith two Mn atoms are antiparallel to those in the corre-
the [110] direction for the cases of different symmetry. The sponding group of the first Ni atom, as seen in Fig. 8. There
symmetry affects only Ni as seen in the behavior of the magls now frustration for Ni, but only when both equivalent Ni
netization, Fig. 5. Since the energy dispersion depends on tH&0mMs and their neighbors are taken into account. This frus-
symmetry, Fig. 4, the importance of Ni is clear. Compansontfatlon causes the magnetic moment around Ni to vanish
of Figs. 5 and 4 shows that the energy lowers when the Ngompletely in contrast to the antiferromagnetic case, where a
moment increases. Based on the above reasoning, Ni shoutéhall moment remains near Ni but averages to zero. When
have an effect on the Curie temperature, which indeed ighe Ni atoms are inequivalent, they can relax according the
seen in experiments where the increase in Ni content ddocal environment so that a finite moment can remairnj at
creases the Curie temperattfe. =(0.50.50).

The variation of the Ni moment can be understood by An example of the magnetization density for the case in
considering symmetry arguments and the coordinationvhich finite magnetic moments near the Ni atom average to
around Ni atoms. In th€001] direction two of the four Mn ~ Zero is seen in Fig. 9. Here the magnetization direction can
atoms neighboring Ni have the same magnetization directiofhange its sign within the atomic sphere. This finding shows
in the spiral and the other two have different directions, aghe importance of the full-magnetization treatment when
shown schematically in Fig.(Z. The magnetization in Ni dealing with several magnetic sublattices.
favors ferromagnetic alignment with the neighboring Mn

moments so that part of the Ni moment can be thought to . - - . - - R
align with one group of the Mn neighbors and part with the
other group. The total moment within the atomic sphere is an - o= o . - - -
average of these two parts and the Ni moment decreases
when the angle between the Mn moments increases. In the - o a— . —_— = -
antiferromagnetic configuration there is a complete frustra-
tion of the Ni atoms which results in a zero average magne- . | « @ . . .
tization within the sphere. For tHd11] direction shown in
Fig. 7(b) one group contains three Mn atoms and the other - —- - &— e -
group only one. Therefore the variation of the average mo-
ment in the Ni sphere is smaller and the moment remains - - - ¢ - e -
finite in the antiferromagnetic configuration.

In the[110] direction the situation is more complex espe- - - - ‘ - - g

cially when the two Ni atoms are treated as equivalent. In the
antiferromagnetic configuration the coordination is similar to  FIG. 9. Magnetization density around Ni in tk801) plane with

the case of thg001] direction. There are two groups of g=(110). The width and the height of the area are 2.5 a.u. while
neighboring Mn atoms with antiparallel magnetization, andmagnetization is in arbitrary units.
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V. CONCLUSIONS constituent atoms for the magnetic properties. Since the mag-
We have studied noncollinear magnetic configurations i netic moment of Ni varies strongly and its symmetry affects
Y g The energy considerably, Ni has probably a strong effect on

the ternary alloys NMnGa and NjMnAl with first- . . .
principles calculations. The calculations show that the magJEhe energy dispersion especially when larger wave vectors

netic properties are similar for both materials. The ferromag e involved. Therefore Ni also influences the Curie tempera-
IC properties are simi : : Yture. If one assumes that the spin stiffness is mainly due to
netic configuration is the ground state in th2; structure, so

. ; . n, and the lowering of the energy with larger wave vectors
that the experimentally observed antiferromagnetism OM 9 9y g

) . ) . i, Ni [ rature from 830 K to
Ni,MnAl is related to structural disorder. Studies of the otherjue to Ni, Ni lowers the Curie temperaty

tructural oh I as | distorti Id be int 85 K within the present approximations. Since the increase
structural pnases as well as inner distortions would be INtefy, e Nj moment decreases the energy it is suggested that in
esting in the future.

. . order to increase the Curie temperature one should replace
The calculated total energies are used to estimate the SP@me Ni, perhaps a little counterintuitively, with some non-

stiffness constant r_;md the Cung temperaturg, \.Nh'.Ch are 'Fhagnetic element, for example, Cu. Further experiments
good agreement with the experiments. The similarity in the

energy dispersion for both materials suggests that the Cursgggld clarify these issues and confirm the above sugges
temperatures should be also similar. In {i4.0] direction '
Ni,MnAl has higher energy, so that the Curie temperature
should be slightly higher.

The variation of the magnetic moment in the spirals This work was supported by the Academy of Finland
shows that the Mn moment is nearly constant while the Ni(Centers of Excellence Program 2000-20Q0By the Na-
moment varies strongly. The symmetry of the spin spiraltional Technology Agency of Finland EKES), and the con-
constrains the direction of magnetization, and since Ni favorsortium of Finnish companig#\BB Corporate Research Oy,
ferromagnetic coupling with Mn, there can be frustration atAdaptaMat Oy, Metso Oyj, Outokumpu Research) Q4.
certain wave vectors resulting in the vanishing of the magAyuela was supported by the EU TMR progrd@ontract
netic moment near the Ni sites. It is also shown how theréNo. ERB4001GT954586 Computer facilities of the Center
can be strong variation in the direction of the magnetizatiorfor Scientific Computing(CSQO, Finland, are greatly ac-
near the atomic sites which points to the relevance of thé&nowledged. L. N. acknowledges the support from the Swed-
full-magnetization treatment. ish Research Council and the Swedish Foundation for Stra-

Some conclusions can be made concerning the role of theegic Research.
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