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W e consi der hyp othetic al Ga 7 Mn A s8 ; Ga 1 6 MnA s16 ; and Ga 1 4 Mn 3 A s16

crystals w ith Mn in a substitutio nal , interstitial, and both positio ns. Spin -
-p olari zed full- poten tial lineari zed augmented plane w ave calculatio ns were
used to obtain their electronic structure. W e show that the interstitial Mn

acts as a double donor and comp ensates the holes created by tw o Mn atoms in
substitutio nal position s. This explain s why the numb er of holes in
Ga 1 À x Mn x A s is much smaller than x . T he presence of interstitial atoms

may also b e the reason for the lattice expansion with increasi ng content of
Mn. The di˜erences in electronic behavior of substituti ona l and interstitial
Mn are discussed .

PACS numb ers: 71.15.A p, 71.20.N r, 71.55.Eq, 75.50.Pp

1. I n t rod uct io n

The I I I{ V di luted magneti c semiconducto rs conta ining Mn attra cted much
attenti on in last years [1, 2] because thei r ferrom agneti c nature is pro mising for
appl icati ons in semiconducto r structures . The ferromagneti c behavi or of I I I{ V di -
luted m agneti c semiconducto rs (DMS) is connected wi th thei r p - typ e nature [1].
Mn substi tuted for a tri valent cati on acts as an acceptor and creates a hole in the
valence band. If the content of Mn is of order of one percent, the Fermi energy is
Ùxed in the valence band and al l other defects and impuri ti es are less im porta nt.
The m ain contri buti on to the exchange intera cti on between Mn local mom ents is
then m ediated by the holes wi th wave vecto rs close to the center of the Bri l loui n
zone. The typi cal period of the R uderm an{ Ki ttel { Ka suya{ Yoshida (R KKY) in-
tera cti on exceeds the avera ge Mn{ Mn di stance and the coupl ing is f erromagneti c.
The correlati on between m agneti c and tra nsport m easurements [2] supp orts thi s
pi cture.
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R ecently, also the electronic structure of Mn- doped I II{ V com pounds has
been inv estigated. Both supercell band structure calcul ati ons [3, 4] and Ko rri nga{
Ko hn{ R ostoker coherent potenti al appro xi m ati on (KKR -CP A) studi es [5] con-
Ùrmed the p - typ e character of these m ateri als, as well as the presence of local ized
m agneti c m oments at Mn sites, and thei r ferromagneti c coupl ing.

Ho wever, there are sti l l some uncl ear points. One of them is a remark able di f-
ference between the numb er of Mn acceptors and the numb er of free holes obta ined
from the tra nsport m easurem ents. The latter quanti ty is usual ly much smal ler tha n
the form er. To expl ain thi s alm ost com plete compensati on, i t is assumed tha t most
of the holes do not parti cipate in the conducti on because they are either ti ghtl y
bound to the acceptors [6], local ized due to the di sorder, or com pensated by As
anti site defects [7].

W e propose an al terna ti ve expl anati on of the self-compensati on property of
the Mn im puri ti es. W e assume tha t some of Mn ato m s do not substi tute into
the cati on subl atti ce, but occupy intersti ti al positi on in the zinc-bl ende structure.
One can exp ect tha t the intersti ti al Mn acts as a doubl e donor, because there is
no space for i ts two 4 s electrons in the bondi ng. If i t is so, then one intersti ti al
Mn should com pensate the holes created by tw o substi tuti onal ato ms.

T o check thi s idea, we constructe d a series of hyp otheti cal crysta ls whose
large uni t cells consist of a few conv entio nal cubi c cells of GaAs and conta in Mn
in ei ther substi tuti onal or intersti ti al positi ons. W ecalculated the electronic struc-
ture for these superstr uctur es and found the positi ons of the Ferm i level wi th
respect to the valence and conducti on bands. The Fermi level lyi ng in the valence
band indi cates tha t the im puri ty behaves as an accepto r and the numb er of empty
states per uni t cell deÙnesi ts degree of ionizati on. Sim i larly, the donor case can be
recognized accordi ng to partl y occupi ed conducti on band. In addi ti on, we inv esti -
gated also a Ga1 4 Mn 3 As 1 6 crysta l wi th one intersti ti al and two substi tuti onal Mn
ato m s to appro ach the real charge distri buti on in a com pensated case. Al tho ugh
the content of Mn is stro ngly overesti mated in thi s case, we use i t to show the
di ˜erences in the local electroni c structure at substi tuti onal and intersti ti al ato m s.

2. D et ai ls of cal cu l at ion

The self-consistent, spi n-polari zed electronic structure of al l considered sys-
tem s was calcul ated by means of the f ul l -potenti al l ineari zed augm ented plane
wa ve (FP LAPW ) m etho d [8]. Instea d of the standard form of the density func-
ti onal we used the general ized gradi ent correcti on (GGA) version, givi ng a wi der
band gap and a better descripti on of the conducti on band. Al l calculati ons were
done for a ferrom agneti c phase.

W e started wi th the band structure of the host GaAs crysta l. The calcul ated
band gap is 0.57 eV. Al tho ugh thi s value is better tha n the gap obta ined by using
the local -density appro xi mati on (0.43 eV), i t is sti l l underesti mated wi th respect
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to observed value 1.56 eV. A comparable relati on between calcul ated and observed
values of the gap can be exp ected also for the system s conta ining Mn.

In our calcul ati ons we use a large uni t cell (L UC) consisti ng of four cubi c
cells of the zi nc-blende structure and conta ining 16 molecular uni ts of the host
GaAs. It is constructed by doubl ing the c-axi s and by assuming a

p

2 È

p

2 super-
structure in the basal plane. Thi s LUC has a tetra gonal sym metry and i ts latti ce
parameters are A = B = a

p

2 ; C = 2 a , wi th a : : x nm [9] being
the latti ce consta nt of the Ga Mn As. W e do not ta ke into account any local
relaxa ti on around Mn im puri ties, i .e. the m ixed system s are considered wi th a
perfect tetra hedra l bondi ng. In thi s way, both intersti ti al and substi tuti onal Mn
have the same geom etry of the nearest neighbor sphere. W e use the conventi on
wi th the basal plane coinci di ng wi th the cati on layer.

3.1. Mn in a substi tut ional posi tion

W e replace two Ga ato m s of the GaAs LUC by Mn. Two im puri ties are
considered because we presum etha t thi s is the num ber of substi tuti onal Mn ato m s,
whi ch can be compensated by a sing le intersti ti al Mn. The tw o Mn ato ms are
pl aced at the m ost distant positi ons in the LUC. The choice of relati ve coordi nates
(1/ 2, 1/ 2, 1/ 4) and (1/ 2, 1/ 2, 3/ 4) does not change the tetra hedra l sym metry of
the LUC. Mo reover, thi s uni t cell of Ga Mn As can be decom posed into two
equal cells Ga MnAs , whi ch were used in the actua l calcul ati ons for thi s m odel .

The resulti ng spin-polari zed density of sta tes (D OS) is shown in Fi g. 1. W e
see tha t the Ga Mn As crysta l is a semimeta l wi th the Ferm i energy close to
the center of a wi de band gap (0.82 eV) for the minori t y- spin electrons. For the
m ajori ty-spi n electrons, however, the bands derived from the host valence and
conducti on bands are separated by a narrow gap (0.11 eV). The Ferm i energy
cro sses the valence band 0.75 eV below the top, leavi ng just one state per uni t
cell empty . Thi s agrees wi th the previ ous Ùndings [6{ 8] tha t substi tuti onal Mn in
GaAs acts as an accepto r. The spin of the hole has a sign opposite to the local
m oment ari sing from the satura ted spin polarizati on of the Mn d -sta tes. As a
resul t, the tota l spin of the form ul a uni t (whi ch is assigned to two Mn) is just 4.
The integ er value of the spi n is related to the absence of a free Ferm i surface for
the minorit y spin.

The m ain spectra l feature due to the presence of Mn is the appearance
of the d -sta tes in the valence and conducti on band. The occupi ed m ajori t y- spin
d -sta tes contri bute to the valence band spectrum in a m uch wi der range of bind-
ing energies (1{ 4 eV) tha n in I I{ VI ' s. There is also a rem ark able m ixing of the
m inori t y-spi n d -sta tes wi th the lowest conducti on bands of the host crysta l . The
botto m of the conducti on band is form ed of d -sta tes instead of cati on s -sta tes, as i t
is usual in the zinc-bl ende m ateri als.The average exchange spli tti ng of the d -sta tes
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Fig. 1. Spin- polarize d density of states for Ga 1 4 Mn 2 A s1 6 crystal with Mn atoms in sub-

stitutiona l positio ns. T he shaded areas show the contribution of Mn 3d -states. Vertical

line indicates the position of the Fermi level.

i s reduced from appro xi ma tel y 6 eV typi cal of Mn to approxi matel y 4 eV. Thi s
underesti m ati on of the exchange spli tti ng is the result of the density- functi onal
appro ach and, in f act, we should expect the empty Mn d -sta tes located at a higher
energy.

Ano ther im porta nt change of the electroni c spectrum of Ga1 À x Mn x As con-
cerns the cati oni c s -sta tes. W hi le the Ga s -sta tes are kno wn to contri bute mostl y
to the botto m of the conducti on band and to the lower valence band (4{ 7 eV below
the Ferm i level), the Mn s -sta tes appear, both in valence and conducti on bands,
at much hi gher energies. The shift is appro xi m atel y 4 eV. Thi s large di ˜erence in
the ato m ic level positi ons of the host and substi tuted ato m s represents, besides
the presence of the d -sta tes, another im porta nt channel for the scatteri ng of band
carri ers in the m ixed crysta l . The stro ng al loy scatteri ng can be also exp ected to
a˜ect the near- edge opti cal tra nsiti ons.

3.2. Mn in the int erst i tial posi tion

The m ost pro babl e positi on for a m etal l ic intersti ti al in the zinc-bl ende struc-
ture is a tetra hedra l ho l low site surro unded by four ani ons. If we place the Mn atom
to the (0, 0, 1/ 2) positi on in the LUC, the resulti ng structure of Ga1 6 MnAs 1 6 has
again the com plete tetra gonal symm etry . The intersti ti al Mn has, in addi ti on to
four As nearest neighbors at bondi ng di stances d 1 = a = , six close Ga neighbors
at a distance d : d :

W e Ùnd tha t Ga MnAs is m etal l ic, wi th the Ferm i energy in the con-
ducti on band for both spin di recti ons. The identi ty of the host valence and con-
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ducti on bands can be sti l l recogni zed. As in the substi tuti onal case, the gap for
the majori ty- spin electrons is much narro wer (0.14 eV) tha n the band gap for the
m inori t y-spi n electrons (0.37 eV). There are, al to gether, tw o electrons in the con-
ducti on band, whi ch conÙrm s the idea tha t the intersti ti al Mn in GaAs acts as a
doubl e donor.

The to tal spi n of the uni t cell is 1.56. Its main part (1 .35) is local ized in
the mu£n- ti n sphere at the Mn site. Thi s local mom ent is so smal l because also
m inori t y-spi n d -sta tes, parti cipati ng in the lowest conducti on band, are partl y
occupied. The rem aini ng magneti zati on is distri buted over the neighb oring As
ato m s and in the intersti ti al space around Mn.

The reduced m agneti c m oment of Mn is closely related wi th a corresp ondi ng
reducti on of the average exchange spli tti ng of the Mn d -sta tes (appro xi matel y
2.5 eV). Thi s has a pro nounced e˜ect on the distri buti on of the d -sta tes in the
valence band. In contra st to the substi tuti onal case, the d -states shri nk to a narro w
peak in the upp ermost part of the valence band.

3. 3. C ompensated case

Fi nal ly, we consi der a Ga1 4 Mn 3 As1 6 crysta l conta ini ng Mn in both substi tu-
ti onal and intersti ti al positi ons. W e assume tha t the two substi tuti onal impuri ti es
and one intersti ti al Mn have the same, high sym m etry positi ons as in the struc-
tures di scussed in Secs. 3.1 and 3.2. In thi s way, the smal lest Mn{ Mn di stance
equals to the latti ce constant a , i .e. i t corresp onds to the next nearest neighbors in
the cati onic sublatti ce. Al tho ugh the concentra ti on of Mn in thi s m odel is largely
overesti m ated (19%), the closest Mn{ Mn pai rs are avoided and the system can
sti l l be considered to be di lute.

The density of states presented in Fi g. 2 indi cates the com pensati on. The
positi on of the Ferm i energy is Ùxed in the m inimum of the to ta l D OS. Ana lyz-
ing the band structure, we f ound an overl ap of the majori ty- spin valence band
(E v ( " ) = 0:37 eV) wi th the minori t y-spi n conducti on band (E c( 0:35 eV).
Thi s m eans tha t there are som e holes in m ajori t y- spin valence band and the same
am ount of m inori t y-spi n conducti on electro ns. Thei r concentra ti on is 0.562 per
uni t cell , i .e. 0.187 per Mn ato m, much less tha n in the case of ei ther substi tu-
ti onal or intersti ti al doping.

It is importa nt to noti ce tha t al l these numb ers depend very sensiti vel y on
the relati ve positi on of E for the majori ty- and E for the minori t y- spin elec-
tro ns. The numb er of f ree carri ers decreases to zero wi th decreasing E E .
Thi s overl ap, characteri zing the semimetal l ic sta te of Ga Mn As , is due to the
stro ng m agneti c polari zati on of the bands, whi ch is clearl y overesti mated in our ex-
am ple wi th so high content of Mn. In real mixed crysta ls wi th low concentra ti on of
Mn, the overl ap of the valence and conducti on band wi ll be m uch smal ler and the
compensati on better. A l inear interp olati on indi cates tha t the overl ap disapp ears
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Fig. 2. Same as Fig. 1 but for Ga 14 Mn 3 A s16 crystal w ith one interstitial and tw o

substituti onal Mn atoms.

for Ga1 À x Mn x As wi th x < 0 : 0 4 and wi th thi s pro porti on (2:1) of substi tuti onal
and intersti ti al Mn. The materi al then behaves as a com pensated semiconducto r.

Al tho ugh the geom etry of both substi tuti onal and intersti ti al Mn is the same
wi thi n the nearest-neighbor sphere, the bondi ng and the local electro nic structures
are qui te di ˜erent. The main di ˜erence concerns the local densi ty of d -sta tes. W e
Ùnd tha t the occupied d -sta tes at the intersti ti al Mn appro ach the to p of the
valence band. Even tho ugh the e˜ect is not so strong as in Sec. 3.2, the change of
the d -sta tes D OS should be vi sible e.g. in the X-ray emission.

4. Co n cl usion s

Using ab ini tio FPLAPW calcul ati ons, we showed tha t the intersti ti al Mn
in GaAs acts as a doubl e donor. Such impuri t y com pensates the e˜ect of two
Mn atom s substi tuted into the cati on subl atti ce, whi ch are kno wn to be sing le
accepto rs. The numb er of holes in the valence band becom es much smal ler tha n
the to ta l numb er of m agneti c im puri ti es, i f only a m inor porti on of them occupies
intersti ti al instead of substi tuti onal positi ons. Thi s can expl ain the large di ˜erence
between the level of Mn doping and the resulti ng hole concentra ti on observed in
exp eriment [7].

The presence of intersti ti al Mn in Ga1 À x Mn As might be veri Ùed by using
the X- ray emission spectra from Mn. The L spectra , corresp ondi ng to the local
density of Mn d -states, should show a rem arkable di ˜erence for the two bondi ng
geometri es in questi on. The main reason for thi s di ˜erence is the reduced exchange
spl itti ng of the d -sta tes at the intersti ti al Mn, whi ch bri ngs the occupi ed d -sta tes
into the upp ermost part of the valence band.
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