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Mn impurity in Ga 12xMn xAs epilayers
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Electron paramagnetic resonance was measured in Ga12xMnxAs/GaAs epilayers with 0.002<x<0.01. Data
were taken as a function of magnetic field orientation at low temperatures. The observed spectra were attrib-
uted to ionized Mn acceptorA2. No neutral Mn acceptor centers were detected. The observed anisotropy of
A2 is interpreted in terms of sizable demagnetizing fields resulting from ferromagnetic coupling between Mn
ions. @S0163-1829~99!07235-5#
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Manganese impurity in GaAs and other III-V compoun
has been studied for a long time.1–17The present understand
ing of the situation can be summarized as follows: There
essentially three types of Mn centers in III-V compound
The first one~we denote it centerC1) is formed by substi-
tutional manganese Mn31 , which is in d4 configuration,
with the ground state spinS52. This configuration is in fact
equivalent to Cr21 in II-VI compounds and should reveal a
the features characteristic for that case, including static Ja
Teller effect and magnetic anisotropy.18,19 The second type
of Mn center~centerC2) occurs when the centerC1 traps an
electron and binds it tightly at thed shell. Such center can b
regarded as ad5 configuration, withS55/2. The Mn center
C2 is negatively charged and can therefore attract
~weakly! bind a hole, forming a (d51h) complex ~center
C3).4 Due to an exchange interaction between the d-s
~S55/2! and the bound hole (j 53/2), the groung state ofC3
may have total angular momentumJ54 ~for ferromagnetic
interaction between the hole and the ion! or J51 ~for anti-
ferromagnetic interaction!. Centers C1 and C3 can be
viewed as neutral acceptor centersA0 (d4) andA0 (d51h),
respectively, while centerC2 as an ionized acceptorA2.
Experiments performed for GaP:Mn revealed the existe
of both A0 (d4) andA2 centers.17 In contrastA0 (d4) cen-
ters were not observed in EPR for GaAs:Mn.4 Moreover the
available data~e.g., magnetization! do not match the behav
ior expected for aA0 (d4) center.13,14,9,20On the other hand
in most GaAs:Mn crystals ionized acceptor centersA2 were
observed in EPR. The EPR spectrum ofA2 center reveals
typical 6-line structure~resulting from electron hyperfine in
teraction with 55Mn nucleus spinI 55/2), centered atg*
52.00.2,3 In some cases additional lines were observed
g* 52.77 andg* 55.72,4 which were interpreted as triple
PRB 600163-1829/99/60~11!/8304~5!/$15.00
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transitions forDm51 andDm52, whereDm represents the
change of angular momentumJz .4 These transitions were
ascribed toA0 (d51h) center withJ51 ground state. This
model is corroborated by infrared~IR! spectroscopy data
which reveal acceptor level at about 0.113 eV above the
of the valence band.1 Recently the spectrum of this accept
was throughly studied under the presence of uniaxial st
and magnetic field.13,14,21The results give the strong suppo
for the A0 (d51h) impurity center. Also the magnetic dat
of GaAs:Mn could be successfully described taking into
count A0 (d51h) and A2 centers.9,20 The lack ofA0 (d4)
centers was recently explained by configuration clus
model calculations, which showed that for GaAs the grou
state of neutral acceptor is dominated by (d51h)
configuration.22 It seems therefore rather well establish
that for bulk GaAs manganese impurity occurs either a
neutral (d51h) or ionized (d5) acceptor center. Ionization
of A0 (d51h) give rise top-type conductivity of this mate-
rial.

For a long time the investigation of Mn impurity in III-V
compounds was limited to bulk crystals and low Mn conce
trations~below 0.1 molar MBE technology!, which allowed
the growth of Ga12xMnxAs and In12xMnxAs epilayers with
significant Mn concentration~few molar quantum structure
are very appealing from the point of view of fabrication
optoelectronic devices, which could be integrated in IC!.
For this reason, as well as for attractive basic physics pr
lems they offer, these materials have attracted consider
attention during recent years. Many interesting proper
have been reported,23–28among them ferromagnetism of M
ion system and strong magnetooptical effects.29 The latter
results from band splittings induced bys, p-d exchange in-
teraction, between delocalizeds and p band electrons and
8304 ©1999 The American Physical Society
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localized d electrons of Mn ions. We note that such behav
is typical for so called diluted magnetic semiconducto
~DMS, mostly based on II-VI compounds!, intensively inves-
tigated during last two decades.30

In particular for Ga12xMnxAs epilayers withx<0.005 re-
flectance magnetocircular dichroism~MCD! probing the
band splittings, was found to be essentially the same as
for Cd12xMnxte.29 This suggests that the character of thes,
p-d exchange in the GaMnAs case is the same as for M
based II-VI DMS,30–34 i.e., s-d exchange is ferromagneti
~exchange integralN0a.0, whereN0 is number of unit cells
in unit volume! and thep-d exchange is antiferromagnet
~exchange integralN0b,0). Such behavior may be ex
pected for Mn center in thed5 configuration (A2), for which
only antiferromagnetic exchange channels are availab34

The s-d exchange, being a potential~direct! exchange is al-
ways ferromagnetic. This experimental observation in e
layers contradicts the magneto reflectance results for b
GaAs:Mn (x,0.0001), which showed exciton splitting com
patible with ferromagneticp-d exchange (N0b.0). That
finding was interpreted in terms of new, ferromagneticp-d
exchange paths. Such paths can be provided byA0 (d51h)
Mn centers, since the bound hole is spin polarized.35 The
observed difference in the band splitting for bulks and e
layers was then attributed to different abundance ofA2 and
A0 (d51h) centers: since onlyA0 centers give rise to ferro
magneticp-d exchange, these centers must be presen
bulk GaAs:Mn crystals. On the other hand in the GaMn
epilayersA2 centers must dominate over theA0 centers, so
effectively thep-d exchange is antiferromagnetic.29

The concept of neutral and ionized Mn acceptors
GaMnAs was recently used to explain the ferromagnetism
Mn ion system.36 The proposed double exchange mechan
relies critically on coexistence ofA0 andA2 centers, which
can exchange one electron and this way provide~ferromag-
netic! coupling between Mn ions.

To verify the above hypotheses it is therefore essentia
establish the actual situation in the GaMnAs epilayers.
view of that we performed EPR measurements on the
layers, as well as on the bulk GaAs:Mn crystals for ref
ence. To provide direct relation to magnetooptical results,
used the same crystals, for which magnetooptical exp
ments were performed.

The examined bulk crystals were heavily doped with M
on the level from 1017 cm23 (x5531026) to 1019 cm23

(x5531024). The manganese concentration was estima
from the magnetization of the sample, assuming that
magnetization is approximated by the Brillouin function wi
S55/2.35 The usual methods, such as electron micropro
analysis or wet chemical analysis could not provide su
cient accuracy in this case. Actually, the exact Mn conc
tration for bulk crystals is not relevant. All the crystals we
p type, having room temperature hole concentration on
level of 1018 cm23. Standard EPR experimental setup, o
erating at 9.5 GHz and temperature range 3–300 K was u
Similarly as in the previous experiments4 we observed both
A2 (C2) and A0 (C3) centers. Figure 1 displays typica
EPR spectra for two crystals~samples No. 1,x5531026

and No. 2,x5531024). Sample No. 1 reveals typical six
line spectrum, characteristic forA2 (Mn21 center!, centered
at g factor 2.004, in good agreement with~Refs. 2,3!. For
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sample No. 2 in addition to theA2 structure aroundg
52.00,42 two other lines are visible: the first one forg1
52.8 and the second one forg256.5 ~Fig. 1!. Both g1 and
g2 are fairly isotropic with a rotation of the sample relativ
to the magnetic field. Following Ref. 4 we ascribe these t
lines to the transitions withinA0 triplet. We note that the
second transition occurs at slightly lower magnetic filed th
expected for ideal triplet, for whichg252g1. This discrep-
ancy was present in all samples, althoughg2 changed
slightly from sample to sample~from 5.74 to 6.2-6.8 for our
samples!, while g1 remains rather constant. Such behav
can hardly be explained by local uniaxial strains, describ
by DSz

2 term in Hamiltonian. Such sample dependent str
would vary the energy of the first transition, leaving the se
ond one unchanged. Leaving this problem apart, we c
clude that structures typical forA0 centers are pronounced i
some bulk crystals, while in the others~such as sample No
1! they are practically missing. Although some traces
weak structures aroundg52.8 and 6.6 could be observed,
is apparent thatA0 centers, if present in sample No. 1, a
much less numerous than theA2 centers. We note that MCD
measured on sample No. 1 was found compatible with AF
p-d exchange, while magnetoreflectance of sample No
showed FM-type exciton splitting.35 These observations ar
in full agreement with the model for thep-d exchange men-
tioned above.29

The Ga12xMnxAs epilayers, which were studied ha
much more higher Mn concentration than bulk crystalsx
between 0.002 and 0.01! and thickness between 0.5 and
mm. In particular we used the sample with x50.005, which
was previously investigated by MCD.29 For the details of the
growth process and the basic transport properties we refe
Refs. 23–27. EPR was measured as a function of temp
ture from about 3 K to room temperature and as a function
magnetic field orientation relatively the epilayer. For all t

FIG. 1. The EPR spectrum of GaAs doped with Mn obtained
T53.8 K for samples No. 1 (x5531026) and No. 2 (x55
31024). Microwave frequency: 9.51 GHz. Theg-factor values
2.00, 2.8, and 6.5 are marked. The EPR markers were remo
from the spectra for clarity.
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8306 PRB 60J. SZCZYTKOet al.
epilayers with low Mn content (x,0.01) only a single EPR
line was observed with theg factor around 2.00 (H53.3
kG!. We exemplify this situation in Fig. 2, where spectra
samples withx50.002~No. 3! and 0.005~No. 4! are shown.
We ascribe the observed lines to theA2 center. The identi-
fication is based on the following arguments:~i! SinceA2

was easily visible for bulk GaAs:Mn, we expect this shou
also be the case for GaMnAs epilayers,~ii ! Mn is the domi-
nant impurity, so it should dominate the EPR absorption~the
possible other impurities should contribute much less to E
absorption!, ~iii ! the effectiveg factor of the observed line
agrees well with the center of the 6-lineA2 structure ob-
served for bulk crystals. Moreover the width of the cons
ered line is practically the same asA2 center. We believe
that the line we observe results from broadening of the 6-
structure with increasing Mn concentration. Such broaden
is well known for II-VI Mn-based DMS~Ref. 37! and is
probably visible for bulk sample No. 2~Fig. 1!.42 We stress
that we were well aware of the possible low-temperat
~LT! GaAs buffer layer contribution to EPR absorptio
However, the characteristic lines originated from antis
AsGa were not visible. In particular the line withg factor
around 1.6,38 which should not be masked by any other lin
and than could be used as a fingerprint of AsGa, was abs
This is probably due to small thickness of the buffer lay
and higher growth temperature, than typical for LT GaAs38

The other possible reason is that microwave must p
through GaMnAs epilayer before penetrating the substr
which weakens AsGa absorption.

TheA2 line in the epilayers shows weak anisotropy as
magnetic field is rotated from the in-plane direction~we de-
note it as 0° configuration! to a direction perpendicular to
the epilayer (90° configuration!, as shown in Fig. 2. The
anisotropy is practically absent inx50.002 sample, but in-
creases with increasing Mn content~the line shift between 0°

FIG. 2. The EPR spectra of GaMnAs epilayers~No. 3, x
50.002 at T53.9 K and No. 4,x50.005 at 3.4 K! for magnetic
field parallel(0°) andperpendicular (90°) to the epilayer. For com
parison the spectrum of bulk sample No. 1 is also shown. The E
markers were removed from the spectra for clarity.
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and 90° configurations is 12–15 G forx50.005 and 28–32
G for x50.008, depending on the epilayer piece! ~Fig. 3!.
Interpreting this anisotropy one should keep in mind that
low temperatures Mn ions in GaMnAs are ferromagnetica
coupled,23–27so the epilayer magnetization is sizable and
demagnetizing field effects can be important. Assuming st
dard ferromagnetic resonance~FMR! formulas, with crystal-
line anisotropy neglected:39

v05g~H90°24pM !, g5gmB /\, ~1!

v05g@H0°~H0°14pM !#1/2 ~2!

for 90° and 0° configurations, respectively one can estim
both theg factor and the average~local! magnetizationM. In
the case ofx50.005 sample one getsg52.020 andM (H
53.3kG,T53.4K)50.64 emu/cm3. Magnetization of the
magnetic epilayer measured using a SQUID magnetomet
the same temperature and magnetic filed~3.3 kG! is 1.8
emu/cm3, which is about 3 times larger value than that es
mated from EPR. We note here that the value of the m
sured magnetization~per unit volume! rely critically on the
epilayer thickness. The difference between technolog
thickness we used to evaluateM and the real thickness ma
be the source of large uncertainty of the measured magn
zation. Having in mind the simplicity of the model@Eqs.~1!
and ~2!#, in particular neglected crystalline anisotropy, w
consider bothg factor and magnetization in reasonab
agreement with expectations forA2 center. Additional argu-
ment for the above interpretation is temperature depende
of the EPR anisotropy, which decreases with increasing t
perature @cf. Eqs. ~1! and ~2!#. For the sample withx
50.005 the difference between resonance position at 0°
90° configurations drops by a factor of 3 between 5 and 1
and becomes unmeasurable above 20 K. This behavior
agreement with magnetization temperature depende
which decreases by a factor of 3 from 3 to 10 K and furth
more by a factor of 2 from 10 to 20 K. The similar temper
ture dependence was observed for the sample withx
50.008.

The most important observation is that noA0 was ob-
served in any of the investigated epilayers~Fig. 2 and Table
I!. No lines around the field corresponding tog52.7 andg
5526 were visible. Certainly the demagnetizing field cou
shift theA0 lines, but for low concentrations (x,0.01) this
shift would not exceed 100 G. Therefore theA0 line should
still occur around 2.4 kG, i.e. far away from 3.3 kG, whe
theA2 line is located. Since in bulk crystals we were able
observeA0 center, the result for epilayers can be viewed
evidence that theA0 centers are practically absent in th
epilayers. The likely reason for such a situation is the h
free hole concentration in the epilayers,23–27 which screen
the Coulomb potential ofd5 (A2) center and reduce the hol
binding energy. This way holes easily ionize and onlyA2

centers are left. This idea was already proposed in Refs
and 22. Some other mechanisms preventing holes from b
bind can also be imagined.

Finally we comment on Ga12xMnxAs epilayers with
higher Mn concentration (x.0.02), basing on the prelimi
nary data obtained so far.43 Although the detailed discussio
will be presented elsewhere, we only note here that in g
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eral the EPR spectra reveal multiline structures, which v
from sample to sample. Such situation may suggest diffe
crystal phases, but also may point out the presence of im
rities other thanA0 and A2 , which were generated durin
the growth process. Nevertheless it was not possible to

FIG. 3. The anisotropy of EPR spectra of Ga0.995Mn0.005As ~No.
4! and Ga0.992Mn0.008As ~No. 5!. The observed difference for mag
netic field parallel(0°) and perpendicular (90°) to the epilaye
yields the following parameter values: No. 4 -g52.020 andM (H
53.3 kG,T53.4 K)50.64 emu/cm3, No. 5 - g52.018 andM (H
53.3 kG,T56 K)51.75 emu/cm3. The EPR markers were re
moved from the spectra for clarity.
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sign any of the observed lines to theA0 center. We note tha
if the argument of reduced binding hole energy ofA0 center
is correct for smallx, it should be even more relevant for th
epilayers with higherx, since the hole concentration in
creases withx.23–27 Therefore it is likely thatA0 centers are
negligible in the epilayers studied so far. The dominant M
center seems to be ionized acceptorA2. This conclusion is
decisive for interpretation of optical and magnetic propert
of GaMnAs epilayers. First it supports hypothesis of antif
romagneticp-d exchange for this material, as we discuss
above. Second the absence~or negligible abundance! of A0

centers makes double exchanged-d mechanism36 ineffec-
tive. In view of that RKKY-type coupling between Mn
ions40,41 seems to be dominant mechanism triggering fer
magnetism of GaMnAs.

It is a pleasure to acknowledge the collaboration with P
fessor H. Ohno~Tohoku University!. Partial support was
provided by The State Committee of Scientific Research~Po-
land!, in particular under Grants No. 2 P03B 110 16 a
2P03B08611.

TABLE I. Studied Ga12xMnxAs samples. The character of pre
viously observedp-d exchange interaction~Refs. 29,35! is denoted
in MCD column. The presence of the centersA2 and A0 for a
particular sample is marked in the last two columns.

Sample x MCD A2 A0

No. 1 ~bulk! 531026 AF yes no
No. 2 ~bulk! 531024 F yes yes
No. 3 ~epilayer! 0.002 yes no
No. 4 ~epilayer! 0.005 AF yes no
No. 5 ~epilayer! 0.008 yes no
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