
PHYSICAL REVIEW B 66, 205209 ~2002!
Coupled plasmon–LO-phonon modes in Ga1ÀxMn xAs
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The vibrational and electronic properties of Ga12xMnxAs layers with Mn fractions 0<x<2.8%, grown on
GaAs~001! substrates by low-temperature molecular-beam epitaxy, are investigated by micro-Raman spectros-
copy and far-infrared~FIR! reflectance spectroscopy. The Raman and FIR spectra are strongly affected by the
formation of a coupled mode of the longitudinal optical phonon and the hole plasmon. The spectral line shapes
are modeled using a dielectric function where intraband and interband transitions of free holes are included. In
addition to the coupled mode, the contributions of a surface depletion layer as well as a symmetry forbidden
TO phonon have to be taken into account for the Raman spectra. Values for the hole densities are estimated
from a full line-shape analysis of the measured spectra. Annealing at temperatures between 250 and 500 °C
results in a decrease of the hole density with increasing annealing temperature and total annealing time.
Simultaneously, a reduction of the fraction of Mn atoms on Ga lattice sites is deduced from high-resolution
x-ray diffraction.

DOI: 10.1103/PhysRevB.66.205209 PACS number~s!: 78.30.Fs, 75.50.Pp, 71.45.2d, 61.50.Nw
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I. INTRODUCTION

During the past years the idea of utilizing the spin
carriers in novel spintronic devices has led to great effort
fabricating and investigating appropriate new semicondu
materials. Being compatible with conventional GaAs sem
conductor technology, the semimagnetic semicondu
Ga12xMnxAs is one of them.1,2 Its magnetic properties aris
from the S55/2 Mn spin system which undergoes a ferr
magnetic phase transition at a maximum Curie tempera
of 110 K, as reported so far.3 The incorporation of Mn atoms
on Ga lattice sites, where Mn acts as an acceptor, results
high hole density, which is assumed to play an important r
in the indirect ferromagnetic Mn-Mn-interaction.4 Measure-
ment of the hole concentration is difficult, since the ordina
Hall effect, normally used to determine carrier densities
superimposed by a dominating anomalous Hall effect. In
recent past, the properties of Ga12xMnxAs have mainly been
studied by magnetotransport, superconducting quantum
terference device measurements, and high-resolution x
diffraction ~HRXRD!. Optical investigations on this materia
system are very limited,5,6 since the low-temperature growt
of Ga12xMnxAs in combination with the metallic doping du
to Mn results in a very complex situation. Therefore ma
basic properties of Ga12xMnxAs are still unknown.

In this work the vibrational and electronic properties
Ga12xMnxAs are studied by both Raman spectroscopy a
far-infrared ~FIR! reflectance. Model calculations of th
spectral line shapes are presented, based on a dielectric
tion which includes intraband and interband transitions
tween the valence bands of light and heavy holes.7 From
that, values for the hole densities are estimated.8 Further-
more, the influence of annealing on the hole density and
the occupation of Ga lattice sites by Mn atoms is studied
Raman spectroscopy and by HRXRD.

II. EXPERIMENTAL DETAILS

The Ga12xMnxAs layers were grown in a RIBER 3
molecular-beam epitaxy~MBE! machine on In-mounted
0163-1829/2002/66~20!/205209~6!/$20.00 66 2052
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semi-insulating VGF GaAs~001! substrates using solid meta
sources as well as an arsenic cracker in the noncrac
mode. The III/V beam equivalent pressure~BEP! ratio was
1/10. First, a 100-nm-thick buffer layer was grown at a te
perature ofTg5585 °C, then the growth was interrupted an
Tg was lowered to 250 °C, calibrated with the melting poin
of In and Sn. This extremely low substrate temperature le
to the incorporation of excess As on the order of 1 –2%9

The properties of low-temperature~LT! grown GaAs have
been discussed in detail elsewhere.10 The fractions of Mn
atoms on Ga lattice sites in the 0.6–0.8mm-thick
Ga12xMnxAs layers were determined from HRXRD me
surements of the symmetric~004! reflection using a Siemen
D5000 diffractometer. The lattice constant of Ga12xMnxAs
was calculated, assuming Vegard’s law to be valid, with
lattice constant of 0.565 33 nm for GaAs and 0.598 nm
the hypothetical cubic MnAs.1 All Ga12xMnxAs layers were
fully strained as followed from measurements of the asy
metric ~115! reflection. More details on the growth of th
Ga12xMnxAs samples and results of magnetotransport st
ies were presented elsewhere.11

The micro-Raman measurements were performed at ro
temperature~RT! using the 514- or 458-nm line of an Ar1

laser as an excitation source. The laser beam was focuse
a microscope lens system yielding a spot diameter
0.7 mm. The excitation density was kept below
3104 W/cm2 in order to avoid a heating of the sample a
to keep the concentration of optically generated charge
riers negligibly low. The Raman signals were detected in
backscattering configurationsz̄(y8,y8)z andx̄8(y8,y8)x8 us-
ing a DILOR XY 800-mm triple-grating spectrometer with
confocal entrance optics and a LN2-cooled charge-coupled
device detector. We denote the@110#, @ 1̄10#, and @001# di-
rections of the crystal byx8, y8, and z, respectively. Line
scans on cleaved~110! side faces along the@001# growth
direction in x̄8(y8,y8)x8 configuration were obtained b
slightly shifting the sample position between subsequ
measurements. The FIR reflectance spectra were record
©2002 The American Physical Society09-1
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RT and at normal incidence using a BOMEM DA8 Fouri
transform spectrometer equipped with a LHe-coo
bolometer.

III. RESULTS AND DISCUSSION

In Fig. 1 the Raman spectra of five Ga12xMnxAs layers
with Mn fractions between 0.62% and 2.8%~open circles!
are shown in comparison with the Raman spectrum of a
grown GaAs layer. The excitation laser wavelength was 5
nm. In thez̄(y8,y8)z backscattering configuration scatterin
by LO phonons is allowed according to the Raman selec
rules which are determined by the deformation-potential
the Fröhlich electron-phonon interaction, whereas scatter
by transverse optical~TO! phonons is forbidden. With in-
creasing Mn fractionx the LO-phonon line at 292 cm21

broadens and shifts from the LO-phonon position to the T
phonon position. This behavior is typical for a heavily dop
semiconductor with free carriers of very low mobility.7,12 It
arises from the strongly damped longitudinal vibration of t
carrier plasma, i.e., the plasmon, which couples with the
phonon via their macroscopic electric fields to a phononl
coupled plasmon–LO-phonon~CPLP! mode. The plasmon
like part of the CPLP mode is overdamped and cannot
observed. In Ga12xMnxAs the carriers are holes, which orig
nate from the acceptor Mn. In order to study the modificat
of the electronic and vibrational properties with increas

FIG. 1. RT Raman spectra~open circles! recorded inz̄(y8,y8)z
backscattering configuration at the~001! surfaces of Ga12xMnxAs
layers with different Mn fractionsx. The hole densitiesp were
estimated from a full line-shape analysis~solid lines! including
scattering by CPLP modes~dashed lines!. Additional contributions
~dotted lines! arise from the symmetry forbidden TO phonon a
from the LO phonon in the depletion layer.
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Mn concentration in more detail, we have performed a lin
shape analysis of the Raman spectra. The line shape o
CPLP mode was modeled within the linear-response form
ism using a random-phase-approximation dielectric functi
which takes into account finite-lifetime effects in
relaxation-time approximation.13 It includes wave-vector-
dependent intraband transitions within the light- and hea
hole bands as well as interband transitions between th
For reasons of simplicity the valence bands were assume
be parabolic and isotropic. For the effective light-hole a
heavy-hole masses we used the valuesmlh50.08m0 and
mhh50.56m0, respectively, wherem0 denotes the free-
electron mass. Further parameters, which enter into
model calculations, are the high-frequency dielectric co
stant«`510.6, the Faust-Henry coefficientC520.48, and
the scattering wave vectorq5qL2qS51.043106 cm21,
where qL (qS) denotes the wave vector of the laser~scat-
tered! light. Since these values were not available f
Ga12xMnxAs, we used those for GaAs.7 In Fig. 1 the calcu-
lated line shapes of the CPLP mode are drawn by das
lines. Obviously, the measured Raman line shapes canno
modeled solely by the CPLP band. Two further contributio
have to be taken into account, which can be described
Lorentzian line shapes, drawn by dotted lines. The first on
a TO-phonon signal, which is symmetry forbidden in th
scattering configuration. It arises from the large numeri
aperture of the microscope lens system and, especially
higher Mn fractions, from disorder-induced scattering. T
second one is the LO-phonon signal from a depletion la
near the sample surface. In the depletion layer, no free h
are present, and therefore no coupling between LO phon
and hole plasmons occurs. Considering a superposition o
three contributions, drawn by solid lines in Fig. 1, an exc
lent agreement between the measured Raman spectra an
calculated line shapes can be achieved.

The frequencies and linewidths of the TO- and LO
phonon lines, which enter as crucial parameters into
model calculations of the CPLP line shape, strongly dep
on the Mn fractionx. They have to be known for a reliabl
analysis of the spectra. Therefore we have determined thx
dependence from spatially resolved micro-Raman meas
ments on cleaved~110! side faces and from Raman measu
ments using the 458-nm line of the Ar1 laser as an excitation
source. Figure 2 exhibits a Raman line scan on the clea
~110! surface of the sample withx52.8% along the@001#
direction. In the x̄8(y8,y8)x8 backscattering configuration
scattering by TO phonons is allowed and scattering by
phonons is forbidden according to the Raman selection ru
The sample was laterally shifted by 0.25mm between sub-
sequent measurements. In the Ga12xMnxAs layer the full
width at half maximum~FWHM! of the TO-phonon line is
increased and its frequency is shifted to smaller wave nu
bers compared to the TO-phonon line in the GaAs substr
The values for the frequency shift and for the FWHM we
determined from the spectra recorded at the interface
tween air and Ga12xMnxAs layer, where no contribution o
the phonon signal from the GaAs substrate is present. S
lar line scans were performed for all samples under inve
gation. In addition to these results, further values for
9-2
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frequency shift and for the FWHM of both TO and L
phonons were derived from Raman spectra excited by
458-nm line of the Ar1 laser. For this wavelength the ligh
penetration depth is only 1/a458'50 nm in comparison with
1/a514'100 nm for the 514-nm laser line, wherea denotes
the absorption coefficient. Therefore, the relative strength
the signal arising from the depletion layer is larger, and
LO-phonon mode can be well separated from the CP
mode. This is demonstrated in Fig. 3 for the sample withx
50.9%: Only for the excitation with 458 nm the TO- an
LO-phonon lines are clearly discernible. Both the TO- a
the LO-phonon lines are shifted to lower frequencies rela
to those of LT GaAs~dashed lines!. In Fig. 4 the values for
the frequency shift and the FWHM, derived in the two wa
described above, are depicted in dependence onx by filled
and open stars for the TO phonon, and by filled and o
squares for the LO phonon, respectively. We ascribe the
servedx dependences mainly to alloying effects, which r
sult, e.g., in a reduction of the bonding forces and in a lifti
of the translational symmetry of the crystal lattice. As a co
sequence, the scattering wave vectorq is not strictly con-
served in the scattering process, leading to a redshift a
broadening of the TO- and LO-phonon lines. The compr
sive strain in the Ga12xMnxAs layers should lead to a blue
shift of the phonon frequencies, but is obviously overco
pensated by the alloying effects.

For the line-shape analysis of the Raman spectra in Fig

FIG. 2. RT micro-Raman line scan on the cleaved~110! surface

of the sample with 2.8% Mn concentration inx̄8(y8,y8)x8 back-
scattering configuration along the@001# growth direction. The
sample position between subsequent measurements was shift
0.25mm.
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the plasmon dampingG and the hole densityp were treated
as fit parameters. We found that satisfactory fits were
only obtained for one pair ofp andG, but for a continuum of
pairs. Therefore the line-shape calculations were perform
as follows: For a given value of the plasmon dampingG the
hole densityp was varied until the best possible agreeme
between the calculated and the measured spectrum
achieved. In this way, for each sample a relationp(G) for the
optimal fit curve was derived. In Fig. 5 thex-dependent re-
lationsp(G) are depicted, which turn out to be nearly linea
This linearity can be made plausible even in a simplifi
Drude model, where interband transitions are neglected
only one type of carrier is considered. Assumingq50 as
well asG@vLO,TO , the plasmon contribution«plasmonto the
total dielectric function can be written as7

by

FIG. 3. Comparison between two Raman spectra recorded f
the same sample (x50.9%) using different laser wavelengths o
458 and 514 nm.

FIG. 4. Frequency shifts of the TO phonon~filled stars! and LO
phonon~filled squares! Raman lines, and broadening~FWHM! of
the TO phonon~open stars! and LO phonon~open squares! Raman
lines as a function of Mn fraction.
9-3



-

e

th
e

e

e

iti

th
e
-

on
,
n
tl
e

has
r
de-
ro-
tial
of
in
ll
ary
all

les
en-

n
ens
the
on-

ured
he
he
are
d on

air.
he
ion

s
ng

ci-
e

W. LIMMER et al. PHYSICAL REVIEW B 66, 205209 ~2002!
«plasmon~v!52
«`vp*

2

v~v1 iG!
' i

e2

v«0mh*

p

G
, ~1!

wherevp*
25e2p/«0«`mh* denotes an effective plasmon fre

quency,e the elemental charge, and

mh* 5
mlh

3/21mhh
3/2

mlh
1/21mhh

1/2
~2!

an effective hole mass. From the right-hand side in Eq.~1! it
follows that the same«plasmon(v), and thus the same lin
shape is obtained by keeping the ratiop/G fixed. However,
in the more sophisticated model used for our calculations
degree of coincidence between the calculated and the m
sured curves is not always the same over the whole rang
G depicted in Fig. 5. The best results are obtained forG
>5000 cm21. This corresponds to a hole mobility ofmh
<4 cm2/V s, which is calculated from the relation

mh5
e

2pcmh*

1

G
, ~3!

wherec denotes the speed of light in vacuum. All line shap
in Fig. 1 were calculated withG55000 cm21 for both light
holes and heavy holes. The corresponding hole dens
range fromp51.131019 cm23 for x50.62% up top52
31020 cm23 for x52.8%.

It should be emphasized that a line-shape analysis of
CPLP mode would strongly underestimate the hole conc
tration at high Mn fractions, if the small LO-phonon line
width from the GaAs substrate was used in the calculati
instead of that from the Ga12xMnxAs layer. Furthermore
using only a simple Drude model for the dielectric functio
which cannot account for interband transitions, significan
different line shapes would be obtained for the CPLP mod

FIG. 5. Hole densitiesp derived from a full line-shape analysi
of the Raman spectra in dependence on the plasmon dampiG
used in the model calculations.
20520
e
a-
of

s

es

e
n-

s

,
y
s.

In general, the line-shape analysis of Raman spectra
two merits: First, if the hole mobility is known from othe
~e.g., electrical! measurements, the hole density can be
termined with high accuracy, and vice versa. Second, mic
Raman spectroscopy can be performed with a high spa
resolution, and hence information on the spatial variation
the carrier concentration can be derived. Moreover,
Ga12xMnxAs the determination of hole densities by Ha
measurements is extremely problematic, since the ordin
Hall effect is superimposed by a dominating anomalous H
effect.1

Figure 6 exhibits RT FIR reflectance spectra~open
circles! recorded at normal incidence from the same samp
as in Fig. 1. Similar to the Raman spectra, a clear dep
dence of the reflectance line shape on the Mn fractionx is
observed: With increasingx the Reststrahlen band betwee
the frequencies of the TO phonon and the LO phonon flatt
and the total amount of reflectance increases. Again,
change in the line-shape mainly arises from the plasmon c
tribution to the dielectric function in the Ga12xMnxAs layer.
We have performed a full line shape analysis~solid lines! of
the FIR reflectance spectra and found that the meas
curves can only be modeled if the finite thickness of t
Ga12xMnxAs layer, the interface between the layer and t
GaAs substrate, and multiple reflections within the layer
taken into account. Therefore the calculations were base
a sample system which consists of a thin Ga12xMnxAs layer
on top of a semi-infinite GaAs substrate, surrounded by
No significant influence by a thin depletion layer on t
spectra could be found. The formula used for the calculat

FIG. 6. RT FIR reflectance spectra recorded at normal in
dence. The hole densitiesp were estimated from a full line-shap
analysis ~solid lines! considering multiple reflections within the
Ga12xMnxAs layer.
9-4
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of the complex-amplitude reflection coefficient were tak
from Ref. 14, where an extensive theoretical description
FIR reflection at multilayer structures is given. The dielect
function in the Ga12xMnxAs layer was calculated within th
same model as in the case of the Raman analysis, i.e.,
intraband and interband transitions between parabolic he
hole and light-hole valence bands were taken into acco
According to the large wavelength of the FIR light the sc
tering wave vector can be approximated byq'0. Since FIR
reflection and Raman scattering by CPLP modes are b
on the same dielectric function, the same ambiguity holds

FIG. 7. Relative change of the lattice constanta in dependence
on the annealing temperatureTa and on the integrated annealin
time of the sample with~as-grown! 2.8% Mn. The insets show
measured HRXRD spectra with contributions from the GaMn
layer and the GaAs substrate.
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the values ofp andG, derived from a line-shape analysis o
the measured spectra. Using again the value ofG
55000 cm21 for the plasmon damping, very good fits to th
measured FIR reflectance curves were obtained. The
densitiesp derived from FIR reflectance are up to a factor
2.5 higher than those obtained from the Raman meas
ments. They range fromp51.131019 cm23 for x50.62%
up to p5331020 cm23 for x52.8%. Furthermore, some
what smaller values for the phonon frequency shift and
FWHM had to be used. These differences may be the co
quence of inhomogeneities in the Ga12xMnxAs layers along
the growth direction in combination with the different pro
ing depths of Raman and FIR reflectance spectroscopy.

In order to study the influence of annealing on the CP
mode and on the occupation of Ga lattice sites by Mn ato
the sample with~as grown! x52.8% was annealed sever
times in air at various successively increased temperat
between 250 and 500 °C. After each annealing step
sample was characterized at RT by HRXRD and by Ram
spectroscopy. The results are shown in Figs. 7 and 8, res
tively. In Fig. 7 the relative changeDa/a of the lattice con-
stant a is shown as a function of the integrated anneal
time. Annealing for 60 min at 250 °C and additional 60 m
at 300 °C does not significantly change the hole density
the Mn fraction. This can be concluded from the almost ide
tical line shapes of the corresponding Raman spectra in
8 and from the nearly constant value ofDa/a in Fig. 7. At
350 °C the CPLP mode starts to shift from the TO-phonon
the LO-phonon frequency indicating a reduction of the h
concentration with increasing annealing temperature and
tal annealing time. Simultaneously, a decrease of the num
of Mn atoms on Ga lattice sites is observed in HRXR
whereDa/a tends to zero. After annealing at 450 °C the M
fraction is lower than 0.1%, as deduced fromDa/a. No sig-

s

-

-
-

-
s

FIG. 8. Raman spectra re
corded from the sample with
2.8% Mn after annealing at vari
ous successively increased tem
peratures. The fraction of Mn at
oms on Ga lattice sites wa
deduced from HRXRD.
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nificant influence of free carriers on the Raman line shap
further observed, and the LO-phonon mode appears a
sharp line. Furthermore, the Raman lines of elemental
arise, which are due to the precipitation of excess As on
sample surface, as confirmed by atomic force microsco
The observed decrease ofDa/a due to annealing is in agree
ment with the results reported in Ref. 2, where the extrac
of the Mn atoms from the Ga12xMnxAs lattice is attributed
to the formation of MnAs donor complexes.15 The reduction
of the Mn acceptor concentration in combination with co
pensation by MnAs complexes leads to the decrease of
hole density, clearly monitored by the Raman spectra.

IV. CONCLUSIONS

We have investigated the vibrational and electronic pr
erties of Ga12xMnxAs layers with 0<x<2.8% by Raman
and FIR reflectance spectroscopy. The spectra can be
modeled taking into account the phononlike coupled mode
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