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First-principles approach to spin-orbit coupling in dilute magnetic semiconductors
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We describe the implementation of a spin-polarized fully relativistic plane wave pseudopotential density
functional method. Using the method, we compare the calculated electronic band structures of hypothetical
ferromagnetic zinc blende structure MnAs and MnSe within the scalar-relativistic and fully relativistic pseudo-
potential approximations. We extract the conduction band and valence band exchange constants and extrapolate
to the low concentration limit following a simple mean field approximation. Finally we investigate how
strongly the exchange constants are affected by the spin-orbit term and provide a computational justification for
extracting these constants from scalar-relativistic calculations.
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[. INTRODUCTION tors that are governed by spin-orbit coupling. Examples are
the spin-relaxation of conduction electréh$' and aniso-
Dilute magnetic semiconductof®MS’s) are by now a tropic superexchange and weak ferromagnetisti: Very
well established class of materials. Conventional manganeseecently anisotropic ferromagnetic coupling in DMS’s has
doped DMS’s are based on II-VI materials such as ZnSe oalso been attributed to the effect that spin-orbit coupling has
ZnTe, in which very high manganese concentrations can ben the valence band in these materfdls.
achieved. In fact thin layers of pseudomorphic zinc blende A brief review of the method for non-spin-polarized
MnSe can be stabilized artificially by means of nonequilib-system&’ is given in Sec. Il A of this paper, followed in Sec.
rium epitaxial growth techniques despite the fact that bulk B by details on generalization of the local spin density
MnSe crystallizes in the NaCl structul.ré.ln contrast bulk  gpproximation to include spin-orbit coupling in spin-
MnAs crystallizes in the hexagonal NiAs structure and has,g|arized systems. Symmetry considerations are discussed in
not been stabilized in the zinc blende structiitéeverthe- Sec. Il C.
less, DMS'’s based on IlI-V materials such as GaAs or InAs

. In Sec. Ill we apply the scalar- and fully relativistic
have recently been fabricated by means of Iow-temperaturg bRl y

seudopotential methods to hypothetical ferromagnetic zinc
lende MnAs and MnSe. This allows us to study the inter-

Despite the large number of experimental and theoretica{i_l‘ay betweep spin-orpit coupling and exchange interaction in
works dedicated to the electronic and magnetic properties ese materials. We f_md tha’? the generally accepted Kondo-
DMS's there are many questions that remain unanswefed. ke form of the pd !nteractlon cannot account for exact
For example a recently proposed mean-field model receivelj?"e_ls of the rglat|V|st|c bands structure. However, the quan-
a significant amount of attention since it allows the quantitaditative effect is small compared to the large exchange split-
tive prediction of the Curie temperature—a parameter of utling and affects the exchange constants little.
most technological interest—for a variety of ferromagnetic
semiconductor§® However, some of the most important pa-
rameters entering the mean-field model, the so-called con- 1. COMPUTATIONAL TECHNIQUES
duction band and valence band exchange constdatsnd
NB are only known for a limited number of relevant
materialg. The ab initio pseudopotential methdt '8 has become a

In principle it is straightforward to extradla and NB  standard tool in many areas of electronic structure calcula-
from appropriate band structure calculatiSnidowever the tion. Even magnetic compounds containing &ansition
experimentalNB is properly defined as the exchange con-metal ions now lie in the realm of the plane wave pseudopo-
stant for thel'g level of the host semiconductor, implying tential approach of density functional thed??° In order to
that an exact theoretical treatment of the exchange constantbtain high precision results it is necessary to include rela-
needs to take the effect of spin-orbit coupling into accounttivistic effects when calculating the electronic structure of
Nevertheless, band structure calculations that are used to deraterials containing third row elemerffsHence it is now
termine the exchange constants in DMS materials are usualstandard procedure to create scalar-relativistic pseudopoten-
carried out within the scalar-relativistic approximation. tials that include the kinematic relativistic effectamass-

The results presented in this paper are the first applicatiomelocity and Darwin term from the fully relativistic all-
of a recent implementation of spin-orbit coupling within the electron solution of the atot2°
ab initio pseudopotential scheme of density functional theory In the scalar relativistic approximation, however, the spin-
to magnetic systems. Our motivation for including spin-orbitorbit interaction is only effectively taken into account by the
coupling explicitly in our study comes from the fact that construction ofi-averaged pseudopotentials for each angular
there are a number of spin-dependent effects in semiconducaomentum |. Consequently no spin-orbit splittings are

molecular beam epitaxy with manganese concentration
reaching 1094:°

A. Spin-orbit coupling in the pseudopotential scheme
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O T T 0 2 AR T 2 charge density we applied nonlinear core correctowith a
V 8=V loc ] partial core radius of 0.70 a.u. to the manganese pseudopo-
i tential.
] -3._ Vs 13 . . . .
-g 55 o1 5 g F B. General local spin density approximation
E V_p32 ] 1;5, - In addition to the use of-dependent pseudopotentials,
= 1 = 4 vpsn 14 extensions also have to be made to the conventional density
;_10_ Mo o s [ Va2 Se functional formalism in order to treat spin-orbit coupling
1 5L ls fully relativistically. The details of how to implement spin-
v ase [ orbit coupling in the plane wave pseudopotential method for
v_d3i2 ] [ Veo=Vdar a self-consistent treatment of non-spin-polarized systems
-15; T 5 715 -65 1 5 36 have been given previously by the authbtddere we de-
r[au.] r[au] scribe the further developments required when spin-orbit

coupling is included in the calculation spin-polarizedsys-
tems. In this case an additional spin-dependent term is
present in the Hamiltonian, arising from the exchange-

correlation term of spin density functional theof@DF
present in the resulting band structure. For cases where theﬁgefs_ 32-3% P Y ($OFD

splittings play a major role it is mandatory to include spin-
orbit coupling explicitly. -
For periodic systems the spin-orbit interaction is appropri- H. = OE{n.m] @)

FIG. 1. The ionic pseudopotential§..,5(r) and the local part
Vo for manganeséeft) and seleniungright).

ately written in the forrf’ " s(n,m)
B h R - - Here n and m are the fundamental variables of SDFT and
"'S<3_4m(2)cz(vv>< p)-o. (1) stand for the electron density and spin polarization, respec-

tively. UsuallyH,. is approximated by the local spin density

It is strongest close to the ion cores where the gradient of thgpprquatlor(LSDA). For the speC|a_1I case of coliinear spin
potential is largest. However, this is the region which is coy-Polarizations, the exchange-correlation term does not couple
ered by the pseudopotentials. Thus it is impossible to add thif1e spin degree O.f fre_edom to t_he orbital motion. R
spin-orbit effecta posteriorito the scalar-relativistic pseudo- [<0hn-Sham function is automatically an eigenstate of one of
potential results; instead the pseudopotentials themselvdge components of the Pauli spin operatorwhich is typi-
must account for spin-orbit coupling. For the nonlocalcally chosen to be the component.

pseudopotential scheme it has been shown by Kleinman that As is well known, the spin-orbit term of E¢l) mixes the

all relativistic effects are captured to ordef, wherea is  spin eigenstates. For non-spin-polarized systems, i.emfor
the fine structure constant, when the pseudopotential compe=0 at every point in space, this does not cause any compli-
nents are constructed from the major component of the fullycations. However, for spin-polarized systems the spin-
relativistic solution of the atomic probleffi.Naturally, the polarization for each individual Kohn-Sham functiof
pseudopotentials become dependent on the total angular mneeds to be expressed in the general form

mentumj and operate in orbital and spin space. The details

of the implementation of-dependent pseudopotentials for AU L L PE

non-spin-polarized systems have been given in an earlier Mi(r) =y (Nodi(r) . ®
papet® so we do not repeat them here. However, we poinrI is cl hat th I ied d

out that the construction of the pseudopotential operator auE IS¢ efa\rt atthe Su_m over_a chuple states can pro uce a
tomatically leads to the correct symmetrization of the spin-noncollinear total spinpolarizatiom and the usual collinear
orbit term in the crystal environment. All solid state calcula- @SSumption fails. It has been shown that the generalization of
tions reported in this paper were carried out USERINOR H,. to noncollinear spin polarl_zanons is §tra|ghtg%rward in
our code capable of including spin-orbit coupling for spin-the case of the local density approximatitn®® The

polarized systems, which is freely availaflander the GNU ~ €Xchange-correlation term can be written in the general local
public license. spin density approximatio(GLSDA) as

In Fig. 1 we show our ionic pseudopotentials for manga-
nese and selenium that were created following the fully rela- Hyo=ayloxot+ Dy o, (4)
tivistic procedure, within the Troullier-Martins scherfte.
The core radii for all components of the manganese pseud@vhere
potential were set at 2.20 a.u. and theomponent served
as the local potential in the Kleinman-Bylander trans- >
formation® For the selenium components 2.30 a.u. was cho- a(r)= OBy n,m] _ SE,dn,m]
sen for thes andp components and 2.50 a.u. for tdecom- X sn(r) an(r)
ponent, which was the local component in this case. Due to a
non-negligible overlap of the valence electrons with the coreand
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> TABLE |. Point group operations for zinc blende structure with
- o OE,[nm] OSE{nm]. . -
= xe 1, mM] = xl ]m(r) ] (6)  net magnetization alon01].

xcl

sm(r) sm(r)

.. _ _ o K11 1 1 K K K K
Herem(r) denotes a unit vector in the direction of the spin,. 1 ¢, ¢, Cit Cx Cay Coy Coy
polarization at point. Since at each point we can rotate thea, 1 C,, C,;} C,, Cy Cyp 0xy 0y
reference system in the direction of the spin polarization, it
follows that the functional derivatives of the exchange-
correlation energy with respect to the electron density angvhereRY? is the 2< 2 spin rotation matrix corresponding to
spin polarization, respectively, are equivalent to the expresthe rotationas. For a general rotation with Euler angles
sions of conventional LSDA. We use the parametrization bys, andy the spin rotation matrix 8
Perdew and Zungétto approximate the density and polar-
ization dependent exchange-correlation energy. e~ Wacod ge=12y  _ g~ (12)iagjnl ga+1/2y

C. Symmetries e+(1/2)iasin1c%ﬁe—1/2iy e+(1/2)iacoéﬁe+l/2iy '

We pointed out in the last section that without the effect (11)
of spin-orbit coupling it is always possible to separate theThe restrictions introduced by the coupling of the spin and
spin polarized problem according to taeomponent of the orbital degrees of freedom can only be satisfied if we require
electron’s spin. The up- and down-spin problems can beys=ay for every proper rotation in the symmetry grotip.
solved independently, coupled only by the requirement oHowever, in the case of an improper rotati@g we note that
overall self-consistency. Without spin-orbit coupling the spinthe spin polarization is unchanged under spatial invergion
polarization direction is completely arbitrary and no couplingdue to its axial nature, and thusy=Jas.
to the lattice exists. Consequently the Hamiltonian reflects \We note further that complex conjugation no longer rep-
the symmetry of the full space group of the crystal, and bothresents an allowed symmetry operation when the spin-orbit
the electron densityl(F) and the magnitude of the spin po- term is included. However, as is well known, the spin-orbit

larization m(F) can be obtained by symmetrization from a term is invariant under the action of the time reversal opera-
reduced set of states in the Brillouin zotiéNote further that  OF

the complex conjugate operatidfy, also enters the symme- )

try group, resulting in a twofold degeneracy of states with K=—loyKo. (12

o_pposite sign of their Bloch wave vectors, Interestingly,.l.his leads to Kramer’s degeneracy in the case of paramag-
sihce KO_ does not invert the spin quantum n_umber .Of t.henetic band structures. However, for spin-ordered systems the
state, this symmetry holds for any collinear spin polarization

even for magnetic orders that are not invariant under timésc’lated operatiof is not a symmetry operation either since

reversal such as ferromagnetically ordered states. it leads to the equal'ityn(r)'z —m(r) at all point.s in'space.
The presence of the spin-orbit term, however, prevents th@n the other hand if the time-reversal operation is coupled
separation of the problem into up and down ComponentsW'th certain spatial symmetry operations we can construct
Then each symmetry operation that is applied to the lattic@/lowed trgnsformanons. In prder to illustrate this fac’g, pic-
also affects the spin polarization. Thus, in general the numtUré & collinear ferromagnetic structure. Then a rotation by
ber of symmetry operations will be reduced from the full 180° along an axis per_pendlcula_lr _to the magnetlzatl_on axis is
space group of the crystal to those that preserve the Spil'ﬁot a symmetry operation even if it Iez;ves_the chemical crys-
polarization at the same time. For clarity we adopt a notatiof@ Unchanged. But if the same rotation is followed by the

similar to that of spin space grouil§SSSG’9 and write an time-reversal operation the original magnetization is re-

arbitrary symmetry operation as stored. , _ _ ,
The underlying symmetry of the chemical lattices studied

in this work is that of the cubid 4 point group which con-
tains the 24 spatial rotations 108,3C,,604, and 65,.
whereag anday are general & 3 rotation matrices andis  Then, for the scalar-relativistic calculations, the general point
a spatial translation vector. The transformations are definedroup operation has the forfd| ag|0}, whereay stands for

by their action on the electron density any of the 24 rotations ify. For the fully relativistic case,
however, the general point group operations take on the form

{ag|agl 7}, (7)

{agag/7in(N)=n[ag’(r—7)] (8)

K’ 0}, 13
and spin polarization {as|erlO} (13

where as=Jag or ag= ag depending on whether the rota-

{agaglTim(r)=amag'(r—1)]. (9)  tion ag contains spatial inversion or not. The operatth
, e refers to either identity or the Kramers’ operator defined in
The action on a two-component sping(r) is given by Eq. (12). The resulting tetragonal point group for the case
IR N - - with spin polarization along th¢001] direction only has
{agag TH(r)=RYq ag) gl ag (r—1)], (10 eight symmetry operations which are given in Table .
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FIG. 2. Fully relativistic band structure of ZnSe. FIG. 3. Band structure for majority and minority spin states of
hypothetical ferromagnetic zinc blende MnAs at a lattice constant
IIl. RESULTS AND DISCUSSION of 5.65 A. The highlighted splittings are discussed in the text.

In this section we apply the scalar-relativistic and fully point compares well with experimental data that gives a
relativistic pseudopotential approximations to the cases ofange between 0.20 and 0.30 eV for this splittfhd® It is
zinc blende structure MnSe and MnAs. For both materialsnteresting to note the lifting of the threefold degeneracy of
we consider the ferromagnetlc spin allgnment. We note thaﬂhe zinct, d states, whereas tliestates ofe symmetry seem
although MnSe can be stabilized in the zinc blende structurgs be unaffected by spin-orbit coupling .
it does not exhibit ferromagnetism but rather orders Finally we observe that the band gap for relativistic ZnSe
antiferromagneticallﬁz”’z DMS materials based on I1I-VI is halved Compared to the value we obtain in the non-
compounds, however, show paramagnetic behavBulk  relativistic approximation. This reduction of the band gap is
MnAs on the other hand is more difficult to stabilize in the due to well documented relativistic band shifts which are
zinc blende structure and only low concentrated IlI-V-DMS's jarger for the antibonding bottom of the conduction band
have been grown successfullThis class of DMS's orders  than for the bonding top of the valence bdfidn addition

ferromagnetically with transition temperatures up to 110 K. the spin-orbit splitting of the valence band top further re-
Zinc blende MnSe and MnAs can thus be viewed as the hlgﬂuces the band gap in the fu||y relativistic result.

concentration limit of the appropriate DMS material. In the

case of MnSe the enforced ferromagnetic order models the B. Scalar-relativistic pseudopotential results

effect of an external magnetic field which produces a finite for MnAs and MnSe
magnetization. For MnAs it corresponds to the actual LSDA
ground state of the high concentration limit. Figures 3 and 4 show our calculated band structures for

ferromagnetic zinc blende MnAs and MnSe, respectively, us-

A. A benchmark study: fully relativistic ZnSe ing j-averaged scalar-relativistic pseudopotentials. The lattice

First, as a test case of our implementation, and as a benct Minority Bands Majority Bands
mark to compare our later results for ferromagnetic materi- 4
als, Fig. 2 shows the fully relativistic band structure of non- 3

1 2ce) 2

spin-polarized zinc blende ZnSe obtained ugktgpendent [
_\>

pseudopotentials for zingot shown and seleniuntFig. 1).
S

-
)

This is, to our knowledge, the first published relativistic band
structure calculation of ZnSe based on #ieinitio pseudo-
potential scheme. Chelikowsky and Cohen previously deter-
mined the relativistic band structure of ZnSe based on th
empirical pseudopotential method, excluding the Zd 3
states from the valendé. i ]
We find that the split-off hole band is clearly separated aew h
from the light hole (h), heavy hole [ih) degeneracy af. L 7 1
Further thelh, hh degeneracy, which is present along the § ?'5
L-I"-X line for scalar-relativistic calculations, is lifted by the 6
spin-orbit coupling term. The calculated spin-orbit splitting r v
of the top of the valence band at the Brillouin zone center of FIG. 4. Band structure for majority and minority spin states of
0.41 eV is reasonably close to the experimentally availabléypothetical ferromagnetic zinc blende MnSe at a lattice constant of
value of 0.42 eV#** Also, the splitting of 0.24 eV at the 5.65 A. The highlighted splittings are discussed in the text.

|
[

— |eJ

\
L
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Band%nergy
|
)
Band Energy (eV)

S

115208-4



FIRST-PRINCIPLES APPROACH TO SPIN-ORBI . . PHYSICAL REVIEW B 66, 115208 (2002

T ' ' ' L B R B lence band is pushed upwards by the hybridization, away
from the bonding states at arourtb eV. The hybridization
interaction is smaller for the minority states since the ex-
change interaction raises the minoritlystates several eV
above the valence band top. Nevertheless, even for the mi-
nority states,p-d hybridization is evident in the projected
density of states, leading to a small downwards shift of the
minority valence band. Thus the exchange splitting of the
manganesed states introduces a sizable splitting of the
mostly p-like valence band in MnAs and MnSe that is oppo-
site in sign, meaning that the majorip/bands lie higher in
energy than the minoritp bands. The relevant splittings are
labeledAe(v) in Figs. 3 and 4. The thick arrows &t high-
' light the states that strongly interact via hybridization.
Figures 3 and 4 further show a small splitting of tike
conduction band df labeledAe(c). In contrast to the-like
FIG. 5. Total and projected density of states for majority andvalence states we find the splitting of the conduction band to
minority spin states of hypothetical ferromagnetic zinc blendebe positive. To understand whss and p-like states are af-
MnSe at a lattice constant of 5.65 A. fected differently by the exchange splitting of the manganese
d states, it is important to realize that thdike states afl’

constant has been chosen to match the experimental value gnnot hybridize with states af symmetry. Thus it is direct
5.65 A for GaAs and ZnSe, so as to simulate the experimenC0U|0mb exchange alone that leads to the observed conduc-
tal situation where these substrates are often used. All calciion band exchange splitting. _ _
lations have been carried out for the ideal zinc blende struc- Despite their different nature, it is possible and convenient
ture, and possible distortions have been neglected. Th describe the-d andp-d interactions in DMS materials in
distinction between minority and majority bands is given bya formally similar fashion. Since the-d interaction is a re--
the z component of the electron spin, which in the scalar-sult of direct Coulomb exchange it is conveniently written in
relativistic approximation remains a good quantum numberthe Kondo form

The striking similarity of the two band structures emphasizes

the fact that the underlying ionic potentials in MnAs and Heg=—Noa$S:s, (14)
MnSe are very similar. However, the position of the Fermi

level, which is determined by the number of electrons pekyhereN, is the number of unit cells in the crystat, is the

e e R e e o oo Ghange negral,arlands re the spin operaors of the
P jority sp : anganesd states and the-like conduction band electrons,

lk;z?\o?gr]r?;r:ir;oﬁzew%eer:gis%:hl\jnuSpepevzr:?c%s}nargainor:gyagzliﬁgﬁe espectively. Schrieffer and Wolff have shown that the hy-
' ridization interaction between localized impurity levels and

electron per formula unit, it res_|_des closer to the_ top of thethe delocalized host states can also be transformed into a
same valence band. The position of the Fermi level W|thK O a7

o ) . S ondo-like form;
respect to the minority states is almost identical in both ma-
terials, only barely cutting through the bottom of the lowest ..
unoccupied band, leading to an almost half-metallic elec- Hp.a= —NoBS:-s. (15
tronic structure for MnAs as has been reported eatlier.

The main features of the overall band structures for bothirhe Schrieffer-Wolff transformation relates the effective ex-
MnAs and MnSe are determined by the energetic position o€hange integral®), which will be negative in general, to the
the spin-polarized manganedestates and their influence on matrix elements of the interaction potential between the
the cationp bands, driven by a strong-d hybridization in-  bands of the crystal.
teraction. To analyze this in more detail we show the pro- Following Egs.(14) and (15) it is straightforward to ex-
jected density of states for MnSe in Fig. 5. The density oftract the exchange constarfga and NgB from the bulk
states for MnAs is very similar to that of MnSas one can band structure$.Since all spins are collinear in our scalar-
imagine from the similar band structujeand is not shown relativistic calculationAe(c) andAe(v) simply need to be
here. divided by half of the total spin polarization given in units of

In compliance with Hund’s first rule we find that the ex- Bohr magnetons. The results that we obtain from our scalar-
change interaction splits the strongly localized mangaudese relativistic calculations for MnAs and MnSe are compiled in
states into a group of occupied majority states and a group dfable Il and will be discussed in more detail in the following
unoccupied minority states. In addition, the projected densitywection. It is worth pointing out once more that the present
of states of Fig. 5 reveals that some of the occupied valenceesults for the exchange constants are derived from calcula-
states in MnSe have strong $echaracter. As a result of this tions in the high concentration limit and as such are not
hybridization small spin polarization is induced on the Sedirectly comparable to the values obtained by Saneital.
sites. Furthermore the antibonding top of the majority va-from a low concentration fit of large super cell calculatighs.

I Minority States — total

DOS in states/(cell eV)

-

Band Energy (eV)
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TABLE Il. Spin-polarization and exchange constants for MnAs
and MnSe.

|M| (mB) Noa (eV) NoB (eV)
MnAs scalar relativistic 3.44 0.18 —-2.82
MnSe scalar relativistic 4.42 0.28 —-1.85

C. Mean-field interpolation

Within a simple mean-field approximation it is possible to

extrapolate the high concentration results of the last sectior

to the experimentally accessible low concentration limit. In

the mean-field model, the interaction between the delocal-

ized carriers and the localized mangandsaoments is ap-
proximated by an interaction with an effective moment of
strengthx(S), wherex is the effective manganese concentra-
tion and(S) is the average manganesenoment. Taking the
average moment along thedirection, the two interaction
terms simplify to

Hs.a= —Noax(S)s, (16)

and
Hsp=—NoBX(S)s,. (17

In addition to the interactions of Eq$16) and (17) a
complete description of the spin interactions in semiconduc

tors must also contain the spin-orbit term. Furthermore, if arf
external magnetic field is applied, as is the case for the paré("

magnetic 1I-VI DMS materials, the Zeeman and Landau
splittings must, in principle, also be taken into account.
However, for wide-gap host materials such as ZnSe, both th
effective electron mass argifactor are reasonably close to
1. As a result, the Landau and Zeeman splitting can be n
glected leading to only two competing spin-dependent term

PHYSICAL REVIEW B 66, 115208 (2002
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FIG. 7. Splitting of the & heavy hole and light hole exciton
level in Ga_,Mn,As as a function of manganese concentratipn
assuming a manganese polarization of 100% and using the com-
puted spin polarization from Table 1.

The valence band spin-orbit splittings in Gafef. 15
and in ZnSegSec. Il A) are roughly one order of magnitude
smaller than the values fddy83 of Table Il, suggesting that
the region around 10% manganese concentration will be
most interesting. In order to study this region we add the
exchange terms of Eq$16) and (17), using the exchange
onstants of Table Il, to an eight bakdp matrix for GaAs
vhich contains the spin-orbit splitting parameterat thel”
point. The resulting splittings of the valence and conduction
band edges are shown in Fig. 6. A 100% manganese polar-
ization is assumed in the calculation. Fo0.04 the ex-
change interaction between the free carriers and the localized

épanganesd states can be treated as a perturbation compared

the spin-orbit term. In this concentration regime, the

eavy-hole, light-hole degeneracy splits into four states, with

in the Hamiltonian, exchange and spin-orbit coupling. )
g P ping equal spacing of;NyBx(S) between the states. For

1.55 ————————T— >0.04 the exchange interaction starts to dominate over the
154 ] spin-orbit term and the spin splitting becomes more compli-
153 ] cated. On the right side of Fig. 6 we show the optical tran-
. 1/2,41/2> .. . . .
52  _ 1 sitions for circularly polarized light at 10% manganese con-
151 ] et centration.
N T The labels of the light hole and split-off hole states in Fig.
T 05— %] | 6 are only approximate, since the exchange term mixes these
gﬂ - E 32,3725 four states. However, ouk-p calculations show that the
& L ] 2, 12> states at this manganese concentration retain at least 85% of
or ] e their original character. We therefore plot in Fig. 7 the heavy
i s hole and light hole & exciton splitting of Ga_,Mn,As as a
- . function of manganese concentration. Note that the light hole
0B ] exciton splitting is not a linear function of the manganese
i ] 2 w12~ concentration even within the mean-field approximation as a
1172, -1/2> . . . .
ol 111y result of the interplay between spin-orbit coupling and ex-

002 004 0.06 0.08
x (effective manganese concentration)

0.1 change interaction. This needs to be taken into account when

extracting exchange constants from experimental data.

FIG. 6. Splitting of the Ga_,Mn,As valence and conducton Finally we show in Fig. 8 the spin splitting of the valence
band edges as a function of manganese concentrgtssuming a  Pand edge for Ga ,Mn,As as a function of manganese con-
manganese polarization of 100% and using the computed spin p&entration from 0 to 100%, using the saingd Hamiltonian
larization from Table Il. The optical transitions between the valenceas before. Only the character of the heavy hole states remains
and conduction band are also shown for circularly polarized light. unchanged for the entire concentration range. This is due to
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X (effective manganese concentration) spin states of hypothetical ferromagnetic zinc blende MnAs at a

lattice constant of 5.65 A. The poin¥§ U, andK lie in the plane

FIG. 8. Splitti f th Mn,As val functi
G. 8. Splitting of the Ga. ,Mn,As valence edge as a function perpendicular to the direction of magnetization.

of manganese concentrationassuming a manganese polarization
of 100% and using the computed spin polarization from Table II.
Only the heavy hole states are eigenstates across the entire range of
X. 10 the same points lie in the plane parallel to the direction of

magnetization. Figures 11 and 12 show the dispersions for
the fact that the spin and orbital part can be separated fd¥inSe along the same Brillouin zone directions.
these states rendering them eigenstates of the exchange in-Compared to the scalar-relativistic case the separation into
teraction at the same time. Light holes and split-off holesminority and majority states is a little more subtle. In the
however, are Strong|y mixed by the exchange term for h|g|r<fU”y relativistic case th@XpeCtation valuef the Spin along
manganese concentrations. The most interesting feature 8te magnetization axis serves as the label. If for a particular
Fig. 8 in the current context is the spin-orbit splitting of the State this expectation value is negative the considered state
two spin-split groups of valence bands in the high concenPoints mainly opposite to the net spin-polarization axis and
tration limit, since the fully relativistic pseudopotential thus belongs to the minority channel and vice versa.
method allows us to obtain these splittirs initio. To first As expected, spin-orbit coupling does not lead to a drastic
order the splitting of these states is equakth, whereA is ~ modification of the scalar-relativi;tic pand structure of MnAs
the spin-orbit parameter of GaAs. We therefore expect to se@nd MnSe. However, along the directions that lie in the plane
a splitting of approximately 120 meV. The values found byParallel to the magnetization ax{&igs. 10 and 1pall the
exact diagonalization, shown in Fig. 8, agree with the apfémaining degeneracies in the valence band are lifted. Only
proximate result to within a feuneV. The difference arises @along thel-X direction perpendicular to the magnetization
from second order terms.

Minority Bands Majority Bands

5
Ae(e) 4
& |

D. Fully relativistic pseudopotential results

|
o
AN

The fully relativistic pseudopotential method developed in
Sec. Il of this paper allows us to obtain self-consistent
initio solutions including spin-orbit and exchange coupling. 2
It is particularly interesting to examine whether the valence?
spin splitting pattern really follows the form suggested by the &
k-p model in the previous section.

As before we will consider here the high concentration

V.

=]
Band Energy (eV)

Band En

- N
N “
limit, i.e., we will study hypothetical ferromagnetic MnAs = /Y 0 L — 2
and MnSe in the zinc blende structure. Assuming the mag- L :O<;> s
netization is along the axis of the conventional zinc blende =L QK )
unit cell only the tetragonal symmetry operations of Table | -4 / - 4
are allowed. Hence, in contrast to the scalar-relativistic case 5[ I = 5
it is necessary to plot the dispersions parallel and perpen- ~ ~© ~ Xv& 0o ukxo oL
dicular to the spin-polarization axis. FIG. 10. Relativistic band structure for majority and minority

Figure 9 shows the fully relativistic band structure of fer- spin states of hypothetical ferromagnetic zinc blende MnAs at a
romagnetic MnAs with pointX, U, andK in the plane per- lattice constant of 5.65 A. The poink¥ U, andK lie in the plane
pendicular to[001], the direction of magnetization. In Fig. parallel to the direction of magnetization.
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Minority Bands Majority Bands 2.499 eV
4 4 100 meV < I
2.399 eV 2405 eV
3 3 91 meV < I
R 2.308 eV

e Majority

Y

1 Minority ; -2.355eV
I > 53 meV
0 -2.405 eV -2.408 eV
I > 50 meV
K -2.458 eV
FIG. 13. Schematic of the valence band energy levels &ir
MnAs.

_,|;J

_\ _________________________________

A\

e

——

Band Energy (eV)
=

NI

N
Band Energy (eV)

— =S
As(v) [

i —
\ _ﬁf
of L N even 60% below thé&- p value. The apparent reason for the

-6y T X UK r UK T L6 overestimation by th&-p method is that, unlike the pseudo-
o o ~_ potential calculations here, they are not completely self-
_FIG. 11. Relatlwstlc_band structure f_or majorlty and minority ~gnsistent. Thus the band structure in the pseudopotential
spin states of hypOthetEal ferromagnetic zinc blende MnSe at &4|0jation will relax according to the correct filling of the
E;tr';:n%?gj&nttoofhse'?j?rec'tg:eof ?T:z)gsngt’i;r:%ﬁ lie i the plane available states. Notice that the majority valence band top
' lies above the Fermi level, whereas the corresponding minor-
ity states are completely occupied.
. . - . . There is a second difference between #feinitio calcu-
_aXIS do_es the mterplgy_betvveen thedepend_ent spin-orbit lations considered here and the model used in Sec. Ill C. In
interaction and thek independent, effective exchange- \he model Hamiltonian the interaction between psand
correlation fieldb,(r) lead to an accidental degeneracy of pn-d states was included effectively by a Kondo-like term
two valence bands. _ _ _ (15). However, from the density of states plot in Fig. 5 we
In this study we are particularly interested in the effeCtoap see that these states hybridize very strongly. This is par-
that the spin-orbit coupling term has on the states at th@e,arly true at thel’ point. Since the spin-orbit interaction

Brillouin zone center. Figure 13 summarizes the relevant in- ; "
. o ntroduced by manganese is smaller than that arising from
formation for the MnAs valence band states. The splitting o y g g

. . o rseni h resul n r nciled.
+2.405 eV is that obtained from the scalar-relativistic band‘”l senic, both results can be reconciled

) Finally we answer the question of how strongly the va-
structure which led to the valence band exchange consta?t band h ¢ i affected b ; bit
calculated in Sec. Ill B and used throughout Sec. IlI C. The€NCE band exchange cons M'B IS afiected Dy spin-oroi

upling. Assuming the validity of the Schrieffer-Wolff

levels of the six exchange and spin-orbit split states are those” . ) .
from our fully relativistic band structure calculation. transformation for spin-dependent potentials there are two

We find that theab initio spin-orbit splitting between the Ways in which spin-orbit coupling could change the scalar-
majority states is 20 to 30% smaller than that obtained fronfelativistic result. First the net magnetization could be af-

thek - p analysis of Sec. Ill C, and for the minority states it is fected by the self-consistent treatment of spin-orbit coupling.
This seems especially plausible because the Fermi level cuts

Minority Bands Majority Bands right through stronglyp-d hybridized, spin-orbit coupled
states(see Figs. 9—12 Second, as already discussed, the

2

‘£<\

NS o

A

-
>

W
I

valence band level splittings will be more complicated in the
5 self-consistent treatment of the problem.

However, we find that the net spin polarizations for MnAs
and MnSe are practically unaffected by spin-orbit coupling
and we obtain values of 3.44 for MnAs and 4.4 per
formula unit for MnSe as in the scalar-relativistic case. In
addition, the small shifts of the relativistic exchange split-
tings discussed in Fig. 13 have only a minor effect on the

1 Aee

=
)

VAN

o
7

N
Band Energy (eV)

\

Band Energy (eV)
-

'

NS

g
"\

2 | = — 13 exchange constants listed in Table III.
— L — -4
2 | — : o
ﬁ \ 5 TABLE IIl. Spin-polarization and exchange constants for MnAs
- ] and MnSe.
o r X UK T r UK X r LS

FIG. 12. Relativistic band structure for majority and minority MI (1) Noa (V)  Nof (eV)
spin states of hypothetical ferromagnetic zinc blende MnSe at MnAs fully relativistic 3.44 0.18 —2.80
lattice constant of 5.65 A. The poin¥ U, andK lie in the plane  MnSe fully relativistic 4.42 0.28 —1.86
parallel to the direction of magnetization.
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V. CONCLUSION provide computational support for scalar-relativistic calcula-
tions of the conduction and valence band exchange constants

We performed scalar-relativistic and fully relativistic band in dilute magnetic semiconductors.

structure calculations for MnAs and MnSe. Spin-orbit cou-
pling lifts the triply degenerate exchange split valence band
states at thd” point and we find that the exact value of this
splitting can only be obtained in a completely self-consistent This work made use of the MRL Computing Facilities
treatment that includes the effect of spin-orbit coupling. Al-supported through NSF Award No. DMR96-32716. The
though the spin-orbit splittings are absent in the scalarwork was supported by the ONR Grant No. N00014-00-
relativistic treatment we find that the valence band exchang#&0557, by NSF-DMR under Grant No. 9973076 and by ACS
constants KlpB) determined for MnAs and MnSe are un- PRF under the grant 33851-G5. G.T. acknowledges support
changed when treated fully relativistically. Thus our resultsfrom the MRL, funded by the Corning Foundation.
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