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Spin interactions of interstitial Mn ions in ferromagnetic GaMnAs
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The recently reported Rutherford backscattering and particle-induced x-ray emission experiments have re-
vealed that in low-temperature molecular beam epitaxy grown Ga12xMnxAs a significant part of the incorpo-
rated Mn atoms occupies tetrahedral interstitial sites in the lattice. Here we study the magnetic properties of
these interstitial (MnI) ions. We show that they do not participate in the hole-induced ferromagnetism. More-
over, MnI double donors may form pairs with the nearest substitutional (MnGa) acceptors—our calculations
evidence that the spins in such pairs are antiferromagnetically coupled by the superexchange. We also show
that for the Mn ion in another, hexagonal, interstitial position~which seems to be the case in the
Ga12x2yMnxBeyAs samples! the p-d interactions with the holes, responsible for the ferromagnetism, are very
much suppressed.
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The incorporation of transition metal ions into the III-
host semiconductors by low-temperature molecular beam
itaxy ~LT MBE!, i.e., the discovery of ferromagnetic dilut
magnetic semiconductors~DMS! in the pioneering work by
Munekataet al.,1 was a major step towards the integration
the spin degrees of freedom with the semiconducting pr
erties in the same material. Still, the prospects for pract
applications of DMS in ‘‘spintronic’’ devices depend cru
cially on the possibilities to increase in these materials
temperature of the transition to the ferromagnetic phase.
highest Curie temperaturesTC in DMS have been obtaine
by a substitution of Mn for Ga in GaAs, which was compl
mented by a post-growth annealing in temperatures o
slightly exceeding the LT MBE growth temperature. Un
recently theTC5110 K seemed to be the upper limit for th
material.2–5 In the last months, however, considerably high
values ofTC in Ga12xMnxAs, even exceeding 150 K for thin
films, have been reported by several groups.6–9 This progress
has been made basically by an optimization of the annea
time and temperature.

In the theoretical models describing the ferromagnet
in DMS ~e.g., in Ref. 10–12! the TC is expected to increas
with both, the magnetic ions and hole concentrations. In
MBE grown Ga12xMnxAs this was indeed experimentall
established for Mn concentrations up to aboutx50.07.2 The
Mn ion in the substitutional position in the GaAs lattic
(MnGa) acts as an acceptor, but in all Ga12xMnxAs samples
the hole concentration is substantially lower than the
content. This has been ascribed to the presence of com
sating donors, in particular to the formation of arsenic an
sites (AsGa) during the epitaxial growth of Ga12xMnxAs at
As overpressure.13,14 In Ref. 3, 5, and 15 the observe
annealing-induced changes of theTC were attributed solely
to the decrease of the concentration of arsenic antisites l
ing to the increase of the hole concentration. These antis
however, are relatively stable defects—it was shown tha
remove AsGa from LT MBE grown GaAs the annealing tem
peratures above 450 °C are needed.16 Recently, simultaneous
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channeling Rutherford backscattering and particle-indu
x-ray emission experiments shed new light on th
problem.17 Namely, they have revealed that in LT MB
grown ferromagnetic Ga12xMnxAs with high x a significant
fraction of incorporated Mn atoms~ca 15% for the as-grown
Ga0.91Mn0.09As sample! occupies well defined, commensu
rate with the GaAs lattice interstitial positions.

In the diamond cubic crystal lattice there are three p
sible interstitial positions, two tetrahedral sites and one h
agonal, in which the atoms are shadowed along^100& and
^111& direction and exposed in thê110& axial channel, as
seen at the experiment. They can be distinguished by stu
ing angular scans around the^110& axial direction.18 The
scans presented in Ref. 17 suggested that the MnI ions ob-
served in Ga12xMnxAs occupy the tetrahedral sites, in whic
the interstitial is surrounded by four nearest neighbors. Th
can be cations or anions. As pointed out already by
et al.,17 the electrostatic attraction between positive
charged MnI donors and negative MnGa acceptors stabilizes
the otherwise highly mobile MnI in the interstitial sites adja-
cent to MnGa, i.e., the tetrahedral position between four c
ions, e.g., as presented in Fig. 1, is chosen.

FIG. 1. The nearest four cation and six anion neighbors for
ion in the tetrahedral interstitial position in the zinc-blende lattic
©2003 The American Physical Society04-1



g
d
n

aA

th
s
a
r,
a
M

th

o

b

ity

g

itia
er
ag

-
pe
d

ce

n

it
th

on

r-

n

s
r-
iat
e
in

tant
er-
er-
lso
o-
re-
ion
le

a
ite
,
ns
d
er-
the
nt
the

su-

ent
e-
he

he
an

nt
an-
be-

two

RAPID COMMUNICATIONS

J. BLINOWSKI AND P. KACMAN PHYSICAL REVIEW B 67, 121204~R! ~2003!
The MnI serve, like AsGa, as double donors, decreasin
the hole concentration. The results presented in Ref. 17
rectly showed that in the process of LT annealing the MI
ions are moved to random, incommensurate with the G
lattice positions~e.g., MnAs clusters!, in which the Mn ions
are electrically inactive. Thus, in the annealed samples
concentration of the compensating MnI donors decrease
considerably whereas the hole concentration increases
the observed Curie temperature is much higher. Moreove
was demonstrated that the appropriate annealing incre
the saturation magnetization, i.e., that the presence ofI
reduces the net magnetic moment.6,17,19,20

The described above experimental results stimulated
oretical studies on the formation and properties of MnI in the
GaMnAs ternary compound. First, the electronic structure
the GaMnAs with MnGa and MnI was calculated byab initio
methods, showing that indeed Mn interstitials act as dou
donors.21 In a recent paper22 the self-compensation of Mn in
such semiconductors was studied within the dens
functional theory. In Ref. 22 it was shown that MnI can be
easily formed near the surface.

Here we consider the spin properties of interstitial ma
netic ions. We study the spin interactions for the MnI ion
surrounded by four cations, i.e., in the tetrahedral interst
position, in order to provide theoretical basis for the und
standing of the experimental findings concerning the m
netic behavior of the as-grown and annealed Ga12xMnxAs
samples. We analyze the hybridization of thed orbitals of
these ions with the valence-bandp states. This effect is es
sential for both, the superexchange and the RKKY-ty
dominant ion-ion interactions in DMS. It is widely accepte
that the latter mechanism is responsible for the hole-indu
ferromagnetism in III-V DMS and that theTC depends cru-
cially on the p-d hybridization—within the Zener model10

TC is proportional to the square of the kineticp-d exchange
constantb, i.e., to the fourth power of the hybridizatio
constantV at the center of the Brillouin zone.

The valence-band states in Ga12xMnxAs are built prima-
rily from the anionp orbitals, thus thep-d hybridization for
a given magnetic ion is determined by the positions of
nearest-neighbor anions. In zinc-blende lattice of GaAs,
Mn ion in the cation substitutional position has four ani
nearest neighbors at the distancesaA3/4 ~where a is the
lattice constant! along the@1, 1, 1#, @1,21,21#, @21, 1,21#,
and @21,21, 1# directions. For these positions the inte
atomic matrix elements,Ex,xy , Ex,yz , Ex,zx , etc., expressed
in terms of the Harrison parametersVpds andVpdp ,23 add up
constructively to the hybridization constantV in the hybrid-
ization HamiltionianĤh , with different weights for different
points of the Brillouin zone. At the pointkW50 of the Bril-
louin zone they sum up to the value: 4(Vpds22/A3Vpdp).

In contrast, the ion in the tetrahedral interstitial positio

e.g., (14
1
4

3
4 ) as in Fig. 2, has 6 anion neighbors on@0,0,

61#, @0,61,0#, and @61,0,0# directions, at the distance
a/2 ~see Fig. 1!. In this case all not equal zero inte
atomic matrix elements are proportional to the appropr
sin(aki / 2) ~whereki , i 5x,y,z, are the components of th
wave-vectorkW ) and they vanish at the center of the Brillou
12120
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zone. Thus, the MnI d orbitals do not hybridize with the
p states of the holes at the top of the valence band~i.e., for
the tetrahedral interstitials the kinetic exchange cons
b I t

50) and they do not contribute to the hole-induced f
romagnetism. This means that the formation of Mn int
stitials decreases not only the hole concentration but a
the number of Mn ions participating in the Zener-type ferr
magnetism. Still, these effects do not explain why the
moval of interstitials leads to the increase of magnetizat
and to the higherTC than expected from the rise of the ho
concentration.19

As the MnI is situated close to the MnGa ion, due to the
electrostatic attraction, these two ions form in fact
MnGa-MnI pair, as shown in Fig. 2. One notices that desp
the fact that for the interstitials thep-d kinetic exchange and
consequently, the hybridization mediated spin interactio
with holes in the vicinity of the top of the valence-ban
vanish, the ionic spins in the pair can be coupled by sup
exchange mechanism. In the latter process the spins of
two ions,SW 1 andSW 2, are correlated due to the spin-depende
p-d exchange interaction between each of the ions and
valence-band electrons in the entire Brillouin zone. The
perexchange Hamiltonian

Ĥsuperexchange522J~RW 12!SŴ 1•SŴ 2 ~1!

can be obtained by a proper selection of spin-depend
terms in the matrix of the fourth-order perturbation with r
spect to the hybridization for a system of two ions in t
crystal:24

2 (
l ,l 8,l 9

^ f uĤhu l 9&^ l 9uĤhu l 8&^ l 8uĤhu l &^ l uĤhu i &

~El 92E0!~El 82E0!~El2E0!
. ~2!

Using the virtual transition picture, one can say that t
superexchange is a result of four virtual transitions of
electron—from the band onto thed shell of the ion and from
the ionic d shell to the band, in different sequences.25 The
quantitative determination of the superexchange constaJ
requires the knowledge of the energies of these virtual tr
sitions, which are represented by the energy differences
tween the intermediate and initial states of the system of

FIG. 2. MnGa-MnI pair in the GaAs structure.
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ions and the completely filled valence bands, in the deno
nator of Eq.~2!. Of primary importance it is, however, t
determine the sign of the superexchange interaction for
MnGa-MnI pair. In the following, we calculate the exchang
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constantJ within a simplified model, in which we neglect th
dispersion of the valence bands but we account for the wa
vector dependence of the hybridization matrix elements. T
resulting formula for the exchange constantJ reads:
J~RW 12!52
1

25F 1

Ea1
Ea2

S 1

Ea1

1
1

Ea2
D 1

1

Ea1

2 ~Ea1
1Ed2

!
1

1

Ea2

2 ~Ea2
1Ed1

!G
3 (

n1 ,n2 ,kW1 ,kW2 ,m,n

Vn1 ,kW1 ,m
* ~2!Vn2 ,kW2 ,m~2!Vn2 ,kW2 ,n
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In Eq. ~3! the summation runs over the valence-band

dices n1 and n2, the wave-vectorskW1 , kW2 from the entire
Brillouin zone, and over the Mnd orbitalsm, n. The energies
Eai

andEdi
( i 51,2) are the transfer energies for the electr

from the valence band onto the ioni ~‘‘acceptor’’! and from
the ion i to the valence band~‘‘donor’’ !, respectively. It
should be noted that these energies for the interstitial Mn
are completely unknown. Still, since all these energies
well as the sum, which we calculated numerically, are po
tive, we can conclude that the MnGa-MnI pair is antiferro-
magneticallycoupled. Thus, Mn ions when in tetrahedral i
terstitial positions not only do not contribute to the ho
induced ferromagnetism but they also make some of
substitutional Mn ions magnetically inactive by forming wi
them close pairs, in which the spins of the ions are anti
romagnetically coupled by the superexchange mechan
This explains the experimental observations that the rem
of MnI ions by low-temperature annealing leads not only
an increase of the hole concentration, but also to a signific
increase of the magnetization.

To estimate the strength of this coupling we comparJ
with the superexchange constantJ8 for a MnGa-MnGa closest
pair, obtained within the same simple model. Using the sa
transition energies for both MnGa and MnI ions, we obtain
J/J8'1.6. This is not surprising in view of the small dis
tance between the interstitial and the nearest substituti
Mn ions and the larger number of anion neighbors for MI .
With a reasonable value of 3 eV for the MnGa charge transfer
energies, with the values of Harrison parametersVpds

51.1 eV,26 and Vpdp52 1
2 Vpds , ~which for the MnI we

scale according to the Harrison’s prescription!23 the absolute
values of J and J8 constants are by far not negligible:J
'71 K andJ8'43 K. We note that these values, althou
much larger than those observed in canonical II-VI DM
seem to be reasonable in view of the extremely strong
pendence of the hybridization mediated exchange in
actions on the size of the lattice cell of the material.23 Still,
it should be stressed again that this is only a crude e
mate as these values depend strongly also on the cha
transfer energies for the Mn ion in GaAs lattice, here
taken 3 eV.
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The role of interstitial Mn ions occurred to be even mo
pronounced in Ga12x2yMnxBeyAs samples, grown at Notre
Dame with the hope to increase the hole concentration,
hence TC, by introducing another acceptor.27 Instead, it
turned out that adding Be to Ga12xMnxAs increases the con
centration of MnI at the expense of MnGa.20,28 At the same
time, although the hole concentration does not change
nificantly, theTC drops dramatically,27,29 in agreement with
the presented above result that the MnI do not participate in
the hole-induced ferromagnetism. Recently performed an
lar scans seem to suggest, however, that the BeGa acceptor
stabilizes the Mn interstitial donor not in the tetrahedral b

in the hexagonal, (38
5
8

3
8 ) position.30 In this site the MnI has

three anion nearest neighbors, as shown in Fig. 3, on
@21,23,21#, @3,1,21# and @21,1,3# directions, at the dis-
tanceaA11/8. In such case one does not expect the kin
p-d exchange constantb to be equal to zero—it can b
rather expected that the hybridization for the ion in this s
should be stronger, due to the smaller distance to the ani
what increases the Harrison parametersVpds andVpdp. Sur-
prisingly enough, the most of the interatomic matrix e
ments in the hybridization constantV for the hexagonal in-

FIG. 3. The six~three cations and three anions! nearest neigh-
bors and the next four cations and four anions for an ion in
hexagonal interstitial position in the zinc blende lattice.
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terstitial Mn mutually cancel at the center of the Brillou
zone. This leads to a considerably smaller than for the s
stitutional Mn ion value of the kinetic exchange consta
b I h

, i.e., b/b I h
'5. As the Curie temperature in the Zen

model depends onb2, we conclude that the contribution t
the hole-induced ferromagnetism from the Mn ions occu
ing the hexagonal interstitial sites is very much suppress

In conclusion, we have shown that not only the comp
sating properties of the interstitial magnetic ions impos
limit to the Curie temperature in the ferromagne
Ga12xMnxAs and Ga12x2yMnxBeyAs samples. Also their
magnetic properties in both~tetrahedral and hexagonal! in-
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