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Electronic structure of Mn ions in „Ga,Mn…As diluted magnetic semiconductor

V. F. Sapega,* M. Moreno, M. Ramsteiner, L. Da¨weritz, and K. Ploog
Paul-Drude-Institut fu¨r Festkörperelectronik, Hausvogteiplatz 5–7, D-10117 Berlin, Germany

~Received 16 April 2002; published 30 August 2002!

The electronic structure of Mn in the diluted magnetic semiconductor~Ga,Mn!As was studied by means of
electronic and spin-flip Raman scattering. The Mn ion was found to manifest itself in three different electronic
configurations:~i! neutral Mn acceptor, i.e., Mn 3d5 inner-shell electrons with a weakly bound valence band
hole,~ii ! ionized Mn acceptor, i.e., 3d5 state, and~iii ! neutral Mn in the 3d4 electronic configuration. The latter
state undergoes a crystal-field splitting and a Jahn-Teller effect. The energy separation between the optical
dipole active sublevels of the5T2 ground state is directly measured in the dynamic Jahn-Teller-effect regime.
The Mn 3d4 state is assumed to play an important role for the ferromagnetism observed in diluted~Ga,Mn!As.

DOI: 10.1103/PhysRevB.66.075217 PACS number~s!: 78.30.Fs, 76.30.Pk, 75.50.Pp
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I. INTRODUCTION

For many years, Mn-containing diluted magnetic sem
conductors~DMS’s! based on II-VI compounds have bee
the subject of intense fundamental studies because of
strong exchange interaction between the half filled 3d shell
of the Mn21 ions (Sd55/2) and the charge carriers.1 Re-
cently, the interest for DMS’s has been renewed becaus
their unique magnetic properties which make them inter
ing for semiconductor spin devices. This interest has stim
lated the study of not only the traditional II-VI DMS’s, bu
also of DMS’s based on III-V compounds. The rece
progress in growth techniques made cubic~Ga,Mn!As avail-
able, and the discovery ot its ferromagnetism made this
terial attractive for fundamental studies as well as for ap
cations in devices based on spin-related phenomena.2,3

The origin of ferromagnetism in diluted~Ga,Mn!As is not
yet well understood, as illustrated by the large number
recent publications devoted to theoretical investigations
this problem. The attempts to explain the ferromagnetic
havior in ~Ga,Mn!As have used the following approache
hole-mediated Ruderman-Kittel-Kasuya-Yoshida~RKKY !
type interaction between local Mn moments,2,4–6 Zener
model,6 virtual electron excitation from the magnetic imp
rity to the valence band,7 Korringa-Kohn-Rostoker coheren
potential and local-density-approximation calculations,4 as
well as double-resonance mechanism, i.e., intra-atomic
romagnetic exchange interaction between spins in reso
and localized states.8 Most of these approaches are based
the assumption that, in the diluted regime, Mn enters Ga
in the same 3d51h or 3d5 electronic configuration as in th
doping regime.9–15 On the other hand, a ferromagnetic io
ion (3d4–3d5) coupling has been predicted for mixe
valence DMS’s.16 A Müliken population analysis showe
that the configuration of Mn in GaAs is compatible wi
either the 3d5 or the 3d6 configuration with nonintege
occupation.17 To fully understand the origin of ferromag
netism in~Ga,Mn!As it is necessary to clarify the electron
configuration in which Mn enters GaAs in the diluted r
gime.

In this paper, we study in detail the electronic and sp
flip Raman scattering~SFRS! of Ga12xMnxAs with x
50.006–0.08. The transition from the doping to the dilut
0163-1829/2002/66~7!/075217~6!/$20.00 66 0752
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regime is found to be accompanied by dramatic change
the Mn electronic structure. Our Raman-scattering investi
tions studies indicate that, in the diluted regime, Mn ent
GaAs not only in the 3d51h and 3d5 configurations but also
in the 3d4 state~i.e., a valence-band hole enters thed shell of
the Mn ion!. We assume that Mn ions in the 3d4 electronic
configuration are relevant to the origin of ferromagnetism
diluted ~Ga,Mn!As.

II. SAMPLES AND EXPERIMENTAL SETUP

The samples for the present study were grown
molecular-beam epitaxy on GaAs~001! substrates~semi-
insulating, Si, or Zn doped!. Prior to ~Ga,Mn!As deposition,
a GaAs buffer layer was grown at 600 °C. The substrate w
then cooled to 250–300 °C for the growth of 500–1000 n
of ~Ga,Mn!As. The growth rate was typically 4–10 nm/mi
and the As4 /Ga beam-equivalent-pressure~BEP! ratio was
25-50. Two groups of Ga12xMnxAs samples have been stud
ied, the Mn concentration being obtained from the latt
constant of the ~Ga,Mn!As layer determined by high
resolutionx-ray diffraction.18 The samples of groupA have a
Mn content ofx<0.012. In the samples of groupB the Mn
content is in the range 0.02,x<0.08. Superconducting
quantum interference device~SQUID! measurements wer
carried out in the temperature range 5–400 K to investig
the macroscopic magnetic properties of the samples an
confirm the absence of MnAs nanoclusters.

For excitation of spin-flip and electronic Raman scatter
excitation we used the lines of Ar- and Kr-ion lasers, as w
as a tunable Ti:saphier laser pumped by an Ar-ion laser.
laser power densities focused on the sample were in
range from 5 to 50 Wcm22. The Raman light was disperse
in a DILOR spectrograph and detected by a charge-coup
device~CCD! array. The experiments were carried out in t
temperature range 4–200 K, in a continuous He-flow c
ostat, and in magnetic fields up to 14 T, either in the ba
scattering Faraday or Voigt geometry. In Faraday geome
the Raman spectra were recorded inz(x,y) z̄ or z(x,x) z̄ con-
figuration, with z̄ and z being perpendicular to the samp
surface, and the linear polarization of the incident~x! and
scattered (x or y) light parallel to the@001# or @011# crystal
©2002 The American Physical Society17-1
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axis. In Voigt geometry, we used the configurationz(s,p) z̄
or z(p,p) z̄, with z̄ andz perpendicular to the sample surfa
and to the magnetic fieldB, ands or p denoting the linear
polarizations of the incident (s or p) and scattered (p) light
with the electric-field vector of the light perpendicular (s) or
parallel (p) to B, which is parallel to the@001# or @011#
crystal axis.

III. RESULTS AND DISCUSSION

The samples of group A, with low Mn content, show e
tremely weak near-band-gap photoluminescence~PL! due to
the recombination of photoexcited free electrons with ho
bound to neutral Mn acceptors (e2A0); the PL band is cen-
tered at 1.411 eV.19 In these samples, we did not detect a
PL line related to the recombination of excitons bound
neutral Mn acceptors (A0X).13,15 In the samples of group B
with Mn content 0.02,x<0.08, we did not detect any nea
band-gap PL.

A. Raman scattering involving complexes with Mn in 3d5

electronic configuration

The Raman spectra of the group-A samples show, un
resonance excitation at theE01D0 gap,20 a strongly polar-
ized 2Dd-h line, with a half width at half maximum
~HWHM! of d524 cm21, detected only in thez(x,y) z̄ con-
figuration. The 2Dd2h line was also detected in Mn-dope
GaAs samples withNMn;0.7–3.531018 cm23. Figure 1
shows Raman spectra of a diluted~Ga,Mn!As sample, re-
corded inz(x,y) z̄ configuration, withxi@001#, under zero
magnetic field at two temperaturesT54 K and T5125 K
~spectra 1 and 4, respectively!. With increasing temperature
the broad asymmetric~long high-energy tail! 2Dd-h line, cen-
tered at 35 cm21 at T54 K, shifts to higher energy. AtT
5200 K it is centered at 51 cm21. The intensity of the

FIG. 1. Raman spectra of GaMnAs for samples of type A an
measured in resonance with theE01D0 gap. Raman spectra of th
2Dd-h line for sample A1 taken at 4 K~spectrum 1! and 125 K
~spectrum 4! together with the corresponding spectra for samp
B1 ~spectrum 2! and B2~spectrum 3! taken at 4 K. The level dia-
gram indicating 2Dd-h transitions between theF51 andF52 ac-
ceptor states is shown in the inset.
07521
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2Dd-h line decreases by approximately a factor of 5 w
increasing temperature in the range 5 –200 K~see solid
circles in Fig. 3!. A similar line, with a Raman shift of
34 cm21 at T54 K and HWHM of d515 cm21, was also
detected in a Mn-doped GaAs sample withNMn;1.2
31018 cm21. However, its Raman shift was found to in
crease only up to 40 cm21 in the same temperature range

Like in Refs. 13 and 15, we associate the 2Dd-h line de-
tected in diluted~Ga,Mn!As to transitions within theA0

~neutral Mn acceptor! complex from theF51 to theF52
state~see the inset in Fig. 1!. As shown in Refs. 9–11 and
13–15, theF51 ground state is obtained via antiferroma
netic exchange interaction of Mn 3d5 electrons (Sd55/2)
and valence-band holes (Jh53/2). The energy of the 2Dd-h

line is directly related to the antiferromagnetic exchan
constant. In Mn-doped GaAs, the acceptor ground state c
sists of Mn 3d5 electrons weakly bound to a valence-ba
hole, so that the valence-band hole does not enter the Mnd
shell. We assume that the strong nonuniform asymme
broadening of the 2Dd-h line, observed in diluted~Ga,
Mn!As, is correlated with an increasedp-d exchange energy
in the diluted regime. This assumption is supported by
temperature dependence of the 2Dd-h line position. The en-
ergy of the 2Dd-h line maximum increases linearly with tem
perature in the range 4 –150 K~with a rate of 0.1 cm21/K)
and the line becomes asymmetric on the low-energy sid
high temperatures~see spectrum 2 in Fig. 1!. Further tem-
perature increase leads only to an intensity decrease o
2Dd-h line. The dependence of the 2Dd-h line energy on tem-
perature can be explained as follows. A temperature incre
leads first to a depopulation of theF51 ground state of the
neutral Mn acceptors with the smallest exchange~i.e., bind-
ing! energy. The maximum position at higher temperature
determined by complexes with larger binding energy.
~Ga,Mn!As compensated by deep donors, such as As a
sites known to be present in low-temperature-grown GaA23

these complexes can be a hole bound to two~or a few! neigh-
boring Mn ions.

The intensity of the 2Dd-h line was found to depend
strongly on the Mn content. Figure 1 shows low-temperat
Raman spectra of the 2Dd-h line recorded from sample A2
~spectrum 1! and two different samples B1~spectrum 2! and
B2 ~spectrum 3! of group B~see Table I!. The intensity of the
2Dd-h line was found to decrease with increasing Mn co
tent, and to totally disappear in the sample with a Mn cont
of about 6%. We correlate the disappearance of the 2Dd-h
line with increasing Mn content with the formation of a
impurity band. In uncompensated~Ga,Mn!As this occurs for
x>0.015, when the average distance between neighbo
neutral Mn acceptors becomes comparable to their Bohr
dius of 8 –10 Å.

The line labeledD? in Fig. 1 was detected for crosse
linear polarizations only in samples withx<0.015. The ori-
gin of this line is not yet clear. We believe that it might b
related to an impurity-induced one-phonon scattering.

In a magnetic field, we observed the strongly polarizedDd
line with a magnetic-field-dependent Raman shift which c
be be represented asDd5gdmBB with gd52.02. This line
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ELECTRONIC STRUCTURE OF THE Mn IONS IN . . . PHYSICAL REVIEW B66, 075217 ~2002!
was detected only in Raman spectra measured in
z(s,p) z̄ Voigt configuration, as displayed in Fig. 2~a!, and
only at temperatures above 50 K~see solid squares in Fig. 3!.
The intensity of theDd line increases gradually up toT
;150 K and slowly drops aboveT;170 K. The Dd line
was also detected in Mn-doped GaAs withNMn;0.7–3.5
31018 cm23.

The Dd Raman line is related to spin-flip transition
within the Zeeman-split 3d5 multiplet of Mn21 ions ~ionized
acceptorA2), i.e., transitions withd-electron spin change
DSd511 @see the inset in Fig. 2~a!#. Observation of the

FIG. 2. Raman spectra of GaMnAs for samples of type A an
measured in resonance withE0 gap.~a! Raman spectra of sample

A2 and B2 for B510 T measured atT5140 K in the z(s,p) z̄
Voigt configuration. The inset shows the energy levels of the Mn21

ion in a magnetic field and indicates the origin of theDd Raman
line. ~b! Raman spectra of samples A2 and B2 forB50 T measured

at T5140 K in thez(x,y) z̄ Faraday configuration. The labelsDd

andD2 are explained in the text. The inset shows the energy le
of the Mn31 (3d4) crystal-field ground state (5T2) in Td symmetry
as well as its splitting by first- and second-order spin-orbit inter
tion. The origin of theD2 Raman line is indicated. The solid arro
indicates the electric dipole allowed optical transitionD2, while the
dashed arrow indicates a transition allowed in magnetic dipole
proximation.

TABLE I. Parameters of the MnxGa12xAs DMS samples used
in this work: Exchange constantsDd-h , energy separationD2 be-
tweenG1 andG5 states, and inner Mn shell electronsg factorsgd

measured by SFRS as well as paramagnetic~PM! or ferromagnetic
~FM! type of magnetism and Curie temperatureTC measured by
SQUID.

Sample
Mn

contentx
Dd-h
(meV)

D2
(meV) gd TC(K)

A1 0.006 22.160.1 2.8560.02 12.0260.01 PM
A2 0.01 22.160.1 2.8560.02 12.0260.01 PM
B1 0.039 22.260.1 2.8560.02 12.0260.01 PM
B2 0.063 2.8560.02 12.0260.01 30 FM
07521
e

type-Dd line and its replicas~up ton55) in Mn-doped GaAs
has recently been reported;13,15 the lines were correlated to
spin-flip transitions within thed shell of n3 Mn ions in-
duced by photoexcited excitons in theA0X complexes (n is
the number of Mn ions in the exciton volume!. In diluted
~Ga,Mn!As, spin-flip transitions within the Mnd shell are
induced by the electron or light-hole part of photoexcitede-h
pairs. The difference between the doping and the diluted
gime manifests itself in the selection rules. The SFRS p
cess in Mn-doped GaAs is mediated by neutral Mn accep
bound to excitons; therefore spin flip is observed either
Faraday or in Voigt geometry~for details, see Ref. 15!. In
diluted ~Ga,Mn!As, like in bulk II-VI DMS’s,22 this process
occurs only in Voigt geometry. Contrary to Mn-doped GaA
~and also contrary to II-VI DMS’s!, the SFRS process in
diluted ~Ga,Mn!As occurs only at temperaturesT>50 K. At
low temperatures most of the Mn ions are occupied
valence-band holes thus forming neutral Mn acceptors (A0),
where holes and 3d5 electrons couple antiferromagnetical
forming a complex with a modifiedg factor.9–15 The tem-
perature increase leads to thermal activation of the ho
from the bound to the excited state, presumably to the im
rity band, and the ionized Mn acceptors (A2) give rise to the
SFRS process with transitions within the Mnd inner shell.
We have estimated the activation energy of the holes to
«0;4 meV.

B. Raman scattering involving Mn in 3d4 electronic
configuration

For resonance excitation at theE0 gap,20 in zero magnetic
field and at temperaturesT>90 K, we detected a crossed
polarizedD2 Raman line at 23 cm21. Corresponding Raman
spectra are shown in Fig. 2~a! for the z(s,p) z̄ Voigt con-
figuration and Fig. 2~b! for the z(x,y) z̄ Faraday configura-
tion. This line was found to be absent at low temperatu
and to appear abruptly atT;90 K ~see solid triangles in Fig
3!. The intensity of this line was found to increase with tem
perature up toT;160–180 K. A further increase of tem
perature leads to a slow decrease of its intensity. The
was found not to be sensitive to the magnetic field, i.e.,

ls

-

p-

FIG. 3. Raman intensities as a function of temperature
sample A1. The temperature dependences for the 2Dd-h ~solid
circles! andD2 ~solid triangles! lines are shown forB50 T, while
the dependence for theDd ~solid squares! line is displayed forB
510 T and Voigt geometry. The solid, dashed, and dotted lines
drawn to guide the eye.
7-3
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SAPEGA, MORENO, RAMSTEINER, DA¨ WERITZ, AND PLOOG PHYSICAL REVIEW B66, 075217 ~2002!
shift or splitting of this line in a magnetic field was observe
neither in Faraday nor in Voigt geometry. In contrast to t
Raman lines discussed above, theD2 line was observedonly
in the diluted regime for all samples of groups A and B, b
not in Mn-doped GaAs.

A similar line observed in II-VI DMS,~Ref. 21! with a
magnetic-field-independent Raman shift, was correlated
transitions between the grounduF50,mF50& and first-
excited uF51,mF50& states of antiferromagneticall
coupled Mn ions. If the lineD2523 cm21, detected in di-
luted ~Ga,Mn!As, were attributed to this transitions, then
high temperatures@in the case of diluted~Ga,Mn!As for T
>90 K] one would expect to find a Raman line correspon
ing to transitions between the next excited states, i.e.,
tweenuF51,mF50& and uF52,mF50&, with energy sepa-
ration 46 cm21. No line was observed at this energy in a
of the diluted~Ga,Mn!As samples studied. The polarizatio
properties of theD2 line @observed in thez(x,y) z̄ configura-
tion# are also in contradiction with this model predicting
unpolarized character of theuF50,mF50& to uF51,mF
50& transition. Hence we exclude this model for the exp
nation of theD2 line.

The origin of theD2 line can be explained by assumin
that, in diluted~Ga,Mn!As, Mn reveals itself not only in the
3d5 but also in the 3d4 electronic configuration. In the latte
state, a valence-band hole enters the Mn 3d5 core shell, re-
sulting in the 3d4 configuration. The free-ion 3d4 ground
state is5D similar to Cr in II-VI compounds or in GaAs a
well as to Mn in GaP.24–26 The crystal field of tetrahedra
symmetry splits this state into a5E orbital doublet and a5T2
orbital triplet, the latter being the ground state. The first- a
second-order spin-orbit coupling will further split the dege
eracies of the spin orbitals. The corresponding energy-le
scheme is depicted in the inset of Fig. 2~b!. According to a
calculation in Ref. 10, theG4 and G5 triplet states are esti
mated to lie 13 and 23 cm21 above theG1 singlet state.
Transitions from the groundG1 to theG4 andG5 states@ar-
rows up in the inset of Fig. 2~b!# are allowed in the optic
magnetic dipole and electric dipole approximation
respectively.27 Furthermore, Raman transitions betweenG1
andG5 states are allowed by symmetry selection rules o
for the z(x,y) z̄ configuration.28 Consequently, we attribute
the D2 Raman line detected at 23 cm21 in crossed polariza-
tions to transitions between theG1 ground state and theG5
excited state. The magnetic-field dependence of theD2 line
agrees with this assignment. In a magnetic field, we expe
splitting of this line into three components, due to Zeem
splitting of theG5 state. However, only transitions betwee
states withDm50 are allowed. This electronic configuratio
of the Mn ion is also valid if we take into account a dynam
Jahn-Teller effect, since such an effect quenches the fi
order but not the second-order spin-orbit interaction.29

The static tetragonalT^ e Jahn-Teller distortion reduce
the symmetry toD2d , and thus lifts the degeneracy of th
5T2 ground state, leaving an orbital singlet5B2 lowest state
with spin S52. The first- and second-order spin-orb

coupling splits5B2 in three sublevels (Ĝ1Ĝ2 , Ĝ4, and Ĝ5).

Only the optic magnetic dipole transitionsĜ5→Ĝ4 and
07521
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Ĝ1Ĝ2→Ĝ5 are allowed which could explain the observe
disappearance of theD2 line at low temperature. The stati
Jahn-Teller effect manifests itself typically in anisotrop
electronic paramagnetic resonances~EPR’s! in the low-
temperature range,T.10–30 K, both in Cr-doped GaAs an
in II-VI compounds.24,25At slightly higher temperatures, th
EPR spectrum exhibits isotropic behavior, due to the
namic Jahn-Teller effect which averages the anisotropic lo
temperature spectra.29 As mentioned above, our assignme
of the D2 line would still be valid if we assume such
dynamic Jahn-Teller effect in diluted~Ga,Mn!As.29 Thus the
temperature behavior of theD2 Raman line observed in di
luted ~Ga,Mn!As can be explained by a model assuming
transition from the static~low temperature! to the dynamic
(T>90 K) Jahn-Teller effect. In diluted~Ga,Mn!As, this
transition is accompanied by changes of the selection ru
resulting in the activation of theD2 Raman line. The disap
pearance of theD2 Raman line at low temperatures can al
be explained within this model. At low temperatures, t
ground state of Mn ions in 3d4 configuration is modified by
the exchange interaction with neighboring ions, either in 3d4

or 3d5 electronic state~see below!.
The observation of theD2 Raman line in~Ga,Mn!As

DMS’s indicates that, in the diluted regime, Mn enters Ga
in 3d4 electronic configuration. This finding can explain th
origin of ferromagnetism in diluted~Ga,Mn!As. In view of
this Mn-ion configuration, the ferromagnetism can occur
ther via the kineticp-d exchange or the double-resonan
mechanism. The former was proposed to explain the fe
magnetism in Cr-based II-VI DMS’s.30–32 Since Mn31 ions
~i.e., 3d4 electronic configuration! in Mn-based III-V DMS’s
are similar to Cr21 ions in Cr-based II-VI DMS’s~i.e., triplet
ground state!, the model of kinetic exchange interaction ca
be applied to our case. This model predicts a hybridizati
induced valence-band hole/ion interaction via orbital co
pling, in addition to the usual spin-spin coupling.33 The
former term makes the kinetic exchange interaction~for
Mn31 and Cr21 ions! sensitive to the Jahn-Teller effect.

The double-resonance mechanism, proposed to exp
the ferromagnetism in mixed-valence manganites of per
skite structure,34,35 assumes exchange interaction betwe
pairs of Mn ions in different electronic configurations~e.g.,
3d5-3d4 pairs!. According to this model, one extrad electron
jumps virtually from one ion to the other via thep orbital of
neighboring anions. A similar model has recently been dev
oped to explain the magnetic properties of mix
Mn21-Mn31 III-V DMS’s. 16 This model can thus also b
applied to our case because of the coexistence of Mn ion
both electronic configurations.

Our Raman scattering study shows that in dilut
~Ga,Mn!As, Mn enters GaAs in three different electron
configurations. First, there are neutral Mn acceptors, w
strong antiferromagneticinteraction between the Mn 3d5

inner-shell electrons and weakly bound valence-ba
holes.9–15 The number of isolated neutral Mn acceptors d
creases with increasing Mn content, due to the formation
an impurity band. Second, there are ionized Mn acceptor
the 3d5 electronic state. With increasing number of ioniz
7-4
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ELECTRONIC STRUCTURE OF THE Mn IONS IN . . . PHYSICAL REVIEW B66, 075217 ~2002!
Mn acceptors, the importance of the ion-ion (3d5-3d5) ex-
change interaction—which isantiferromagneticin nature in
all known II-VI DMS’s ~Ref. 36!—is enhanced. Third, there
are Mn ions in the 3d4 configuration, which can give rise to
ferromagnetismvia kinetic or double-resonance exchange
teraction, as discussed above.

Competition between theferromagneticand antiferro-
magnetic exchange interactions determines the magn
properties of diluted~Ga,Mn!As. The data summarized in
Table I illustrate such competition. The paramagnetic A1 a
A2 samples, with low Mn content, show coexisting inten
Dd-h , D2, and Dd Raman lines@see Figs. 1 and 2~a! and
2~b!#. Sample B1, which according to its Mn content cou
be ferromagnetic,37 exhibits in fact paramagnetic behavior.38

The Raman spectrum of this sample~see spectrum 2 in Fig
1! shows the presence of the 2Dd-h line, which is typical for
Mn-doped GaAs and diluted~Ga,Mn!As with x;0.01. We
believe that the paramagnetic behavior of sample B1 is
to dominant neutral Mn acceptors, or complexes in whic
hole is bound to two neighboring Mn ions. Formation of th
latter complex is more probable in samples with high M
content and strong compensation by deep donors, suc
AsGa antisites. In sample B2, which shows ferromagnetic
havior (TC;30 K), neutral Mn acceptors or complexe
where a hole is bound to two Mn ions were not detected~see
spectrum 3 in Fig. 1!.

We believe that Mn ions in 3d4 electronic configuration
are relevant to the origin of ferromagnetism in dilute
~Ga,Mn!As. In contrast, neutral Mn acceptors~or complexes
in which a hole is bound to a few Mn ions! as well as pairs
of Mn ions contribute to produce a paramagnetic behav
0752
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Evidence for the type of ferromagnetic exchange interac
~either kinetic or double-resonance exchange interaction! re-
lated to the Mn 3d4 state could be gained from infrare
spectroscopy and EPR analysis.

IV. CONCLUSIONS

We have studied the electronic structure of Mn ions
diluted Ga12xMnxAs by electronic and spin-flip Raman sca
tering. Depending on temperature and Mn contentx, three
different electronic configurations have been identified.

Mn 3d5 ions with a weakly bound valence-band hole (A0

complex! and ionized Mn acceptors in 3d5 configuration
were observed for Mn contents ofx<0.04 and 0.006<x
<0.08, respectively. Specifically for diluted material, Mn
the 3d4 configuration has been identified at temperatureT
>90 K and for Mn contents 0.006<x<0.08. The 3d4 state
undergoes a static~low-temperature! or dynamic (T
>90 K) Jahn-Teller effect. The energy separation betw
the lowest singlet and triplet sublevels of the5T2 ground
state has been measured to beD2523 cm21. We believe that
Mn ions in the 3d4 electronic configuration are relevant fo
the origin of ferromagnetism in diluted~Ga,Mn!As semicon-
ductors.
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