PHYSICAL REVIEW B 68, 224432 (2003

Exchange interactions in(ZnMn)Se: LDA and LDA+U calculations
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One of the remarkable properties of the 1I-VI diluted magnetic semicond(Ztdvin)Se is the giant spin
splitting of the valence-band states under application of the magnetic (§eldt Zeeman splitting This
splitting reveals strong exchange interaction between Mn moments and semiconductor states. On the other
hand, no magnetic phase transition has been observed for systems with small Mn content up to very low
temperatures. The latter property shows weakness of the exchange interaction between Mn moments. In this
paper, the local-density approximationDA) and the LDA+U techniques are employed to study exchange
interactions in(ZnMn)Se. Supercell and frozen-magnon approaches applied earlier to 11l-V diluted magnetic
semiconductors are used. It is found that both LDA and bBAdescribe successfully the combination of the
strong Zeeman splitting and weak-interatomic exchange. However, the physical pictures provided by two
techniques differ strongly. A detailed analysis shows that the DIAmethod provides the description of the
system which is much closer to the experimental data.
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I. INTRODUCTION nitude smaller than the splittings detected experimentafly.
The coexistence of a very strong exchange between the Mn

The perspective of using the spin of electrons in the semi3d and semiconductor states and a very low temperature of
conductor devices promises to revolutionize moderrthe magnetic phase transition makes the II-VI DMS an inter-
electronics: A necessary component of a spintronic processting laboratory for studying the physics of exchange inter-
is the spin injection into semiconductor. This demand createactions.
a need for ferromagnetic materials on the semiconductor ba- Much effort has been paid to the theoretical studies of the
sis with strong spin polarization of the carriers and high Cu-DMS of the 1I-VI type (see, e.g., Refs. 4—6,10Most of
rie temperature. After recent discovénf ferromagnetism in  these studies are based on a model-Hamiltonian approach.
(GaMnAs with Curie temperature as high as 110 K much(See, e.g., Ref. 11 for the model of bound magnetic polarons
attention is devoted to the study of the diluted IlI-V semi- and Refs. 6 and 12 for the Zener model. The latter can be
conductors as possible sources of the spin-polarized eleconsidered as a continuous-medium limit of the well-known
trons. Also the interest to more traditional 11-VI semiconduc- Rudermann-Kittel-Kasuya-Yosida approach. Spatlal®
tors has been revived since, first, the theoretical studies shoused Anderson’s approach to superexchange and showed that
that the 11-VI systems possess the potential for high Curi€few adjustable parameters of the theory are sufficient to de-
temperaturé;® second, the study of the 1I-VI diluted mag- scribe the interplay between different types of exchange in-
netic semiconductoréDMS) deepens understanding of the teractions in the system. A reach experimental information
exchange interactions in other types of DNBefs. 4—6; [e.g., Ref. 14 in the case dZnMn)Se| is helpful in the
and, third, the II-VI systems, in particuldZnMn)Se, are selection of the values of the parametgrs.
used in spin-injection experiments as a source of spin- The developments in the methods of the density-
polarized charge carriefs?® functional theory (DFT) accompanied by fast increasing

In (ZnMn)Se with low Mn concentration no magnetic or- computer power allow now for parameter-free calculation of
dering has been experimentally detected down to very lowhe electronic properties of very complex systems. In the
temperature&’ However, the application of a magnetic field case of -Vl DMS the number of the DFT studies of the
leads to the observation of the so-called giant Zeeman spliexchange interactions are still very restrictéal exceptions
ting for the states of the semiconductor matrix. Because o$ee, e.g., Refs. 4,15 and)1®/ost of the calculations have
this large spin splittingZnMn)Se is an efficient source of been performed with the use of a virtual crystal approxima-
highly polarized carrier® tion or a single-site coherent-potential approximation

A commonly accepted explanation of the giant ZeemanCPA).**® These schemes are convenient and efficient in the
splitting in (ZnMn)Se relies on the following picture. In the investigation of the systems with varying concentration of
system there is a strong exchange interaction between thmpurities. They, however, do not take into account the
Mn 3d states and the states of the semiconductor. This intelmtomic short-range order and the increasing distance between
action does not, however, lead to the ordering of the Mnmpurities with decreasing impurity concentration. Therefore
moments. The application of a magnetic field aligns the Mnit is important to combine the calculations within the virtual-
moments and results in the observation of a giant spin spliterystal and CPA techniques with the studies taking more de-
ting. The term “giant” arises here from the comparison of tailed account of the positions of the impurity atoms. Such
two energy scales. The characteristic energy of the magnetatudies can be performed with the use of large supercells of
static interaction of the magnetic field of 1 T with the spin of the semiconductor crystaté-2° The aim of this paper is the
1upg amounts to 0.004 mRy and is up to five orders of mag4nvestigation of the exchange interactions(#ZnMn)Se on
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the basis of the supercell approach. Stoner behavior non—Stoner behavior
An important question concerns the role of the intra-

atomic correlations in the Mn @ states. Within the model- B fk%w‘t fRMMk

Hamiltonian approaches thaltates are usually considered 1

as atomiclike and strongly correlated. This treatment is rather

different from the treatment within local-density approxima- B <B, AR SRR

tion (LDA). To study the role of the electron correlations in
the Mn 3d shell we use the LDA-U method" designed to B=0 et e se »
take into account the on-site Coulomb interactidn - \ / \ /

The purpose of this paper is twofold. On the one hand, by
detailed DFT calculations of the electronic propertieszt- FIG. 1. (Color online Two scenarios of the relation between the
Mn)Se we aim to provide deeper insight into the physics ofet magnetization due to the localized moments and the exchange
the system. On the other hand, by comparison with the exsplitting of the valence state. In the mean-fiéBtoner-like sce-
perimental data with the calculational results we aim to drawnario the splitting is proportional to the net magnetization. The dis-
the conclusion which of the two approaches LDA ortance between wave lines shows schematically the value of the
LDA +U provides a better description ¢ZnMn)Se. Both  exchange splitting. In the non-mean-fiéttbn-Stoner scenario the
components of the purpose are of strong importance for fuspin of the valence electrons follows locally the direction of the Mn

ture studies of DMS within the DFT. moments. In this case the exchange splitting is present also in the
case of zero net magnetization.

Il. CALCULATIONAL APPROACH with disappearance of the net magnetization. An experimen-
In the calculations we follow the scheme described in Ref.tf'il example of the non-Stoner behavior of the exchange split-

18. This scheme is based on the supercell approach WheP@g"is ((jjiscuzseddby Kisk&for the case IOfZir%'? v;ith thher-
one of the Zn atoms in a supercell of zinc-blende ZnSe i ally. |sor|e(;e atomic mg”.‘e”fts- ft fn hn) et ef. Id
replaced by a Mn atom. The calculations are performed fofXperimental data are treated in favor of the mean-fie

i 10
four values of the concentration 0.25, 0.125, 0.0625, and scenaric. . - .
0.03125. To study both scenarios within the DFT we will need to

The calculations were carried out with the augmenteoc""!cm"’lte Qen_sities of state®Os) pr_ojec_ted on different
spherical wavé? (ASW) method within the LDA and spin-quantization axes. The calculation is performed as fol-

LDA +U approaches. In all calculations the lattice parametefoWs- The wave function of a given (e)lectron state is consid-
was chosen to be equal to the experimental lattice paramet€fed to be a two-component Sp'“éf,‘f({))- The spin compo-

of ZnSe. Two empty spheres per formula unit have been usegents#,(r) and ¢,(r) are written with respect to a chosen
in the calculations. The positions of empty spheres(@r®,  axis. The spin-quantization axis does not change within

0.5, 0.5 and(0.75, 0.75, 0.7p Radii of all atomic spheres atomic spheres but can vary from atom to atom. The integral
were chosen to be equal. Depending on the concentration of

Mn, the supercell is cubic x=25%, axaxa, and x . 5
=3.125%, AaX2ax?2a) or tetragonal x=12.5%, axa Nik, = L) dr|is(r)]| (1)
X2a and 6.25%, 2X2axa). v

The |-2|33A+U calculations were performed withJ  gjves the part of the statg;, corresponding to atom and
=0.3 Ry: spin projections. Herek is the wave vector and numbers
the energy bands. The integration is carried out oventhe
atomic sphere. The wave functions are normalized in the unit

) - ) cell: ,n% ,=1. The partial DOS for givem ands is given
The spin splitting of the valence-band states is a result o[)y the formula

the interaction between these states and the Mrstates.

The directions of the Mn moments are disordered in the ab- 1

sence of a magnetic field and become increasingly ordered NS(e)= ao E dk n3, 8(e—ei), 2
with increasing value of the applied field. There are two Bz 1 JBZ

possible scenarios for the relation between the ordering of . -
the Mn moments and the spin splitting of the valence-banéfvhereQBZ is the volume of the Brillouin zon¢B2Z). To .
stategFig. 1). The first scenario is a mean-figl§toner-like c_alculafce the partial DOS with res_pect to another quantiza-
type relation. In this case the valence-band states experieni;'t(-_?n axis the electron wave functions are subjected to the

A. Spin-projected densities of states

an average exchange field of the Mn moments that is propo _ransformat|oﬁ5

tional to the net magnetization in the Mn subsystem. Com- ,
plete disordering of the Mn moments leads to the disappear- $a(r) _ut Pa(r) N 3
ance of the net magnetization and, as a consequence, of the (1) "Vo(r))’ .

spin splitting. In the second scenario, the spin of the valence
states follows locally the spins of the Mn atoms. ThereforewhereU, is the spins transformation matrix corresponding
the spin polarization and exchange splitting do not disappedo the rotation of the axis of theth atom. Subsequently the
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procedure defined by Eqgsl) and (2) is performed for the (ZnMn)Se
spinor components of the transformed functi¢8s L BN | L B A EL P L B
L : 1 dso
B. Interatomic exchange parameters and Curie temperature 50 | :

To describe the exchange interactions between Mn mo- i 1 \.\m JJA
ments we use an effective Heisenberg Hamiltonian of classi- 0 = 0
cal spins - 1 5

501 .
Hetr=—2, Jij&-€, 4 i : il x=0.0625 1%
7 ey
whereJ;; is an exchange interaction between two Mn sites | . : ]
(i,j) ande is the unit vector pointing in the direction of the
magnetic moment at site g - -

To estimate the parameters of the Mn-Mn exchange inter-«g -
action we perform calculation for the following 2 0 0
frozen-magnoftf?” configurations: § i :

Hi =const, ¢i =q- Ri s (5) 20 x=0.25 + X=003125 4-20
where#; and ¢; are the polar and azimuthal angles of vector e I
e, andR; is the position of théth Mn atom. The directions -l 1l s
of the induced moments in the atomic spheres of Zn and S¢
and in the empty spheres were kept to be parallel tozthe L /\ U/*\ /
axis.

It can be shown that within the Heisenberg mog@®lIthe 0 0
energy of such configurations can be represented in the forn i | M \

E(6,0)=Eq(6)— 6°3(q), (6) 20 x=0.125 T o=l | 1{-20
where E, does not depend og and J(q) is the Fourier PR S SN S T PV 1 A S S
04 02 0 02 04 02 0 02

transform of the parameters of the exchange interaction be
tween pairs of Mn atoms: E(Ry)

) FIG. 2. (Color onling The DOS of Zp_,Mn,Se. The DOS is
J(q):';o Jojexpiq-Rg). (7)  given per unit cell of the zinc-blende crystal structure. The DOS
) above(below) the abscissas axis corresponds to the spif+dgwn)
In Eqg. (6) angle @ is assumed to be small. Usidgq) one  states.
can estimate the energies of the spin-wave excitations:

ference is in the occupation of the bands and, therefore, in

o(q)= 3[3(0)_‘](@]: % E(a,q)—E(a,O)' ®) the position of the Fermi level.

92
whereM is the atomic moment of the Mn atom. Performing IIl. CALCULATIONAL RESULTS
back Fourier transformation we obtain the parameters of the
exchange interaction between Mn atoms: A. Densities of states and exchange splittings
1. LDA
Joi=R ; exp(—19-R)J(q). ©) We begin the discussion of the calculational results with

the consideration of the DOS of the ferromagnéZinMn)Se
The Curie temperature was estimated in the mean-fieldFig. 2. Compared with pure ZnSe, the replacement of a Zn
(MF) approximation atom by a Mn atom adds fived3spin-up energy bands to the
valence band of the system. Since the number of Min 3
I (10 electrons is also five no carriers appear either in the valence
%0 0j - band or in the conduction band.
The values of the calculated spin moments are collected
We use a rigid band approach to calculate the exchange Table I. The moment in the Mn sphere and the induced
parameters and Curie temperature for different electron oanoment on the neighboring Se atom are practically indepen-
cupations. We assume that the electron structure calculatetént of the Mn concentration. The moment per supercell is
for a DMS with a given concentration of thed3mpurity is  exactly Sug since there are extra five filled spin-up bands
basically preserved in the presence of defects. The main ditompared with the nonmagnetic ZnSe.

kBT'\C/l F=

w| N
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TABLE I. Magnetic moments in Zn ,Mn,Se. Shown are the 40 T T
Mn moment, the induced moment on the nearest Se atoms, and the
magnetic moment of the supercell. All moments are in unitg 9f - total |
X 20 =
0.25 0.125 0.0625 0.03125
LDA
Mn 4.39 4.39 4.39 4.40 0 o
As 0.07 0.06 0.06 0.06 :
cell 5.0 5.00 5.00 5.00 i
LDA+U
Mn 4.52 451 451 451 il g
As 0.06 0.05 0.05 0.05 > 1 1
cell 5.0 5.00 5.00 5.00
% (ZnMn)Se 1 |
%’ —{ x=3.125% ' |
At the top of the valence band there is strong negative /& L Mn3d

exchange splitting: the upper edge of the spin-up DOS lies

higher in energy than the upper edge of the spin-down DOS 20
(Fig. 2). The spin splitting increases with increasing Mn con-
centration. The origin of this splitting can be understood -
from the analysis of the partial Mnd3DOS (Fig. 3). Indeed,

a higher energy of the spin-up valence-band edge results 0

20F

Mn-3d DOS (ZnMn)Se
| LN |

20F

20F

DOS(states/Ry)
=)

20F x=0.25 +

: x=0.03125 1%
P IR R | R
T I 1 | T I T I 1 I T | 1 l T I
20} 1 : 120
0 0
7
WF x=0.125 | T x=0 5 120
P R R | P IR R S

-04 02 0 0.2 04 -02 0 0.2

E(Ry)

FIG. 3. (Color online The partial

Mn 3 DOS for

Zn;_,Mn,Se. The DOS is given per Mn atom.

0.4 0.2 0
E(Ry)

FIG. 4. (Color onling Total DOS and partial Mn @ DOS for
antiferromagnetic Znp ,Mn,Se with x=3.125%. The spin-
projected DOS are calculated with respect to the local atomic quan-
tization axes.

from the contribution of the Mn & spin-up states. On the
other hand, there is no strong contribution of the Mn spin-
down states to the valence band. Unoccupied spin-down Mn
3d bands lie in the semiconducting gap, close to the bottom
of the conduction band.

The exchange splitting of the states at the top of the va-
lence band of the ferromagnetiZnMn)Se is in qualitative
agreement with the observation of the giant spin splitting
under the application of the magnetic field.

To understand the dependence of the electron structure on
the magnetic configuration we performed calculation for the
antiferromagnetic configuration of the Mn moments for
=3.125%. The antiferromagnetic structure is characterized
by the largest angle between the neighboring Mn moments
and, therefore, is the state most different from the ferromag-
netic one. The comparison of the DOS of the ferromagnetic
and antiferromagnetic configurations for 3.125%(Figs. 2
and 9 shows that they are similar. The main difference in the
antiferromagnetic DOS is the appearance of a small energy
gap which separates the upper part of the valence-band states
from the rest of the valence band. The spin splitting obtained
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Se-1 Z
0=0 0=15 8=30 0=45 0=60 0=75 6=90 lobal
b [ [T [T [T [T I [T I £1004
_ 10} - - - - +
VAN VAN 0
£ 0
z
Q
A
-0+ - - - — - -
1
Mn
wE T HE T E T I [ K T K K K T ]local
% 10/—\/\ - H - = -
g
it l
g 0
[a] L L
-0+ - - - — - —
| | | 1
-001 0 -001 0 -001 0 -001 O -001 O -0.01 0 -0.01 O
ERy)
FIG. 5. (Color onling Fragment of the partial DOS of the Se-I M
n

atom at the top of the valence band foryggs,dMng o31255€. Calcu-
lations are performed for seven magnetic configurations with differ-
ent net magnetization. The upper part shows the spin projection on
the globalz axis. The lower part gives the spin projections on the
axis parallel to the direction of the magnetic moment of the nearest
Mn atom. No correlation between the spin splitting and the net
magnetization can be established.

in the ferromagnetic DOS is present also in the antiferromag-
netic DOS as the splitting between the top of the separated Mn
(impurity) band and the top of the valence band. Figures 3
and 4 show that the partial DOS of the Mn atoms are only
weakly dependent on the magnetic configuration and pre-
serve fully the local spin splitting. Obviously the main fea-
tures of the LDA-DOS cannot be treated in terms of the FiG. 7. (Color onling Schematic picture of the calculated mag-
Stoner-like mean-field picturé~ig. 1). netic configurations. Angl# assumed the following values: 0 °,
To study in more details the relation between the electrons°, 30°, 45°, 60°, 75°, 90°. Calculations were performed for
structure and magnetic configuration we next analyze th&znMn)Se with the Mn concentration of=3.125%.
partial DOS of the atoms of the semiconductor matrix. As we
will show below, the behavior of the DOS of different atoms ranges from a highly non-Stoner one to the behavior well
described by the mean-field picture.
Se-II In Figs. 5 and 6 we present the partial DOS for two dif-
e B e s4s  eH 6w B ferent Se atoms. The DOS is calculated for magnetic con-
’/\ ' T g™ figurations depicted schematically in Fig. 7 where three suc-
|

cessive Mn atoms along theaxis are shown. The angles

| | | | between neighboring Mn moments varies from 0 to 180°
~ with a step of 30°. Correspondingly, the net magnetization
I I I I I varies from maximal to zero.
-10 First of the two Se atoms, Se-l, is at position
(aldald,ald) and is the nearest neighbor of the Mn impurity
situated at(0,0,0. The second atom, Se-ll, is at position
(3a/4,3a/4,5a/4) and belongs to the fourth coordination
~ sphere of Se atomgTo remind the reader, the supercell in

this case is a cube of the siza.2 The spin-projected DOS is
| : : | | | ‘ presented with respect to two different quantization axes.
107501 0 001 0 001 0 001 0 001 0 001 0 001 0 The first (local) axis is parallel to the direction of the mag-
ERY) netic moment of the nearest Mn atom. The sec(gidbal

FIG. 6. (Color online Fragment of the partial DOS of the Se-Il @Xis is directed along the net magnetization. The DOS pro-
atom. See the caption of Fig. 5 for details. Short vertical lines in thdected on the local atomic quantization axis provides, in most
upper panel show the center of gravity for the corresponding spi€ases, better insight into the physics of the system. However,
projection. The decrease of the spin splitting with decreasing nein the experiments determining the spin splittings the spin-
magnetization can be established. guantization axis is usually the global one.

DOS(ab.units)
)

10 local

b=

DOS(ab.units)
o
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Of— ] , , : : ZnMnSe
0 ——T— . i —
L] .
“m.
N N
/;‘ > \l\
2 & :
o <0 — n _
g < _ -0.05 “m_ x
= < .
= en
& 0.05}- .y - =
. -E
° e = LDA
& e LDA+U, U=0.3Ry
e -0.1~ | _ experiment Ji=1.3eV . .
L | L | L | L | L S
0 0.2 0.4 0.6 0.8 1
net magnetization (in Mn moments) T S —
0 0.05 0.1 0.15 Q.Z 0.25
FIG. 8. (Color onling The exchange splitting calculated from Mn concentrartion

the partial DOS of the Se-1l atom as a function of the net magneti-

zation. Negative value of the splitting reflects higher-energy DOSi'vaIence band I{ poiny). Calculations are performed within LDA

tion of the spin-up states. The dashed straight line is a guide for thg 4 | DA+ U The solid line corresponds to the experimental value
eye. of the J,4 paramete(Ref. 5.

FIG. 9. (Color online The exchange splitting at the top of the

The DOS shown in Figs. 5 and 6 reveal strong difference An important role in the experimental determination of
between two Se atoms. The spin of the electron states of tHée strength of the exchange interaction between the Mn mo-
Se-I atom follows almost perfectly the spin of the neighbor-ments and valence-band states in DMS is played by the
ing Mn atom (Fig. 5). This is evidenced by the negligibly magneto-optical measurements of the spin splitting at the top
small local spin-down DOS. The smallness of the local spinof the valence bandI{ point of the Brillouin zong° In Fig.
down DOS holds up to the largest angle between Mn mo® We shovv_ the calculated dependence of the splitting on Mn
ments. Considered from the viewpoint of the global quanti-concentration. The LDA results for the exchange splitting at
zation axis, both spin-up and spin-down DOS of Se-I havdhe I’ point disagree with experiment in two respects. First,

similar shape but different weightamplitudes. The relative  (h€ mean-field picture which assumes proportionality be-
weight of the spin-down DOS increases from zero for tween the exchange splitting and the net magnetization in the

~0° to 1 for #=90°. Because of the similarity of the form system does not apply to the LDA results. The LDA splitting
of the alobal spin-u .and spin-down DOS the variation of theis well described by a linear function with a finite value in
DOS \?\/ith thepchaﬁge of Ft)he net magnetization cannot béhe limit of x—0. Such form of the dependence. is the result
treated in terms of the varied spin splitting. The changes ir%)f the presence of the MndBstates at the Fermi level. Sec-

the global DOS take the form of the redistribution of the ond, the exchange splitting is substantially larger than the

weight between the spin-up and spin-down DOS. This be_sphttmg obtained experimentally. Since the LDA results can-

havior is principally different from the behavior expected not be described within the mean-field picture the use of the
L , . formula
within the mean-field picture.

On the other hand, for Se-Il we get a strong dependence AE
of the local DOS on the magnetic configuration of the Mn =
moments(Fig. 6). With increasing angle between Mn mo- Sx
ments the contribution of the spin-down DOS increases. This . | f1h hat d d
happens because the spin of the states of Se-Il deviates ig_ves values of thépq parameter that depend on concentra-

creasingly from the spin of the nearest Mn atom respondin |o(r)1 1);5For |Ilg'stra§|orl15, Ethe)! .valge prd tgbtamled fort;:
to the influence of other Mn atoms. Now, the shapes of the, according to Eq11) is about two times larger than

spin-up and spin-down DOS calculated with respect to th he experimental value. In E(LL), AE is the exchange split-

global quantization axis differ strongly. To characterize this!"9 andSis the atomic spin moment of Mn.
difference in terms of the spin splitting we calculated the
centers of gravity for both spin DOS in the energy region at
the top of the valence bari#ig. 6). In a good approximation Introducing the Hubbard-U into the calculational scheme
the spin splitting is proportional to the net magnetizationresults in a strong shift of the Mnd3spin-up states to lower
(Fig. 8. Therefore the properties of the electron structure ofenergies(Figs. 10 and 1L At the top of the valence band
Se-Il can be described within the mean-field picture. there is still an admixture of the Mnd3states. It is, however,
Since the relation between the exchange splitting and netery weak, especially for the spin-up states. Nevertheless,
magnetization varies from atom to atom, in experimentone can notice the hybridizational repulsion of the valence-
probing different parts of the electron structure this relationband spin-down states from the spin-down M &ates ly-
can appear different. ing in the semiconductor gap. This repulsion is an important

11

2. LDA+U
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LDA+U U=0.3Ry LDA+U U=0.3Ry
(ZnMn)Se Mn-3d DOS (ZnMn)Se
A T T T T ]

20 § T :
50 B 1s

X:Ty/ B
20F : +

-50F

(3%
=]
T

DOS(states/Ry)
=)

2

20 I x=0.03125[ 1% St

I | 1 | I I 1 | | X:0.25

\ ; ;

3/ BVa\

201 x=0. 125 T

=)
DOS(states/Ry)
& W

4 1-5
1 I 1 | L I 1 I 1 I L | 1 I L I x 0 125 X:O :
04 02 0 02 04 -02 0 02 AR L R
E(Ry) 04 -0.2 0 0.2 04  -0.2 0 0.2
FIG. 10. (Color online The DOS of Zp_,Mn,Se calculated ERy)
vvjthin the LDA+U approach vyith 3=0.3 Ry. (To compare with FIG. 11. (Color onliné The parial Mn 3 DOS for
Fig. 2 presenting LDA calculation. Zn,_,Mn,Se calculated within the LDAU approach with 3-0.3

Ry. (To compare with Fig. 3 presenting LDA calculation. Notice the
factor leading, in agreement with experiment, to negativechange in the scale of the ordinate axis that reflects strong change in
exchange splitting at the top of the valence band. Note that ithe DOS)
the LDA calculation the negative exchange splitting has a
different origin: the presence of the spin-up Md 8tates at agreement with the experiment than the LDA approach.
the top of the valence band.

To study the relation between net magnetization and ex-

change splitting we performed calculation for the antiferro- B. Interatomic exchange interactions
magnetic configuration of the Mn moments o 3.125% ) ) )
(Fig. 12. In contrast to LDA(Fig. 4), no exchange splitting Now we turn to the discussion of the exchange interac-

of the states at the top of the valence band is obtained in théons between Mn moments and address the question why
antiferromagnetic case. This property is in agreement witharge Mn moments and strongd exchange do not result in
the mean-field picturéFig. 1). To investigate this property the case ofZnMn)Se with low Mn content in a sizable mag-
further we performed the LDAU calculation of the ex- netic phase-transition temperature. To get deeper insight into
change splitting at th€ point of the BZ as a function of the the formation of the interatomic exchange interactions in the
Mn concentratiorx (Fig. 9. The result obtained within the system we performed calculations for different band occu-
LDA +U scheme is in very good agreement with the experipations (Fig. 13. The number of electrons varied from
ment concerning both the mean-field character of the depem= —2 (two electrons per supercell leg® n=0. Negative
dence and the magnitude of the exchange parandgier  values of the Curie temperature in Fig. 13 indicate an insta-
Summarizing the study of the exchange interaction betweehility of the ferromagnetic state due to dominating antiferro-
Mn 3d and valence-band states we conclude that thenagnetic interactions. The calculations have been performed
LDA +U approach provides for this property much betterwithin both LDA and LDA+U approaches. In Fig. 14 we
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40 T . T ZnMnSe
H T " J T T
total | 200} LDA 1 LDA+U  U=0.3Ry |
6.25%
2
2
: J/'/” £ 100 3.125% T )
4 . g 6.25%
g
3 o
_ B -
£ 3.125%
) Soikaany s 0
20 = g 0
- L | L L | L
2 | (ZnMn)Se . | . | 2 -1 0 -2 -1 0
2 == 10570 I I I I electron number
< LDA+U = Mn3d |
U=0.3Ry FIG. 13. (Color onling T¥" of (ZnMn)Se as a function of the
20H - electron numben. n=0 corresponds to the nominal electron num-
ber in(ZnMn)Se. Fom=0 there is no charge carrier in the system.
0 The calculations show that the appearance of holes results
}"’W in increasing ferromagnetic interactions. This is reflected by

I i the property that the minimum of the estimaf€g is atn

=0 (Fig. 13 and correlates with experimental observation of
20 - the ferromagnetism with small Curie temperaturg-idoped
(ZnMn)Te ?

1 : il Although both LDA and LDA+U give very weak nega-
40 , | , i , | tive exchange interactions for a completely filled valence
04 -0.2 0 0.2 band the form of the dependence of the interatomic exchange

E(Ry) parameters and correspondingly Curie temperature on the

FIG. 12. (Color onling Total DOS and partial Mn & DOS for
the antiferromagnetic zn,Mn,Se with x=3.125% calculated

number of holes differs strongly for these two techniques
(Figs. 13 and 14 Comparison of the calculated exchange
parameters shows that the main difference between LDA and

within LDA +U approach. The spin-projected DOS are calculatedLDA +U concerns parametedy,, that describes the ex-
with respect to the local atomic quantization axes.

change interaction between the Mn atoms separated by vec-
tor (022): the LDA predicts a much stronger increase of the

show, for x=3.125%, the dependence of the main inter_ferromagnetic interaction than LDAU. The strength of the

atomic exchange parameters as a function of the valenc

band occupation.

We begin with the discussion of the features common for
both LDA and LDA+U calculations. Analysis of the calcu-
lated TE" (Fig. 13 shows that in the case of a completely
filled valence band and empty conduction bamd=Q) the &

ferromagnetic interactions obtained within LDA seems to be

ZnMnSe 3.125%
: , .

LDA LDA+U  U=0.3Ry

y)

main exchange interactions are antiferromagnetic. The anti» 0.1 T ‘

ferromagnetic character of the interaction agrees with theg
commonly excepted picture that the interatomic exchangeg
interaction between magnetic atoms in an insulating systenz 0.05
is dominated by the antiferromagnetic superexchange. Thicg,

: O . - o (222) (022)
interaction is considered to be mediated by the states of theg

intermediate nonmagnetic atofi®r the states of the com- 5 0 222) .
pletely filled bands? 3

Remarkable, however, is the very small value of the ex-
change interactions far=0. With decreasing number of the
holes the absolute value of all interatomic exchange interac:
tions becomes very small. This result is in good correlation

(022)

with the failure to experimen_tally de'FeCt the spin ordering Up  FIG. 14. (Color online The main interatomic exchange param-
to very low temperaturejé’. It is also in agreement with the eters of(ZnMn)Se with Mn concentration of=3.125% as a func-

perturbative calculation by Larsest al. for Cd; _,Mn,Te.®

tion of the electron number.
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strongly overestimated since the large values of the ORA that obtained for the IlI-V DMSGaMnAs. In (GaMnAs,
(Fig. 13 do not correlate with the experimental data avail-the same calculational scheme gitfefor the completely
able. On this basis, we conclude that the LPW scheme filled valence band and=3.125% interatomic antiferro-
gives a better description of the character of the dependengsagnetic interactions that are about 20 times larger than in
of the interatomic exchange interactions on the number ofZnMn)Se (Fig. 13).
holes. To understand the weakness of the calculated superex-

This last conclusion might seem to be expected since ithange in(ZnMn)Se and the difference betweéinMn)Se
Sec. Il A we have seen that the value of thg parameter and (GaMn)As we invoke a tight-binding model of noncol-
playing an important role in the mediation of the ferromag-linear magnetic configurations. We consider helical configu-
netism is overestimated by LDA. The situation is, however rations of the atomic moments and study the dependence of
more complex since a largdpy parameter is accompanied, the band energy of the system on magnetic structure. The
in the case of LDA, by a stronger spatial localization of thehelical structures are defined by the formula
valence-band hole states about the Mn atom. Increased local- . . .
ization of the holes produces the trend to decreadipng €n=[cogq-Ry)sing,sin(q- Ry)sing,coso],  (12)
Which of the two factors)],4 or hole localization, prevails whereR, are the lattice vectorgj is the wave vector of the
depends on the peculiar interplay of the details of the elechelix, e, is the unit vectors in the direction of the magnetic
tron structure of the specific system studied. The calculationsmoment at sitdR,,, and the polar anglé gives the deviation
for various IlI-V DMS show that the account for Hubbard-U of the moments from the axis. The helical structures allow
can lead to both increase and decrease of the Curi® describe a broad range of magnetic configurations from
temperaturé® collinear ferromagnetismd=0 or q=0) to collinear antifer-

To complete the consideration of the exchange interacromagnetism ¢=3K and =90°, K is a reciprocal lattice
tions in (ZnMn)Se we discuss the physical reason for a veryvecto.
weak interatomic exchange interactions for undopgd- The tight-binding method for spiral structures was dis-
Mn)Se (=0 in Fig. 13. To remind the reader, this result is cussed in its general form in Ref. 31. By neglecting the dif-
common for both LDA and LDA-U and is very important ference in the spatial dependence of the basis functions with
for understanding of the failure to experimentally detect anyopposite spin projections and by preserving only the single-
magnetic phase transition down to very low temperaturescenter matrix elements of the exchange potential we arrive at
Note that the behavior of the 1I-VI DMS is different from the following simple form of the secular matrit(k):>?

320H 'nZGH 1A L H_—H

co 5 _+sli SHe—5 —ESII’]H( _—H,)
H(k)= P 0 1 : 13
—55|m9(H,—H+) 5|r12§H,+c052§H++§A

where H_=Ho(k—3q), H,=Ho(k+3q), and matrix that is, the trace of the matrid(k) does not depend on the
Ho(k) describes spin-degenerate bands of a nonmagnetfdagnetic configuration. The v_ariat?on of the magnetic struc-
crystal; A is the diagonal matrix of the on-site exchangeture changes the energy of individual electron states. The
splittings. In LDA+U schemeA includes alsdJ/2. Secular ~changes of different states, however, compensate. In the case
matrix (13) describes a many-band system and takes int§/hen the trace of the secular matrix represents the total en-
account the hybridization between the states of different at€r9y of the system the invariance with respect to the mag-
oms. Through the hybridization between the Mn states an§etic configuration means that all effective interatomic ex-

the states of the semiconductor matrix the spin polarization igh?l_r;]ge mtera::ﬂo_ns arg nég!l&ble. lies to the total
transmitted to the nonmagnetic atoms. Note that in contrast € property given by Ed14) applies to the total energy

to the two-band model used in Ref. 19 the mat) in- of a system if all bands described by the tight-binding secu-
S lar matrix (13) are occupied. This condition can be fulfilled
cludes all relevant bands. In particular the Md States are

. . only in the case when the hybridization between the occu-
assumed to be included. This makes mdd&) conceptually pieﬁ and empty states is wgak and can be neglected. The

similar to our ASW calculations. o ; :
The property of the secular matri3) that is important \;veegi(lgresrﬁact):i;flﬁeh)égglcjigziggosrlaagggvgsnIl;/.s to include into the
for us reads An attempt to use Eq(14) for the explanation of the
weakness of the superexchanggZmMn)Se leads immedi-
ately to the following difficulty. According to Eq(13) both

j dkSp{H(k)]=2f dkHo (k) (14)  Spin-up and spin-down Mndstates must be included into
BZ BZ ’ the secular matrix to fulfill Eq(14). Since only the spin-up
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Mn 3d states are occupied, the inclusion of the spin-dowrsically the same physics by taking into account, in a nonper-
Mn 3d states, apparently, does not allow us to relate the tracurbative manner, the hybridization between occupied and
of the matrix to the energy of the system. In the case ofmpty states. Only in the case when the contribution of this
(ZnMn)Se this difficulty can, however, be overcome if we hybridization to the response of the valence band states on
notice that the spin-down Mndstates form very narrow the change of magnetic configuration is small the interatomic
energy bands lying in the semiconducting gap of Zfl9gs.  exchange interactions are weak. An important feature of
2 and 10. For example, the estimation for the LDA case model(13) is that it reflects the properties of the nonpertur-
shows that the states of these bands are strongly localizdzhtive technique we used in the calculation of the exchange
about the Mn atoms: more than 76% is located in the Mnnteractions and, therefore, provides additional understanding
spheres and more than 88% within the first coordinatiorof the calculational results.

sphere of the Zn atoms. These states can be treated as eva-

nescent states that are unable to mediate efficiently the ex- IV. CONCLUSIONS

change interaction between Mn atoffég. 13. The evanes-
cent character of the empty Mnd3states allows us to
approximately consider their contribution into the trace of

the secular matri{Eq. (14)] as being independent of the r1;ig|d (giant Zeeman splitting This splitting reveals strong

magnetic configuration. This has as a consequence that t . . )
L . ; : . “exchange interaction between Mn moments and semiconduc-
contribution of the occupied states is also approximately in- ) "
tor states. On the other hand, no magnetic phase transition

dependent of the magnetic configuration resulting in Wealﬁas been observed for systems with small Mn content down

effective interatomic exchange interactions. to very low temperatures. The latter property shows the
This consideration allows us to also explain the difference Y P ' property

between DMS on the GaAs and ZnSe bases. The Semicor\{\{eakness of the exchange interaction between Mn moments.

ducting energy gap is substantially larger in the case of ZnSe!n this paper, the LDA and the LDAU techniques are em-
9 9y 9ap ylarg jloyed to study exchange interactions(#nMn)Se. Super-

In the case of GaAs the influence of empty states is strongégre” and frozen-magnon approaches applied earlier to IlI-V
and they must be included into the secular maiilg). 9 PP PP

. diluted magnetic semiconductors are used. It is found that
Therefore, the property described t_)y 2y does not apply both LDA and LDA+U describe successfully the combina-
to the occupied states that results in stronger superexchange. o . .
Some further comments are worth making here. First, the N of the strong Zeeman splitting and weak interatomic

relation between the value of the semiconducting gap and theexchange. However, the physical pictures provided by two

. i . .fechniques differ strongly. A detailed analysis shows that
spatial extent of the exchange interactions has been dis- . o )
g . PP o DA +U method provides a description of the system which
cussed many times in the scientific literature within the.

framework of the perturbative treatment involving virtual is much closer to the experimental data.
transitions between the occupied states of the valence band
and empty states of the conduction ba(tkee, e.g., Ref. 33

for an early publication on this topic. See also an interesting The author profited much from the discussions with
comment on the relation between the range of the exchandeatrick Bruno and Tomasz Dietl. The financial support of
interaction and an imaginary Fermi vector in a recent papeBundesministerium fuBildung und Forschung is acknowl-
by Pajdaet al3%) The model considered above captures ba-edged.

One of the remarkable properties of the II-VI diluted
magnetic semiconductgZnMn)Se is the giant spin splitting
of the valence-band states under application of a magnetic
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