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Mn impurity in Ga ;_,Mn,As epilayers
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Electron paramagnetic resonance was measured.in,Gm,As/GaAs epilayers with 0.062x=<0.01. Data
were taken as a function of magnetic field orientation at low temperatures. The observed spectra were attrib-
uted to ionized Mn acceptok™. No neutral Mn acceptor centers were detected. The observed anisotropy of
A" is interpreted in terms of sizable demagnetizing fields resulting from ferromagnetic coupling between Mn
ions.[S0163-18209)07235-5

Manganese impurity in GaAs and other 1lI-V compoundstransitions forAm=1 andAm=2, whereAm represents the
has been studied for a long tinie:’ The present understand- change of angular momentuth.* These transitions were
ing of the situation can be summarized as follows: There argscribed toA® (d°+h) center withJ=1 ground state. This
essentially three types of Mn centers in lll-V compounds.model is corroborated by infraredR) spectroscopy data,
The first one(we denote it cente€1) is formed by substi- \yhich reveal acceptor level at about 0.113 eV above the top
tutional manganese M , which is in d* configuration,  of the valence bantiRecently the spectrum of this acceptor
with the ground state spii=2. This configuration is in fact \vas throughly studied under the presence of uniaxial stress
equivalent to Ct" in II-VI compounds and should reveal all and magnetic field®*4? The results give the strong support
the features characteristic for that case, including static Jahior the A° (d®+ h) impurity center. Also the magnetic data

Teller effect and magnetic anisotrof:® The second type of GaAs:Mn could be successfully described taking into ac-
of Mn center(centerC2) occurs when the cent@1 traps an  countA° (d°+h) and A~ centers’® The lack of A° (d*)
electron and binds it tlght'y at thetshell. Such center can be centers was recenﬂy exp|ained by Conﬁguration cluster-
regarded as d° configuration, withS=5/2. The Mn center model calculations, which showed that for GaAs the ground
C2 is negatively charged and can therefore attract andtate of neutral acceptor is dominated byd®h)
(weakly) bind a hole, forming a d°+h) complex (center  configuratior?? It seems therefore rather well established
C3).* Due to an exchange interaction between the d-shellhat for bulk GaAs manganese impurity occurs either as a
(S=5/2) and the bound hol€j & 3/2), the groung state &3 neutral @°+h) or ionized @°) acceptor center. lonization
may have total angular momentuds-4 (for ferromagnetic  of A° (d°+h) give rise top-type conductivity of this mate-

interaction between the hole and the)iamr J=1 (for anti- rial.

ferromagnetic interaction CentersC1 and C3 can be For a long time the investigation of Mn impurity in 11I-V
viewed as neutral acceptor centé$(d*) andA® (d°+h),  compounds was limited to bulk crystals and low Mn concen-
respectively, while cente€C2 as an ionized acceptdk . trations(below 0.1 molar MBE technologywhich allowed

Experiments performed for GaP:Mn revealed the existencéhe growth of Ga_,Mn,As and In_,Mn,As epilayers with

of both A° (d*) andA~ centers.’ In contrastA® (d4) cen-  significant Mn concentratioffew molar quantum structures
ters were not observed in EPR for GaAs:VNloreover the  are very appealing from the point of view of fabrication of
available datde.g., magnetizationdo not match the behav- optoelectronic devices, which could be integrated in)ICs
ior expected for &° (d*) center**!4%2°0n the other hand  For this reason, as well as for attractive basic physics prob-
in most GaAs:Mn crystals ionized acceptor centdrswere  lems they offer, these materials have attracted considerable
observed in EPR. The EPR spectrumAf center reveals attention during recent years. Many interesting properties
typical 6-line structurdresulting from electron hyperfine in- have been reported; 2 among them ferromagnetism of Mn
teraction with ®*Mn nucleus spinl =5/2), centered at* ion system and strong magnetooptical efféétIhe latter
=2.0022% In some cases additional lines were observed foresults from band splittings induced Isyp-d exchange in-

g* =2.77 andg* =5.72! which were interpreted as triplet teraction, between delocalizesiand p band electrons and
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localized d electrons of Mn ions. We note that such behavior T 1T

is typical for so called diluted magnetic semiconductors

(DMS, mostly based on II-VI compoungsntensively inves- 6.5 28

tigated during last two decad&’. ’
In particular for Ga_,Mn,As epilayers withx<0.005 re-

flectance magnetocircular dichroistMCD) probing the

band splittings, was found to be essentially the same as was

for Cd,_,Mn,te.?° This suggests that the character of the

p-d exchange in the GaMnAs case is the same as for Mn-

based 11-VI DMS3%-34j.e., s-d exchange is ferromagnetic

(exchange integralloa>0, whereN, is number of unit cells

in unit volume and thep-d exchange is antiferromagnetic

(exchange integraNy,8<0). Such behavior may be ex-

pected for Mn center in the® configuration &™), for which

only antiferromagnetic exchange channels are avaifdble.

The s-d exchange, being a potentiairec) exchange is al-

ways ferromagnetic. This experimental observation in epi- PN NI S NS S NS, ST S

layers contradicts the magneto reflectance results for bulk 1000 2000 3000 4000 5000

GaAs:Mn (x<<0.0001), which showed exciton splitting com- e

patible with ferromagnetip-d exchange Ilo3>0). That Magnetic field (G)

finding was interpreted in terms of new, f_erromaggeptid FIG. 1. The EPR spectrum of GaAs doped with Mn obtained at
exchange paths. Such paths can be prowdeéfbf/q +h) 1238 K for samples No. 1x=5x10"% and No. 2 &=5
Mn centers, since the bound hole is spin polarize@he x10™%). Microwave frequency: 9.51 GHz. Thefactor values

observed difference in the band splitting for bulks and epi-.0o, 2.8, and 6.5 are marked. The EPR markers were removed
layers was then attributed to different abundancéofand  from the spectra for clarity.

A° (d°+h) centers: since onlp° centers give rise to ferro-
magneticp-d exchange, these centers must be present igample No. 2 in addition to thé\™ structure arouncy
bulk GaAs:Mn crystals. On the other hand in the GaMnAs=2.00; two other lines are visible: the first one fay
epilayersA~ centers must dominate over th€ centers, so =2.8 and the second one fgp=6.5 (Fig. 1). Both g; and
effectively thep-d exchange is antiferromagnefit. g, are fairly isotropic with a rotation of the sample relative

The concept of neutral and ionized Mn acceptors into the magnetic field. Following Ref. 4 we ascribe these two
GaMnAs was recently used to explain the ferromagnetism ofines to the transitions withirA® triplet. We note that the
Mn ion systent® The proposed double exchange mechanisnsecond transition occurs at slightly lower magnetic filed than
relies critically on coexistence & andA~ centers, which ~ expected for ideal triplet, for whicly,=2g,. This discrep-
can exchange one electron and this way provfderomag- ancy was present in all samples, although changed
netic coupling between Mn ions. slightly from sample to samplérom 5.7 to 6.2-6.8 for our

To verify the above hypotheses it is therefore essential tsampley while g, remains rather constant. Such behavior
establish the actual situation in the GaMnAs epilayers. Ircan hardly be explained by local uniaxial strains, described
view of that we performed EPR measurements on the epby DS§ term in Hamiltonian. Such sample dependent strain
layers, as well as on the bulk GaAs:Mn crystals for refer-would vary the energy of the first transition, leaving the sec-
ence. To provide direct relation to magnetooptical results, wend one unchanged. Leaving this problem apart, we con-
used the same crystals, for which magnetooptical experielude that structures typical f&° centers are pronounced in
ments were performed. some bulk crystals, while in the othefsuch as sample No.

The examined bulk crystals were heavily doped with Mn1) they are practically missing. Although some traces of
on the level from 1017 ci?® (x=5x107%) to 1019 cm®  weak structures arourg= 2.8 and 6.6 could be observed, it
(x=5x10*). The manganese concentration was estimateis apparent thaf® centers, if present in sample No. 1, are
from the magnetization of the sample, assuming that thenuch less numerous than tAe centers. We note that MCD
magnetization is approximated by the Brillouin function with measured on sample No. 1 was found compatible with AFM
S=5/23% The usual methods, such as electron microprobg-d exchange, while magnetoreflectance of sample No. 2
analysis or wet chemical analysis could not provide suffi-showed FM-type exciton splitting. These observations are
cient accuracy in this case. Actually, the exact Mn concenin full agreement with the model for the-d exchange men-
tration for bulk crystals is not relevant. All the crystals were tioned above?
p type, having room temperature hole concentration on the The Ga_,Mn,As epilayers, which were studied had
level of 1018 cm 3. Standard EPR experimental setup, op-much more higher Mn concentration than bulk crystals (
erating at 9.5 GHz and temperature range 3—300 K was usefetween 0.002 and 0.phnd thickness between 0.5 and 2
Similarly as in the previous experimehise observed both um. In particular we used the sample with-8.005, which
A~ (C2) andA° (C3) centers. Figure 1 displays typical was previously investigated by MC1 For the details of the
EPR spectra for two crystaksamples No. 1x=5x10"%  growth process and the basic transport properties we refer to
and No. 2x=5x10"%). Sample No. 1 reveals typical six- Refs. 23—-27. EPR was measured as a function of tempera-
line spectrum, characteristic fé&« (Mn?" cente}, centered ture from aboti3 K to room temperature and as a function of
at g factor 2.004, in good agreement witRefs. 2,3. For  magnetic field orientation relatively the epilayer. For all the

#2: x=5x10"*

EPR signal

#1: x=5x10"°
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T and 90° configurations is 12—15 G fer=0.005 and 28-32
G for x=0.008, depending on the epilayer pigc€ig. 3.
Interpreting this anisotropy one should keep in mind that at

low temperatures Mn ions in GaMnAs are ferromagnetically
d2,3_27

#1: x=5x10"°

9=6.5 couple so the epilayer magnetization is sizable and the
demagnetizing field effects can be important. Assuming stan-
#7000 dard ferromagnetic resonanEMR) formulas, with crystal-
= - X=U. line anisotropy neglectetf-
c
o
o wo=Y(Hgpe—4mM), y=gusg/th, 1)
T #4: x=0.005
™ wo=y[Ho-(Hoet+4mM)]" )

for 90° and 0° configurations, respectively one can estimate
both theg factor and the averagéocal) magnetizatiorM. In

the case ofx=0.005 sample one gets=2.020 andM (H

. =3.3kGT=3.4K)=0.64 emu/crh. Magnetization of the
1000 2000 3000 4000 magnetic epilayer measured using a SQUID magnetometer at

o the same temperature and magnetic fil8d3 kG is 1.8
Magnetic field (G) emu/cni, which is about 3 times larger value than that esti-

mated from EPR. We note here that the value of the mea-
sured magnetizatiofper unit volume rely critically on the

field parallel(0°) andperpendicular (90°) to the epilayer. For com- epilayer thickness. The difference between technological

parison the spectrum of bulk sample No. 1 is also shown. The EPRNICKNess we used to evaludand the real thickness may
markers were removed from the spectra for clarity. be the source of large uncertainty of the measured magneti-

zation. Having in mind the simplicity of the modgtqs. (1)
epilayers with low Mn contentx<0.01) only a single EPR and (2)], in particular neglected crystalline anisotropy, we
line was observed with thg factor around 2.00 H=3.3 consider bothg factor and magnetization in reasonable
kG). We exemplify this situation in Fig. 2, where spectra of agreement with expectations f&r center. Additional argu-
samples withk=0.002(No. 3) and 0.005No. 4) are shown. Mment for the above interpretation is temperature dependence
We ascribe the observed lines to thé center. The identi- ©f the EPR anisotropy, which decreases with increasing tem-
fication is based on the following arguments: SinceA~  perature[cf. Egs. (1) and (2)]. For the sample withx
was easily visible for bulk GaAs:Mn, we expect this should =0.005 the difference between resonance position at 0° and
also be the case for GaMnAs epilaye(i§) Mn is the domi-  90° configurations drops by a factor of 3 between 5 and 10 K
nant impurity, so it should dominate the EPR absorptibe and becomes unmeasurable above 20 K. This behavior is in
possible other impurities should contribute much less to EPRgreement with magnetization temperature dependence,
absorption, (iii) the effectiveg factor of the observed line Which decreases by a factor of 3 from 3 to 10 K and further-
agrees well with the center of the 6-lide~ structure ob- more by a factor of 2 from 10 to 20 K. The similar tempera-
served for bulk crystals. Moreover the width of the consid-ture dependence was observed for the sample with
ered line is practically the same &s center. We believe =0.008.
that the line we observe results from broadening of the 6-line  The most important observation is that A8 was ob-
structure with increasing Mn concentration. Such broadeningerved in any of the investigated epilayéFsg. 2 and Table
is well known for 1I-VI Mn-based DMS(Ref. 37 and is 1). No lines around the field correspondinggde-2.7 andg
probably visible for bulk sample No. Fig. 1).4> We stress =5—6 were visible. Certainly the demagnetizing field could
that we were well aware of the possible low-temperatureshift the A lines, but for low concentrations<&0.01) this
(LT) GaAs buffer layer contribution to EPR absorption. shift would not exceed 100 G. Therefore tA line should
However, the characteristic lines originated from antisitestill occur around 2.4 kG, i.e. far away from 3.3 kG, where
AsGa were not visible. In particular the line withfactor theA™ line is located. Since in bulk crystals we were able to
around 1.6 which should not be masked by any other linesobserveA? center, the result for epilayers can be viewed as
and than could be used as a fingerprint of AsGa, was absergvidence that theA® centers are practically absent in the
This is probably due to small thickness of the buffer layerepilayers. The likely reason for such a situation is the high
and higher growth temperature, than typical for LT GaAs. free hole concentration in the epilayéfs?’ which screen
The other possible reason is that microwave must pasthe Coulomb potential af® (A™) center and reduce the hole
through GaMnAs epilayer before penetrating the substratehinding energy. This way holes easily ionize and oAly
which weakens AsGa absorption. centers are left. This idea was already proposed in Refs. 29

TheA™ line in the epilayers shows weak anisotropy as theand 22. Some other mechanisms preventing holes from being
magnetic field is rotated from the in-plane directiove de- bind can also be imagined.
note it as 0° configurationto a direction perpendicular to Finally we comment on Ga,Mn,As epilayers with
the epilayer (90° configuratignas shown in Fig. 2. The higher Mn concentrationxt>0.02), basing on the prelimi-
anisotropy is practically absent in=0.002 sample, but in- nary data obtained so f4f Although the detailed discussion
creases with increasing Mn contétite line shift between 0°  will be presented elsewhere, we only note here that in gen-

FIG. 2. The EPR spectra of GaMnAs epilaydido. 3, x
=0.002 at 3.9 K and No. 4x=0.005 at 3.4 K for magnetic
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T T T T T ’ T ’ ’ TABLE I. Studied Ga_,Mn,As samples. The character of pre-
viously observeg-d exchange interactiofRefs. 29,3%is denoted
in MCD column. The presence of the centgks and A° for a
particular sample is marked in the last two columns.

Sample X MCD A A°
No. 1 (bulk) 5x10°¢ AF yes no
Ei No. 2 (bulk) 5x10 4 F yes yes
% No. 3 (epilaye) 0.002 yes no
e No. 4 (epilaye) 0.005 AF yes no
n_ .
W #5: x=0.008 No. 5 (epilaye) 0.008 yes no

sign any of the observed lines to tA8 center. We note that
if the argument of reduced binding hole energyASfcenter
is correct for smalk, it should be even more relevant for the
N T TR epilayers with higherx, since the hole concentration in-
3000 3500 creases with.2®~2" Therefore it is likely thatA® centers are
negligible in the epilayers studied so far. The dominant Mn
Magnetic field (G) center seems to be ionized accepdor. This conclusion is
) decisive for interpretation of optical and magnetic properties
FIG. 3. The anisotropy of EPR spectra ofdaaMno oo\S (NO. ot GaMnAs epilayers. First it supports hypothesis of antifer-
4) and G@ goMno gos (NO. 5. The observed difference for mag- o magneticp-d exchange for this material, as we discussed
netic field parallel(0°) and perpendicular (90°) to the epilayer above. Second the absen@e negligible abundangeof A°
yields the following parameter values: No. 4=2.020 andM (H centers makes double exchanged mechanisrif ineffec-
=33kGT=3.4 K)=0.64 emu/crh, No. 5 -g=2.018 andM(H e " view of that RKKY-type coupling between Mn

;gvs;cli((;';—n? fheK)s:;éZ; ;Tgll;rri The EPR markers were re- ;041 seems to be dominant mechanism triggering ferro-
P Y magnetism of GaMnAs.

eral the EPR spectra reveal multiline structures, which vary Itis a pleasure to acknowledge the collaboration with Pro-
from sample to sample. Such situation may suggest differerfessor H. Ohno(Tohoku University. Partial support was
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