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Coupled plasmon-LO-phonon modes in Ga_,Mn,As
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The vibrational and electronic properties of ,GaVn,As layers with Mn fractions 6&x<2.8%, grown on
GaAg001) substrates by low-temperature molecular-beam epitaxy, are investigated by micro-Raman spectros-
copy and far-infraredFIR) 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.
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I. INTRODUCTION semi-insulating VGF GaA®01) substrates using solid metal
sources as well as an arsenic cracker in the noncracking
During the past years the idea of utilizing the spin of mode. The IlI/V beam equivalent pressUBEP) ratio was
carriers in novel spintronic devices has led to great efforts in/10. First, a 100-nm-thick buffer layer was grown at a tem-
fabricating and investigating appropriate new semiconductoberature offy=585 °C, then the growth was interrupted and

materials. Being compatible with conventional GaAs semi~ -« |owered to 250°C, calibrated with the melting points
In and Sn. This extremely low substrate temperature leads

conductor technology, the semimagnetic semiconducto&fg
to the incorporation of excess As on the order of 1-2%.

Ga,_,Mn,As is one of thent:? Its magnetic properties arise
he properties of low-temperatuf€T) grown GaAs have

from the S=5/2 Mn spin system which undergoes a ferro-
magnetic phase transition at a maximum Curie temperatur@ - k . )

of 110 K, as reported so fafThe incorporation of Mn atoms P€en discussed in detail e_IsewhéOréI.'he fractions of Mn
on Ga lattice sites, where Mn acts as an acceptor, results inoms on Ga lattice sites in the 0.6—Quén-thick
high hole density, which is assumed to play an important rolé>@&-xMn,As layers were determined from HRXRD mea-
in the indirect ferromagnetic Mn-Mn-interactiérivieasure- surements of the symmetr(004)_ reflection using a Siemens
ment of the hole concentration is difficult, since the ordinaryP5000 diffractometer. The lattice constant of ,GgMn,As

Hall effect, normally used to determine carrier densities, igvas calculated, assuming Vegard's law to be valid, with a

superimposed by a dominating anomalous Hall effect. In théattice constant of 0.56533 nm for GaAs and 0.598 nm for

recent past, the properties of GaMn,As have mainly been the hypothetical cubic MnASAIl Ga; _,Mn,As layers were
studied by magnetotransport, superconducting quantum ifully strained as followed from measurements of the asym-
terference device measurements, and high-resolution x—ra{getr'c (115 reflection. More details on the growth of the
diffraction (HRXRD). Optical investigations on this material G&-xMnxAs samples and results of magnetotransport stud-
system are very limite@® since the low-temperature growth €S Were presented elsewhéte.

of Ga,_ Mn,As in combination with the metallic doping due The micro-Raman measurements were performed at room

to Mn results in a very complex situation. Therefore manytemperaturgRT) using the 514- or 458-nm line of an Ar
basic properties of Ga, Mn,As are still unknown. laser as an excitation source. The laser beam was focused by

In this work the vibrational and electronic properties of @ Microscope lens system yielding a spot diameter of
Ga,_,Mn,As are studied by both Raman spectroscopy and-7 #m. The excitation density was kept below 2
far-infrared (FIR) reflectance. Model calculations of the X 10" W/cn? in order to avoid a heating of the sample and
spectral line shapes are presented, based on a dielectric furfe-keep the concentration of optically generated charge car-
tion which includes intraband and interband transitions be!iers negligibly low. The Raman signals were detected in the
tween the valence bands of light and heavy hél€&om  backscattering configuratiozgy’,y’)z andx’(y’,y’)x’ us-
that, values for the hole densities are estimétédirther- ing a DILOR XY 800-mm triple-grating spectrometer with a
more, the influence of annealing on the hole density and ogonfocal entrance optics and a b4dooled charge-coupled
the occupation of Ga lattice sites by Mn atoms is studied byjevice detector. We denote th&10], [TlO], and[001] di-
Raman spectroscopy and by HRXRD. rections of the crystal by’, y’, andz respectively. Line
scans on cleave(l10) side faces along thE001] growth
direction in x’(y’,y’)x’ configuration were obtained by

The Ga_,Mn,As layers were grown in a RIBER 32 slightly shifting the sample position between subsequent
molecular-beam epitaxMBE) machine on In-mounted measurements. The FIR reflectance spectra were recorded at

Il. EXPERIMENTAL DETAILS
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L L L L LI B B Mn concentration in more detail, we have performed a line-

- TO; LO shape analysis of the Raman spectra. The line shape of the
«(y.y)z <02 CPLP mode was modeled within the linear-response formal-
RT ’ ism using a random-phase-approximation dielectric function,

which takes into account finite-lifetime effects in a
relaxation-time approximatiof?. It includes wave-vector-
dependent intraband transitions within the light- and heavy-
hole bands as well as interband transitions between them.
Mn fraction For reasons of simplicity the valence bands were assumed to
0.62% be parabolic and isotropic. For the effective light-hole and
heavy-hole masses we used the valmgg=0.08n, and
m,,,=0.58m,, respectively, wherem, denotes the free-
electron mass. Further parameters, which enter into the
model calculations, are the high-frequency dielectric con-
stante,,=10.6, the Faust-Henry coefficieit= —0.48, and

the scattering wave vectog=q, —gs=1.04x10° cm™ %,
where g, (gs) denotes the wave vector of the lagscat-
tered light. Since these values were not available for
Ga,_ Mn,As, we used those for GaAdn Fig. 1 the calcu-
lated line shapes of the CPLP mode are drawn by dashed
lines. Obviously, the measured Raman line shapes cannot be
modeled solely by the CPLP band. Two further contributions
have to be taken into account, which can be described by
Lorentzian line shapes, drawn by dotted lines. The first one is
FIG. 1. RT Raman spect@pen circles recorded irg(y’,y')z & TO-phonon signal, which is symmetry forbidden in this

backscattering configuration at t@01) surfaces of Ga_Mn,As scattering configuration. It arises from the large numerical
layers with different Mn fractions. The hole densitiep were ~ aperture of the microscope lens system and, especially for
estimated from a full line-shape analysisolid lineg including ~ Nigher Mn fractions, from disorder-induced scattering. The
scattering by CPLP moddsiashed lines Additional contributions ~ S€cond one is the LO-phonon signal from a depletion layer
(dotted lines arise from the symmetry forbidden TO phonon and near the sample surface. In the depletion layer, no free holes
from the LO phonon in the depletion layer. are present, and therefore no coupling between LO phonons
and hole plasmons occurs. Considering a superposition of the
RT and at normal incidence using a BOMEM DA8 Fourier three contributions, drawn by solid lines in Fig. 1, an excel-
transform spectrometer equipped with a LHe-cooledlent agreement between the measured Raman spectra and the
bolometer. calculated line shapes can be achieved.
The frequencies and linewidths of the TO- and LO-
Ill. RESULTS AND DISCUSSION phonon lines, which enter as crucial parameters into the
model calculations of the CPLP line shape, strongly depend
In Fig. 1 the Raman spectra of five GaMn,As layers  on the Mn fractionx. They have to be known for a reliable
with Mn fractions between 0.62% and 2.806pen circles  analysis of the spectra. Therefore we have determinedstheir
are shown in comparison with the Raman spectrum of a LTdependence from spatially resolved micro-Raman measure-
grown GaAs layer. The excitation laser wavelength was 514nents on cleave@l10) side faces and from Raman measure-

nm. In thez(y ,y')z backscattering configuration scattering ments using the 458-nm line of the Ataser as an excitation

by LO phonons is allowed according to the Raman selectiogource. Figure 2 exhibits a Raman line scan on the cleaved
rules which are determined by the deformation-potential and110 surface of the sample witk=2.8% along thg001]

the Frdnlich electron-phonon interaction, whereas scatteringdirection. In thex’(y’,y’)x’ backscattering configuration
by transverse opticalTO) phonons is forbidden. With in- scattering by TO phonons is allowed and scattering by LO
creasing Mn fractionx the LO-phonon line at 292 cnt phonons is forbidden according to the Raman selection rules.
broadens and shifts from the LO-phonon position to the TO-The sample was laterally shifted by 0.2%n between sub-
phonon position. This behavior is typical for a heavily dopedsequent measurements. In the;GaMn,As layer the full
semiconductor with free carriers of very low mobility? It width at half maximum(FWHM) of the TO-phonon line is
arises from the strongly damped longitudinal vibration of theincreased and its frequency is shifted to smaller wave num-
carrier plasma, i.e., the plasmon, which couples with the LObers compared to the TO-phonon line in the GaAs substrate.
phonon via their macroscopic electric fields to a phononlikeThe values for the frequency shift and for the FWHM were
coupled plasmon—LO-phondiCPLP mode. The plasmon- determined from the spectra recorded at the interface be-
like part of the CPLP mode is overdamped and cannot béween air and Ga ,Mn,As layer, where no contribution of
observed. In Ga_,Mn,As the carriers are holes, which origi- the phonon signal from the GaAs substrate is present. Simi-
nate from the acceptor Mn. In order to study the modificationlar line scans were performed for all samples under investi-
of the electronic and vibrational properties with increasinggation. In addition to these results, further values for the
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220 240 260 280 300 320 340 the plasmon dampin§j and the hole densitp were treated
Raman shift (cm™) as fit parameters. We found that satisfactory fits were not

. ) only obtained for one pair gd andI’", but for a continuum of
FIG. 2. RT micro-Raman line scan on the cleavéti() surface  qir5 Therefore the line-shape calculations were performed
of the sample with 2.8% Mn concentration xi(y’,y")x" back- a5 follows: For a given value of the plasmon dampihthe
scattering configuration along thk001] growth direction. The 146 gensityp was varied until the best possible agreement
sample position between subsequent measurements was shifted l%tween the calculated and the measured spectrum was
025 pum. achieved. In this way, for each sample a relaggh’) for the
optimal fit curve was derived. In Fig. 5 thedependent re-
frequency shift and for the FWHM of both TO and LO lationsp(I") are depicted, which turn out to be nearly linear.
phonons were derived from Raman spectra excited by th&his linearity can be made plausible even in a simplified
458-nm line of the At laser. For this wavelength the light- Drude model, where interband transitions are neglected and
penetration depth is only &4sg~50 nm in comparison with only one type of carrier is considered. Assumigg0 as
1/ag14~100 nm for the 514-nm laser line, whesedenotes  Well asI'> | o 1o, the plasmon contributiof,asmonto the
the absorption coefficient. Therefore, the relative strength ofotal dielectric function can be written as
the signal arising from the depletion layer is larger, and the
LO-phonon mode can be well separated from the CPLP
mode. This is demonstrated in Fig. 3 for the sample with 0
=0.9%: Only for the excitation with 458 nm the TO- and
LO-phonon lines are clearly discernible. Both the TO- and

ISUMMSNNEMIMMMUSMMMUMMMSASS |

the LO-phonon lines are shifted to lower frequencies relative 'g 2 0 ~
to those of LT GaAgqdashed lines In Fig. 4 the values for = =
the frequency shift and the FWHM, derived in the two ways = 2
described above, are depicted in dependence b filled 24 E
and open stars for the TO phonon, and by filled and open § =
squares for the LO phonon, respectively. We ascribe the ob- 3 -
servedx dependences mainly to alloying effects, which re- i

'
=2}

sult, e.g., in a reduction of the bonding forces and in a lifting LO

of the translational symmetry of the crystal lattice. As a con- L -
sequence, the scattering wave veafois not strictly con- 0!0I ot 0'5 - '1!0' - 1'5 - 2'0 - 2'5 300
served in the scattering process, leading to a redshift and a Mn fraction x (%)
broadening of the TO- and LO-phonon lines. The compres-

sive strain in the Ga. ,Mn,As layers should lead to a blue-  FIG. 4. Frequency shifts of the TO phonilled starg and LO
shift of the phonon frequencies, but is obviously overcom-phonon(filled squares Raman lines, and broadenit§WHM) of
pensated by the alloying effects. the TO phonor(open starsand LO phonor(open squargésRaman

For the line-shape analysis of the Raman spectra in Fig. lines as a function of Mn fraction.
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‘Wavenumber (cm'l)
* 2 2
_ Bx0p . €D FIG. 6. RT FIR reflectance spectra recorded at normal inci-
splasmor(w)__w(w+il—~)~| (1)

weomy T’ dence. The hole densitigswere estimated from a full line-shape

analysis (solid lineg considering multiple reflections within the
wherew’g2=e2p/sosxmﬁ1k denotes an effective plasmon fre- Ga,_,Mn,As layer.
guency,e the elemental charge, and
a3 In general, the line-shape analysis of Raman spectra has
Mj™+ My two merits: First, if the hole mobility is known from other
m|1r<2+ m%/hz 2) (e.g.., electrica)l _measurements, thel hole density can be_de—
termined with high accuracy, and vice versa. Second, micro-
an effective hole mass. From the right-hand side in@Rit ~ Raman spectroscopy can be performed with a high spatial
follows that the same jasmof @), and thus the same line resolution, and hence information on the spatial variation of
shape is obtained by keeping the rgpd” fixed. However, the carrier concentration can be derived. Moreover, in
in the more sophisticated model used for our calculations th&a, _,Mn,As the determination of hole densities by Hall
degree of coincidence between the calculated and the memeasurements is extremely problematic, since the ordinary
sured curves is not always the same over the whole range éfall effect is superimposed by a dominating anomalous Hall
I’ depicted in Fig. 5. The best results are obtainedIfor effect?

mp =

=5000 cmi L. This corresponds to a hole mobility @, Figure 6 exhibits RT FIR reflectance spectftapen
<4 cn?/Vs, which is calculated from the relation circles recorded at normal incidence from the same samples
as in Fig. 1. Similar to the Raman spectra, a clear depen-

e 1 dence of the reflectance line shape on the Mn frackios

3 observed: With increasing the Reststrahlen band between
the frequencies of the TO phonon and the LO phonon flattens
wherec denotes the speed of light in vacuum. All line shapesand the total amount of reflectance increases. Again, the
in Fig. 1 were calculated witl'=5000 cm * for both light ~ change in the line-shape mainly arises from the plasmon con-
holes and heavy holes. The corresponding hole densitigsibution to the dielectric function in the Ga,Mn,As layer.
range fromp=1.1x10" cm 3 for x=0.62% up top=2  We have performed a full line shape analysislid lines of
X 107° cm™2 for x=2.8%. the FIR reflectance spectra and found that the measured
It should be emphasized that a line-shape analysis of theurves can only be modeled if the finite thickness of the
CPLP mode would strongly underestimate the hole concensa, —,Mn,As layer, the interface between the layer and the
tration at high Mn fractions, if the small LO-phonon line- GaAs substrate, and multiple reflections within the layer are
width from the GaAs substrate was used in the calculationtaken into account. Therefore the calculations were based on
instead of that from the Ga,Mn,As layer. Furthermore, a sample system which consists of a thin, Gén,As layer
using only a simple Drude model for the dielectric function, on top of a semi-infinite GaAs substrate, surrounded by air.
which cannot account for interband transitions, significantlyNo significant influence by a thin depletion layer on the
different line shapes would be obtained for the CPLP modesspectra could be found. The formula used for the calculation

h= T
2memi I
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the values op andI", derived from a line-shape analysis of
Gars | 7| the measured spectra. Using again the value Iof
1 =5000 cm ! for the plasmon damping, very good fits to the
GaMnAs ] measured FIR reflectance curves were obtained. The hole
] densities derived from FIR reflectance are up to a factor of
H 2.5 higher than those obtained from the Raman measure-
015010 005 0.00 005 ments. They range fromp=1.1x10° cm 2 for x=0.62%

40 (deg.) up to p=3x102°cm~3 for x=2.8%. Furthermore, some-
what smaller values for the phonon frequency shift and the
FWHM had to be used. These differences may be the conse-
; quence of inhomogeneities in the GaMn,As layers along
. ! the growth direction in combination with the different prob-

. : : ; ! ing depths of Raman and FIR reflectance spectroscopy.
T,CO): 250 | 300 | 350 1400 ! 450 In order to study the influence of annealing on the CPLP
SRR SE S R SRS A S mode and on the occupation of Ga lattice sites by Mn atoms,

0 100 200 300 .

L . the sample with(as grown x=2.8% was annealed several
Integrated annealing time (min) . L . . .
times in air at various successively increased temperatures
FIG. 7. Relative change of the lattice constarih dependence between 250 and 500°C. After each annealing step the
on the annealing temperatufie, and on the integrated annealing Sample was characterized at RT by HRXRD and by Raman
time of the sample with(as-grown 2.8% Mn. The insets show Spectroscopy. The results are shown in Figs. 7 and 8, respec-
measured HRXRD spectra with contributions from the GaMnAstively. In Fig. 7 the relative chang&a/a of the lattice con-
layer and the GaAs substrate. stanta is shown as a function of the integrated annealing
time. Annealing for 60 min at 250 °C and additional 60 min
of the complex-amplitude reflection coefficient were takenat 300 °C does not significantly change the hole density and
from Ref. 14, where an extensive theoretical description ofhe Mn fraction. This can be concluded from the almost iden-
FIR reflection at multilayer structures is given. The dielectrictical line shapes of the corresponding Raman spectra in Fig.
function in the Ga_,Mn,As layer was calculated within the 8 and from the nearly constant value &d&/a in Fig. 7. At
same model as in the case of the Raman analysis, i.e., bo&850 °C the CPLP mode starts to shift from the TO-phonon to
intraband and interband transitions between parabolic heavyhe LO-phonon frequency indicating a reduction of the hole
hole and light-hole valence bands were taken into accountoncentration with increasing annealing temperature and to-
According to the large wavelength of the FIR light the scat-tal annealing time. Simultaneously, a decrease of the number
tering wave vector can be approximateddsy0. Since FIR  of Mn atoms on Ga lattice sites is observed in HRXRD
reflection and Raman scattering by CPLP modes are basethereAa/a tends to zero. After annealing at 450 °C the Mn
on the same dielectric function, the same ambiguity holds fofraction is lower than 0.1%, as deduced fradm/a. No sig-
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nificant influence of free carriers on the Raman line shape ithe hole plasmon and the LO phonon. The dielectric function

further observed, and the LO-phonon mode appears as was calculated including intraband and interband transitions
sharp line. Furthermore, the Raman lines of elemental Agetween the light-hole and heavy-hole valence bands. For the
arise, which are due to the precipitation of excess As on th@aman line shapes a surface depletion layer as well as a
sample surface, as confirmed by atomic force microscopysymmetry forbidden TO phonon had to be considered.The

The observed decrease ®8/a due to annealing is in agree- dependences of the TO- and LO-phonon frequencies and
ment with the results reported in Ref. 2, where the extractione\wHMm's, which enter as crucial parameters into the calcu-

of the Mn atoms from the Ga,Mn,As lattice is attributed |ations, were determined experimentally. From a full line-

to the formation of MnAs donor complexeSThe reduction shape analysis of the Raman and FIR reflectance spectra, the
of the Mn acceptor concentration in combination with com- ossible pairs(§,I") of hole densityp and plasmon damping
Eglnesztelzgitbycl\lﬂer;?ls fﬁé?}ﬂf:;sgeiﬂs g’ the decreri[lse of t , giving a good coincidence between theoretical and ex-
Y. y y the Raman spectra. perimental results, were derived for each sample. For a plas-
mon damping of’ =5000 cm ! estimated values fqy range
between 1.K10*cm 3 for x=0.62% and 3.610"

We have investigated the vibrational and electronic propcm™ 2 for x=2.8%. Subsequent annealing at temperatures
erties of Ga_,Mn,As layers with G=x<2.8% by Raman between 250 and 500 °C results in a reduction of the number
and FIR reflectance spectroscopy. The spectra can be wealf Mn atoms on Ga sites and in a decrease of the hole den-
modeled taking into account the phononlike coupled mode osity, as deduced from HRXRD and Raman measurements.
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