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Electronic states in Ga_,Mn,As: Substitutional versus interstitial position of Mn
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By using spin-polarized full potential linearized augmented plane wave method we obtained the electronic
structure of(Ga,MnAs crystals with Mn in substitutional, interstitial, and both positions. It is shown that the
interstitial Mn acts as a double donor and compensates the holes created by two Mn atoms in substitutional
positions. This explains why the number of holes in Gdn,As is usually much smaller than The effective
Mn doping efficiency is simply related to the proportion of substitutional and interstitial Mn and does not
depend orx provided that the proportion is fixed. The calculated local electronic structure of the substitutional
and interstitial Mn differ appreciably, so that the x-rayemission spectra can be used to distinguish the two
positions of Mn.
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[. INTRODUCTION assumed that most of the holes cannot participate in the con-
duction because they are either tightly bound to the
The ferromagnetic behavior of 1II-V diluted magnetic acceptors? localized due to the disord&t,or compensated
semiconductor§DMS) containing Mn (Refs. 1-4 makes by the As antisite defects'® Another explanation is that only
these materials very promising for applications in semicona few Mn impurities act as acceptors. In the last case, how-
ductor structures for spin electronics. It is now generally acever, the explanation why most of Mn atoms should be elec-
cepted that the ferromagnetic coupling of the local magnetidrically inactive Mn is lacking.
moments in these DMS is connected with theitype We propose an alternative explanation of the self-
nature? An Mn atom, substituted for a three-valent cation of compensation property of the Mn impuriti€sWe assume
the host, acts as an acceptor and creates a hole in the valertbat some of the Mn atoms do not substitute into the cation
band. If the content of Mn is of order of one percent or more sublattice of the host, but occupy interstitial position in the
the effect of all other electrically active defects and impuri-zinc blende structure. An interstitial Mn is expected to act as
ties is only marginal and the Fermi energy is pinned insidedouble donor, because there is no space for its taeldc-
the valence band. The main part of the exchange interactiotions in the covalent bonding. If it is so, than one interstitial
is then mediated by free carriefsoles. As the Fermi sur- Mn compensates the holes created by two substitutional
face remains close to the center of the Brillouin zone, theatoms.
period of the oscillatory RKKY interaction exceeds the typi- Another reason to think about other than substitutional
cal Mn-Mn distance and the coupling of the local moments igpositions of Mn in the zinc blende lattice is its low solubility
ferromagnetic. The correlation between magnetic and transn the 1lI-V materials, reflected in a strong tendency to
port measurements’ supports this picture. precipitate'®° The interstitial incorporation of Mn might be
Recently, the electronic structure of Mn-doped IlI-V com- also one of the reasons for the observed increase of the lat-
pounds has been investigated theoretically in order to clarifgice constant with increasing concentration of Mn in
the behavior of these materials at a microscopic level. BasiGa _,Mn,As.?% In an ordinary mixed crystal with only sub-
cally, ordered superstructures were considered and their barstitutional Mn one would expect rather decreasing lattice
structures were calculated from first principfest All these  constant because the Mn-As tetrahedral bonding distance,
calculations confirm the-type character of 11l-V DMS with  estimated from atomic radfit is smaller than the estimate for
Mn, the presence of localized magnetic moments at Mn site&a-As pair.
and their ferromagnetic coupling, as well as the importance To check this idea, we consider a series of hypothetical
of the holes for the ferromagnetism. The restriction of all ofcrystals whose large unit cells consist of a few conventional
these calculations to particular Mn concentration was overeubic cells of GaAs and contain Mn in either substitutional
come by applying both KKR versidfand our tight-binding  or interstitial positions. We calculated the electronic structure
version of the coherent potential method which is suitable forfor these superstructures and found the positions of the Fermi
extrapolation to the low-concentration case. level with respects to the valence and conduction bands. The
There are, however, still some unclear points. One of thé-ermi level lying in the valence band indicates that the im-
most striking features is a remarkable difference between thpurity behaves as an acceptor and the number of empty states
nominal concentration of Mn impurities and the number ofper unit cell defines its degree of ionization. Similarly, the
free holes from the transport measurements, i.e., very lowlonor case can be recognized according to partly occupied
effective doping efficiency of Mn. It is of order 0.1 to 0.2 conduction band. In addition, we investigated also crystals
and does not depend much on the content of'#Rarticu-  with one interstitial and two substitutional Mn atoms where a
larly the latter fact indicates that the strong compensation isomplete compensation is expected. The real charge distri-
an intrinsic property of the Mn subsystem, with only minor bution in these crystals is assumed to approach the situation
influence of other dopants. To explain the compensation, it ién real, largely compensated materials better that the charge
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distribution calculated for a metallic phase of eithpeor n Finally, the systems with Mn in both substitutional and
type. The compensated model is therefore most suitable tmterstitial positions are represented by;@4&n;As; ¢ crystal.
compare the local electronic structures at substitutional an@iwo Mn occupy the regular cationic position, the third one is
interstitial atoms. an interstitial. This choice is expected to yield a complete

The paper is organized as follows. In Sec. Il we specifycompensation. The positions of the Mn atoms are taken as
the structural models used to represent GM¥n,As in vari-  before, i.e., with relative coordinatés/2, 1/2, 1/4, (1/2, 1/2,
ous regimes of doping. In Sec. Il we extend our preliminary3/4), and (0, 0, 1/2. The smallest Mn-Mn distance in this
study*’” and present the band structures and densities of statsfructure equals to the conventional lattice constaof the
for the various structural models and discuss their differunderlying zinc blende crystal. It corresponds to the next
ences. The local densities of Mhstates, reflected in the  nearest neighbors in the cationic sublattice. The closest
spectra, are used to show that the interstitial Mn atoms caNn-Mn pairs are avoided and the system can still be consid-
be distinguished from the substitutional ones by using theered to be dilute, even though the content of Mn
x-ray absorption. The conclusions are summarized in Sec. I\(~18 at. %) in this model largely exceeds the upper limit
(=8 at.%) for the Mn concentrations in real IlI-V DMS.

To approach the actual situation in materials with lower
content of Mn, we also considered £gdn;Asz, crystal

As a basic unit, we consider a tetragonal large unit cel(9 at. % of Mn. The corresponding LUC is a cube formed
(LUC) consisting of four conventional cellsubes of the by eight conventional cells, with Mn ifl/2, 1/2, 1/4, (1/2,
zinc blende crystal. It is constructed by doubling both thel/2, 3/4, and(0, 0, 1/2 positions.
area of the base in they plane, and the axis. The LUC
contains 16 molecular units of the host GaAs and its lattice
parameters are\2a,2a,2a), a being the lattice parameter
of the underlying zinc blende structure. In our convention, To obtain the spin-polarized electronic structure of the
the corners of the LUC are occupied by cations. considered systems we used the full potential linearized aug-

When Mn atoms are introduced, the size of the LUC ismented plane wavéFPLAPW) method, as implemented in
changed. We assume that this change is isotropic and that thige wiEN97 program packag® The generalized gradient
lattice constana of the Ga _,Mn,As varies linearly with the  approximatioR* (GGA) was used.
Mn concentratiork, a=5.66+0.32¢(A).?* We scale the lat- As a basic reference, we calculated the band structure of
tice constant with the entire nominal concentration of Mn,the host GaAs crystal. The calculated band gap of GaAs is
i.e., we do not distinguish the effects due to substitutionaD.57 eV. This value is larger than the band gap obtained by
and interstitial Mn. We also do not consider any local relax-using the standard local density approximati@43 eV,
ation around Mn impurities, i.e., the mixed systems are taketthat is why we use only the GGA in all further calculation.
with a perfect tetrahedral bonding. Recently, it was shown Even with this choice, the width of the bandgap of GaAs
that the relaxation is not very important for the case of subremains strongly underestimated with respect to reflity3
stitutional doping;* and we expect the same for the intersti- eV (Ref. 21)]. A comparable relation between calculated and
tial case. real values of the band gap can be expected also for the

We consider first a GaMn,Asg crystal with two Mn  systems containing Mn.
atoms substituting for Ga in the cationic lattice. Two impu-
rities are considered because we expect that this is the num-
ber of substitutional Mn atoms, which can be compensated
by a single interstitial Mn. The Mn atoms are placed sym- We start with the electronic structure of BénAsg crys-
metrically at the most distant positions in the LUC with rela-tal in which one Ga is replaced with Mfi.e., the halved
tive coordinates(1/2, 1/2, 1/4 and (1/2, 1/2, 3/4. This  basic LUQ. The spin-polarized bands along high-symmetry
choice does not change the tetrahedral symmetry of the hoBhes, shown in Fig. 1, represent a semimetallic material.
LUC. Moreover, the unit cell of GgMn,As;¢ can be decom- There is a narrow energy gdf.11 e\j for the majority-
posed into two equal cells GsinAsg, which were used in spin electrons, separating the bands derived from the valence
the actual calculations of the band structure for this model.and conduction bands of the host. The Fermi lduskd as a

There are several possibilities for the interstitial incorpo-reference energycrosses the valence band 0.75 eV bellow
ration of Mn. We consider the most probable case when théhe top, leaving just one state per unit cell empty. This is
Mn atom occupies a tetrahedral interstitial position sur-fully consistent with the previous findings that substitutional
rounded by anions. In this case, the geometry and chemicalin in GaAs acts as an acceptor. For the minority-spin elec-
composition of the nearest neighbor sphere around the intetrons, the band gap is much wid@.82 eV} and the Fermi
stitial Mn is the same as in the substitutional case. In addienergy lies close to its center. Both band gaps are direct and
tion to four As atoms at the bonding distandethere are located in thel’ point.
other six close Ga atoms at the distance 1d154e put the The main feature due to the presence of Mn is the appear-
interstitial Mn at the center of the vertical edge of the LUC ance of thed states in the valence and conduction band. As
[relative coordinate$0, 0, 1/2]. With this choice, the unit shown in Fig. 2, the occupied, majority-spirstates contrib-
cell of the GagMnAs; ¢ crystal has again the complete tetrag- ute to the valence band spectrum in a much wider range of
onal symmetry. binding energies(0.5-4.0 eV than is known in IlI-VI

Il. STRUCTURAL MODELS

IIl. ELECTRONIC STRUCTURE

A. Substitutional case
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%\ % FIG. 1. Spin-polarized band
g = structure of GaVinAsg crystal
%” %‘3 with Mn in the substitutional po-
5 a sition. Left panel: majority spin.
Right panel: minority spin.
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compound$® They are spread over the whole upper part ofband carriers in the mixed crystal. The strong alloy scattering

the valence band. There is also a remarkable mixing of thean be also expected to assist at nondirect optical

minority-spin d states with the lowest conduction bands of transitions?®

the host crystal. As a result, the average exchange splitting of The total spin of the unit celiwhich is assigned to one

the d states is reduced from=6 eV typical for Mn to  Mn) is just 4X1/2. It results from the saturated spin polar-

~4 eV. The underestimate of the exchange splitting oftthe ization of five Mn 3 electrons, which form a local magnetic

states is, however, not surprising in the density-functionamoment, and from the spin of the hole, which has a sign

calculation. In reality, we have to expect that the emptydin opposite to the local moment. The charge distribution in the

states will be located at a higher energy, not just at the edgenit cell of GgMnAsg does not indicate any localization of

of the conduction band. the hole around the Mn impurity. This may be, however,
Another important change of the electronic spectrum ofspecific for this mixed crystals with a high content of Mn

GaMnAsg is a redistribution of cationis states, as we al- (x=0.125 in the present cas&Ve can only deduce that the

ready observed in the tight-binding calculations. The $5a localization radius of the hole cloud exceeds the dimensions

states in GaAs are known to contribute mostly to the bottonof the LUC.

of the conduction band and to the lower valence bahd7

eV bellow the Fermi level The Mns-states appear, both in -

valence and conduction bands, at much higher energies. B. Interstitial case

They are shifted by approximately 4 eV. This large difference The band structure of G@MnAs, ¢ crystal with Mn in an

of the atomic levels of the host cations and of the substitutehterstitial position is metallic for both spin directions. The

atoms represents an important channel for the scattering @dentity of the host valence and conduction bands can be,

however, still recognizedFig. 3). Similarly to the substitu-

_..g 20 Ga14Mn2AS16 '
= :@\ Ga16MnAS16 t
£ g 20
©
\J)/ e 10 K
i) S
]
% g o
S &
> (%]
g 5 -10
>
3 e G 20t ‘
S 0 5 3
Energy (eV) -5 0 5
Energy (eV)

FIG. 2. Spin-polarized density of states for &mAsg with Mn
in the substitutional position. The hatched areas show thedMn FIG. 3. The same but for GgMnAs;¢ with Mn in the interstitial
states. position.
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Ga MiAs =0.37 eV, measured from the Fermi level. This means that,
20 | 14787518 while the majority-spin conduction band is empty, there are
some holes in the valence band. Their concentration is 0.562
per unit cell, i.e., 0.187 per Mn atom, which is much less
than in the case of only substitutional doping.

The minority-spin electrons have bands with a distinct
band gap(0.60 eVj. The band gap is, however, shifted to
lower energies so that the Fermi energy crosses the conduc-
tion band E.=—0.35 eV). The number of the conduction
-5 0 5 electrons equals to the number of ho(8562 per unit cell

Energy (eV) An important feature of this strongly polarized band struc-
ture is that the spins of the conduction electrons and of the
holes add and the resulting magnetic moment of the free
carriers is antiparallel to the local moments at Mn. The total
) o ) ) spin of the LUC is 13.88 1/2. It is important to notice that
tional case, the gap for the majority-spin electrons is muchy| these numbers depend very sensitively on the degree of
narrower(0.14 e\j than the band gap for the minority-spin semimetallicity, characterized by the differendg, (1)

electrons(0.37 e\). This is a typical result of the strong . o .
hybridization of the valence-band states with the magneti- IIEC(.l)'.ThIS ?vErlaS ' V\éh'ch IS ?Isol a r?feasu(;ebof T]agln etI(|:
cally polarizedd state< polarization of the bands, is clearly affected by the loca

The Fermi energy lies, for both spins, in the Conductiondenslty approximation, and it depends on the concentration

band. There are, altogether, two electrons in the conductioﬂlc MB' W']fr} the deqreasw)lglg ;Verldﬁ”(l)_EC(i) also the
band, which confirms the idea that the interstitial Mn in number o iree carriers will decrease 1o zero.

GaAs acts as a double donor. Most of the conduction elec- 1€ calculated band structure of the crystab@m;As;,
trons have the minority spin. Although the states at the edg@”tg the éjout.bledbLUch: jhOWS thatfthe oc\ﬁrla\[; (t)f tge éalence
of the conduction band do not mix with the Mistates from ~ 2nd conauction band decreases from ©.7 ev 1o 2y

the symmetry reasons, the minority-sgirstates largely par- 5). Correspondingly, also the num'ber of cqndqcﬂon electrons
ticipate in the lowest part of the conduction band. As a resul (holes reduces from 0.56 to 0.19 in the unit cgle., to 0.06

t
they are partly occupied what reduces the magnetic momen‘?.er Mn ator_r). . .
The total spin of the unit cell is only 3.%11/2. Its main part Using a linear exirapolation we can estimate that the cal-

(2.70x1/2) is localized at the Mn site. The remaining mag- culated ove_rlap disappear_s co_mpletely forlG@/lnXAs_ With
netization is distributed over the neighboring As atoms an <0.04. This means that in mixed crystal with realistic con-

in the interstitial space around Mn. The spin of all Othercentratmn of Mn there is a common b(_and gap fc_)r both spin
atomic spheres is negligible up and down. Moreover, with the special proporti@al) of

The reduced magnetic moment of Mn is closely relateOsubstitutional and interstitial Mn, the extrapolated position of

with a corresponding reduction of the average exchanggqe Fermi level is in this band_gap and the material behaves
splitting of the Mnd states to less than 2 eV. This has adsa usual compensated semiconductor.
pronounced effect on the distribution of tldestates in the
valence band. In contrast to the substitutional case,dthe
states do not appear at the binding energies around 3 eV, but
they contribute mostly to the uppermost part of the valence Although the local geometry of both substitutional and
band with binding energies up to 2 eV. interstitial Mn is very similar, their local electronic structures
are different because of different chargitagceptor vs do-
nor. The main difference concerns the local densitydof
states. We have already discussed the effect connected with
Finally, we present the electronic structure for a hypo-the reduced exchange splitting in the case of interstitial dop-
thetical crystal GgMn3As;s. In presence of one interstitial ing, causing a transfer of ttebstates to the upper part of the
and two substitutional Mn we assume a complete compensa&alence band. The weak point of this comparison was, how-
tion. The calculated density of statd309S) presented in Fig. ever, a completely different nature of the band structures of
4 indicates this. The Fermi energy does not immerse dee@a,MnAsg and GagMnAs;¢ crystals.
into the valence or conduction band as in the two above We now consider the corresponding local densities in
examples, but it is located close to the minimum of the DOSGa, ;MnzAs, 5. Although the concentration of Mn is overes-
between the valence and conduction bands. timated, the large degree of compensation makes this model
For the majority-spin electrons we have, in fact, no gapmost relevant for the comparison with the real materials con-
because the valence and conduction bands touch and slightigining Mn atoms in both substitutional and interstitial posi-
overlap around the center of the Brillouin zone. According totions.
the symmetry of the bands in tHé point, the origin of the Figure 6 shows the partial DOS at tdestates at one of
bands can be still identified. The bottom of the “conduction” the substitutiona{dotted Mn and at the interstitial Mrgfull
band isE.=0.22 eV. The top of the “valence” band E, line). The spectrum from the substitutional Mn is sharply

Density of states (arb. units)

FIG. 4. The same but for GaMn;As;¢ with two substitutional
and one interstitial Mn.

D. X-ray spectra

C. Compensated case
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peaked at 3.3 eV bellow the Fermi legéference energy  stitial Mn in GaAs acts as a double donor. It can compensate
This is quite similar to the spectra from Mn in II-VI two acceptors, in particular two Mn atoms substituted for Ga
materials>® in the cationic sublattice. As a result, the effective doping
On the other hand, the spectrum from the interstitial atomefficiency of Mn can be substantially reduced if only a minor
is rather wide. In contrast to thetype GaeMnAs;q crystal  portion of Mn occupies interstitial instead of substitutional
in which the distribution of thel states was determined by positions. In this sense, the interstitial Mn behaves similarly,
the suppressed exchange splitting, thetates in the present e.g., to the As antisite defect.
case are distributed over the whole upper part of the valence |, contrast to As antisite, however, the compensation due

band. Their binding energies range from 1.5 to 4.5 eV. Thgq the interstitial Mn is consistent with the fact, that the dop-

fceg_der;_cy O; ttr?ed star':es to thebd%L.Jblﬁ pea!ihstrulcture tl)s a(?ing efficiency does not depend much on the Mn concentra-
indication of their énhanced hybridization with valence bandy;,, y 13 hjs opservation can be explained only by assuming

most probably because of the close second neighbors of tr{ﬁat the numbers of donofsvhatever their nature may be

substitutional Mn. and acceptors are correlated. This means that not only the

As the L spectra from Mn essentially follow the local number of acceptors, but also the number of donors should
densities of thel states, they differ appreciably for the two u . ptors, but u . u
be approximately proportional to the concentratioof Mn.

crystallographic positions of Mn and they could serve for>~. ) ) s . .
identification of the interstitial Mn in the Ga,MnAs This assumption is quite natural for Mn interstitials, but it
mixed crystals. B can hardly be applied to any other compensating donor. If the

concentration of Mn interstitials ig;=cXx, the number of
IV. CONCLUSIONS holesn,,=x(1—3c) is also proportional to the concentration
of Mn and the effective doping efficienay, /x can be sub-

Using density-functional calculations of the electronic stantially reduced foc approaching 1/3. Foc=1/4, when
structure of(Ga,MnAs supercells, we showed that the inter- most of Mn atoms are assumed in regular, substitutional po-
sitions, the doping efficiency reduces four times. With the
4l GagMngAsig L observed d_oping efficiency of order 0.1-0.2 we can estimate

il the proportionality factoc to be roughly 0.3.

Moreever, assuming that at higher concentration the Mn
atoms have a reduced disposition for the substitution, i.e.,
that the balance between substitutional and interstitial posi-
tion turns in favor of the latter, a transition to the insulating
state takes place above some critical concentration of Mn.
The balance between the substitutional and interstitial impu-
0 rities deserves a detailed discussion in terms of correspond-

ing formation energies and their dependence on the chemical
composition. These quantities can be, in principle, obtained

FIG. 6. Local density of Mrd states for substitutiongdotted ~ from the LDA theory, but our supercell calculations are not
line) and interstitial Mn(full line) in Ga ,Mn;As;;. suited for this purpose.

Density of d-states (arb. units)

Energy (eV)
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It is evident that the mutual compensation of the twotion and of the presence of Mn interstitials as donors.
kinds of Mn impurities in(Ga,MnAs has a direct impact on Finally, the Mn interstitials should be observed directly in
the transport properties. It has, however, also an indirect efthe local structure measurements. The x-ray emission spectra
fect on the magnetic coupling of the local moments, which isseem to be particularly well suited to distinguish substitu-
mediated by the holes. Because the average density of hol@gnal and interstitial Mn because tHe spectra from Mn
is reduced due to the compensation, the strength of the eXgflect the local density of Md states. We have shown that
change coupling, and consequently also the Curie tempergne distribution of Mnd states in the valence band differs
ture decreases. substantially for the two positions in question, although the
Even though our calculations for systems with very highgeometry of the nearest-neighbor sphere is the same in both
content of Mn do not show any indication for localization of configurations.
holes and electrons around the Mn impurities, we cannot The d states at the substitutional Mn contribute to the
exclude it for lower concentrations. Recent calculations fof,glence band for binding energies ranging from 2 to 4 eV. On
Mn & layers in GaAgRef. 27 have indicated that the holes the other hand, the interstitial Mn with smaller magnetic mo-
are localized within approximately 10 A around Mn. In the ment have also the exchange splitting of thetates reduced.
case of holes trapped close to substitutional Wef. 14 Thjs brings the occupied states much closer to the top of

(and similarly electrons bound to interstitial Mrwe arrive  the valence band and their binding energies do not exceed
to a specific situation with low and strongly inhomogeneousy ey

carrier density, with the holes expelled from the vicinity of

Mn atoms in the interstitial positions. Their magnetic mo-

ments, without contact with the hole sea, can eventually de- ACKNOWLEDGMENTS
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