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Interaction of longitudinal-optic phonons with free holes as evidenced
in Raman spectra from Be-doped p-type GaAs
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The interaction between small-wave-vector, longitudinal-optic (LO) lattice vibrations and free-
hole plasmas in Be-doped p-type GaAs is studied with use of nonresonant, allowed Raman scatter-
ing. In contrast to the coupled LO-phonon —plasmon modes, co+ and u typically observed in n-

type zinc-blende-structure semiconductors, only one mode is observed for hole densities between
1 X 10"and 1.6X 10' cm '. %'ith increasing hole density, this single mode shifts first to higher en-

ergies, then back to lower energies, between that of the LO and transverse-optic (TO) phonons, and
finally asymptotes at the TO-phonon energy. The observed Raman spectra are accurately fitted
with calculated coupled-mode spectra which take into account wave-vector-dependent intra- and
inter-valence-band transitions within the heavy- and light-hole bands. Intra-light-hole and inter-
heavy- to light-hole transitions are shown to make very significant contributions to the spectra, al-

though they alone cannot account for the novel density dependence of the coupled-mode energy. A
detailed analysis of the coupled-mode dependence on wave vector and phenomenological damping
reveals that the observed density dependence can, in principle, occur even in a single-component
plasma due to two distinctly dift'erent physical mechanisms. In the case of the p-type GaAs studied
here, it is shown that the novel density dependence is primarily due to the overdamped nature of
intra-heavy-hole transitions.

I. INTRODUCTION

Following the first discussion of coupled plasmon-
phonon modes by Varga, ' the interaction between free-
carrier plasmas and longitudinal-optic (LO) phonons in

zinc-blende-structure semiconductors has been studied
extensively both from experimental and theoretical
viewpoints. The vast majority of this work has dealt
with free-electron plasmas in n-type semiconductors. In
these materials, the coupling between the LO phonon and
the free-carrier plasma usually yields two modes, referred
to as coupled plasmon —LO-phonon modes (CPPM's), co+

and co . The coupling occurs via the macroscopic elec-
tric fields associated with both of these excitations. The
degree of coupling, or mixing, is largest when their ener-

gies are comparable. Although the precise density depen-
dence of the energies of the CPPM's is inAuenced by
wave-vector dispersion, nonparabolic band structure,
and damping processes, the same general behavior as
schematically shown by the solid lines in Fig. 1 has been
observed in a variety of semiconductors. Two noninter-
secting branches are formed. The high-energy, co+
branch starts with the LO-phonon energy at low densi-
ties. With increasing density, its energy monotonically
increases and asymptotically' assumes the energy of a
pure plasmon. The low-energy, co branch behaves like a
pure plasmon for low densities, increases its energy
monotonically with density, and asymptotes at the
transverse-optic (TO) phonon energy at high densities.

Relatively little work has been reported on the interac-
tion of free-hole plasmas with LO phonons. Olego and
Cardona have observed a hole-density dependence of the
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FIG. 1. A schematic illustration of the difference between
the carrier-density-dependent energies of the two-coupled
plasmon —LO-phonon modes typically observed in n-type semi-
conductors (solid) and the density-dependent energy of the
single-mode peak observed in the Raman spectra from Be-
doped p-type GaAs (dots).

LO-phonon line in Zn-doped p-type GaAs samples using
resonant Raman scattering in a polarized scattering
geometry. They interpreted their results in terms of large
wave-vector phonon scattering induced by impurities.
Kamijoh et al. have observed a LO-phonon peak using a
depolarized scattering geometry in Si-doped GaAs sam-
ples grown by liquid-phase epitaxy. It exhibited an in-
creasing linewidth, but stationary peak energy for hole
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concentrations ranging from 10' to 5 X 10' cm . They
interpreted their results using expressions similar to those
of Olego and Cardona. Recently, Yuasa and Ishii re-
ported observing CPPM's in their Raman studies of Be-
doped p-type GaAs grown by molecular-beam epitaxy
(MBE). They qualitatively concluded that the CPPM's in

p-type GaAs behave similarly to those normally observed
in n-type materials.

In this paper we present Raman spectra from a series
of Be-doped, p-type GaAs samples grown by MBE, ob-
tained using a depolarized, allowed scattering geometry.
These spectra clearly reveal the different nature of the
plasma —LO-phonon coupling in p-type GaAs as com-
pared to that previously observed in n-type semiconduc-
tors. In particular, for hole densities in the range of
3 X 10' to 6X 10' cm, only a single peak is observed
with a density-dependent energy between the LO- and
TO-phonon values. This unusual behavior is schemati-
cally represented by the dashed curve in Fig. 1.

Following the presentation of these results in Sec. II,
Sec. III describes how the standard theory for calculating
coupled-mode Raman spectra in n-type zinc-blende-
structure semiconductors can be modified to include the
degenerate, spin- —,

' -like heavy- and light-hole valence
bands. The ability of this modified theory to successfully
fit the p-type spectra at a number of different densities
strongly suggests that these Raman spectra do in fact
represent a direct measure of the free-hole plasma —LO-
phonon interaction at relatively small wave vectors. In
addition to providing a practical means of optically deter-
mining free-hole concentrations in p-type GaAs, this also
allows us to probe further into the nature of this spin- —,

'

plasma —LO-phonon interaction.
In Sec. IV, the very significant contributions of both

intra-light-hole and inter-heavy to light-hole transitions
to the overall line shapes and to the density dependence
of the. peak energy are demonstrated. However, it is also
shown that these intrinsic effects associated with the mul-
ticomponent nature of the plasma do not, by themselves,
account for the novel single-mode behavior of the
CPPM's observed. In fact, if only the intra-heavy-hole
term is retained in the calculation, the resulting behavior
is even more strongly (in a sense to be defined below}
single-mode-like.

Section V contains a detailed analysis of physical
mechanisms that can in principle lead to the novel densi-
ty dependence of the CPPM's reported here. It is shown
that such a density dependence can in general be caused
by dispersion-related effects at large wave vectors, and by

damping-related effects independent of wave vector. Two
limiting cases in which each of these effects acts indepen-
dently are discussed; the first involves large wave-vector
modes with no phenomenological damping present and
the second involves strong phenomenological damping in
the limit of zero wave vector. The single-mode behavior
observed in p-type GaAs is shown to be largely due to the
overdamped nature of intra-heavy-hole transitions in this
system.

II. EXPERIMENT AND RESULTS

The Raman spectra presented in this paper were ob-
tained using a standard backscattering configuration
from a (100) surface of Be-doped, MBE-grown p-type
GaAs samples. Thick (&1-p,m) epitaxial layers were
grown on semi-insulating GaAs substrates. The hole
concentrations and mobilities of the samples as deter-
mined from room-temperature Hall measurements are
listed in Table I. The Raman excitation source was a
frequency-doubled yttrium aluminum garnet (YAG} laser
at 532 nm with an average power of 250 mW. The skin
depth of the 532-nm radiation in GaAs is about 0.1 pm,
which is much thinner than the epilayer. The finite ab-
sorption depth leads to an uncertainty of 0.8X 10 cm
in wave vector, which, as is shown later, has a negligible
effect on our interpretation of our spectra. The beam was
polarized in the [010] direction and its intensity on the
sample surface was adjusted to ensure that optically in-
jected carriers did not contribute to the spectra. The
backscattered light, polarized parallel to the [001] direc-
tion, was analyzed with a SPEX Industries Triplemate
spectrograph. A Si charge-coupled array detector was
used to record the spectra. The spectral resolution was
(5cm '.

Room-temperature Raman spectra obtained from the
five samples described in Table I are shown as dots in Fig.
2. The spectra generally consist of a sharp peak at 291
cm, superimposed on a broader, asymmetric line with a
tail extending to high energy. The sharp feature at 291
cm ' is due to scattering from the unscreened LO pho-
nons in the depletion region near the sample surface, as
evidenced by its energy and its decreasing strength at
larger carrier densities. The broader peak is associated
with the interaction of the free holes and LO phonons in
the bulk of the epilayer. The peak position of the broad
structure starts at the LO-phonon energy (291 cm ') in
sample (a), shifts to a slightly higher energy in sample (b),
then decreases below the LO-phonon energy, but above

Sample

TABLE I. Sample characteristics.

Hall measurements Raman measurements

(a)
(b)
(c)
(d)
(e)

total hole density
(10' cm )

1.0
4.5
6.0
8.0

30.0

Mobility
(cm /Vs)

175.0
123.0
100.0
120.0

Total hole density
(10" cm -')

1.1
2.25
3.6
5.25

16.0
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FIG. 2. The measured (dots) and calculated {dashes) Raman
spectra from the five Be-doped p-type GaAs samples described
in Table I.

POLARIZATION DEPENDENCE

200

the TO-phonon energy in samples (c) and (d), and finally
goes to just below the TO-phonon energy in sample (e).
This concentration dependence of CPPM's is clearly
different from that normally observed in n-type semicon-
ductors, and, to our knowledge, has not been previously
observed in any material.

It is essential to emphasize that these spectra were ob-
tained in a depolarized scattering geometry from a (100)-
oriented surface where zone center LO-phonon scattering
is allowed. [TO-phonon scattering is always forbidden

from (100) surface. ] Figure 3 compares the spectra from
sample (d) in the two scattering polarizations. The
coupling-related, broad peak dominates the (l, ~~) spec-
trum (solid), but is absent in the (~t, ~~) spectrum (dashed).
The weak, sharp peak at about 268 cm ' is due to forbid-
den TO-phonon scattering. A similar polarization depen-
dence was obtained from the other four samples. Two
conclusions can be drawn from this comparison. First, it
is clearly shown that the nature of the coupled mode in
our samples is different from that reported by Olego and
Cardona. The mode we observe has the symmetry of the
zone-center LO phonon, while the mode they observe
does not. According to their interpretation, the forbid-
den mode they measured consists of LO phonons with a
range of large wave vectors. These phonons are made
visible by symmetry breaking due to impurity potentials.
From the viewpoint of material characterization, the
above comparison suggests that the potential Auctuations
induced by Be in MBE-grown samples are much less than
those associated with Zn in bulk samples. Second, it has
been suggested' that in backscattering from opaque ma-
terials, the uncertainty in the scattering wave vector asso-
ciated with the Anite skin depth should be considered in
the interpretation of the spectra. The absence of the for-
bidden peak in our (~~, ~~) spectra indicates that large
wave-vector, nonallowed scattering is weak in our sys-
tem, and therefore it is safe to neglect the absorption-
related wave-vector uncertainty in our line-shape calcula-
tions.

While the difference between our Raman spectra and
those of Olego and Cardona might be mainly due to
differences in sample growth and doping, the sample
quality used by Yuasa and Ishii should be very similar to
ours. They did not observe the novel hole-density depen-
dence of the coupled mode because of the hole densities
of their samples. Comparing our Raman spectra (Fig. 2)
with theirs (Fig. 1 of their paper), their spectra corre-
spond to our (a), (b), and (e). They did not measure the
most critical spectra (c) and (d). Without these two spec-
tra, they concluded that the coupled modes in p-type
GaAs behave as those usually observed in n-type semi-
conductors.

III. CALCULATION OF RAMAN LINE SHAPES
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To support the assignment of the broad asymmetric
peak to CPPM's, the Raman cross sections were calculat-
ed and shown as dashed lines in Fig. 2. This calculation
employs a theory similar, but not identical, to those
developed by Hon and Faust and Klein et a/. " indepen-
dently for Raman line-shape analysis in n-type semicon-
ductors. For depolarized scattering geometry, where
scattering is due to electro-optic and deformation-
potential mechanisms, the results from these two papers
are the same. Following Hon and Faust, the differential
Raman cross section can be expressed as

d R
t

~ Im ' +2CAy
dc0 d0 4m

STOKES SHIFT (t:I )

FEG. 3. The Raman spectra from sample (d) in (l, il) (solid)
and (ii, ii) (dashed) scattering polarizations.
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where the heavy- and light-hole bands, yf, was approximated by

@=@„+4m(yl +yr, ), (2) ~fc +]h++hh++inter & (9)

and

N2
t

Q) I CO
2 2

N, —M —irIN
(4)

where ghh and g~h correspond to intra-heavy-hole and
intra-light-hole band transitions, which are of the same
form as Eq. (5), with the appropriate mass and density
parameters. The g,„„,corresponds to inter-valence-band
transitions and was obtained by generali. zing
Bardyszewski's' expression of g;„„,at T=0 K to finite
temperature, in the limit of zero wave vector. Then

Here e is the total dielectric function of the system,
C = —0.59 is the Faust-Henry coeScient for GaAs, and
co& and co, are the unscreened, Brillouin-zone-center LO-
phonon (291 cm ') and TO-phonon (268 cm ') energies,
respectively. yl is the ionic susceptibility of the zinc-
blende structure, and gf, is the susceptibility of the free
carriers. For n-type material, the wave vector (q) and fre-
quency (co) dependent free-carrier susceptibility derives
from intra-conduction-band transitions, and is taken to
be of the Lindhard-Mermin' form, generalized to
nonzero temperatures and Maxwell-Boltzmann distribu-
tions. Then

(1+i I r, /~)yq, (q, co)
xr.(q ~)

1+i I'r~r, (q, co)/cour, (q, 0)

with

o &~ I+7)Z(g)
2 24n &Dq

where

m fc

2k~ T

1/2
(co+iI &, )

and

e„k~T
XD 2

~

4+Nf, e
(8j

Here Nf, and m f, are the concentration and effective
mass of the free carriers, kz T is Boltzmann's temperature
factor, and e is the electronic charge. I f, is a phenome-
nological damping constant associated with extrinsic in-
teractions of the free carriers with phonons and impuri-
ties, and Z(ri) is the plasma-dispersion function. To cal-
culate the spectra from p-type GaAs, considering only

Im[y:,„„,(co ) ]= [f„h (K)—f)h(K) ],~~ (~ hh ~ lh )

(10)

where the f,h(K) and fhh(K) are the Maxwell-Boltzmann
distribution functions evaluated at wave vector K, and

2c™,*hm „*„
K =

A'(m
hh

—m, h )

The real part of y,„„,was obtained numerically using
Eq. (10) and the Kramers-Kronig relation. In equilibri-
um, the light-hole and heavy-hole densities are related as
Nhh /N, h

= ( m hh /m, *„),hence there are only three
variable parameters in the model described by Eqs.
(1)—(11); the total hole density and the phenomenological
damping parameters for the intraband susceptibilities I hh

and I,h. A self-consistent treatment of phenomenological
damping in the interband susceptibility term' remains to
be incorporated in the model. To reduce the number of
independent parameters further, the phenomenological
damping terms were weighted in proportion to the
respective carrier masses as I hh/I ~h=(m hh /m, 'h )

The power of —', provided similar quality fits to all of the
observed spectra, for a fixed value of I,h=50 cm
These fits, shown superimposed on the experimental data
as dashed lines in Fig. 2, were obtained using the densi-
ties listed in the last column of Table I, ' along with the
material constants listed in Table II. The discrepancy be-
tween the densities extracted using the Raman spectra
and those obtained from Hall measurements (also shown
in Table I) could be due to the fact that the eff'ective Hall
coeScient was taken as unity, whereas due to the com-
plex valence-band structure this coeScient is likely
different from unity, as explained in Ref. 17.

The quality of the fits is considered good, with the

Symbol

mis

mph
C
r,
T

TABLE II. List of parameters used in calculations

Description

Light-hole effective mass
Heavy-hole effective mass
Faust-Henry coeScient
Ionic damping constant
Temperature
High-frequency dielectric constant
TO-phonon energy
LO-phonon energy

Value

0.082m 0

0.45m o—0.59
3 cm
300 K
10.92

268.0 cm
291.0 cm
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FIG. 4. The measured energies of the peak in the coupled-
mode Rarnan spectra shown in Fig. 2 (squares). The solid
curves correspond to peak energies calculated with

gfg ghQ +yjh +y~h +y,„te, (solid), y« =y» +g~h (dashed-dotted),
and yf, =yhh (dots).

main discrepancy being in the high-energy tail. Better
agreement in this range might be obtained if phenomeno-
logical damping was included in the interband suscepti-
bility term. Some, but not all of the difference could also
be accounted for by errors made in subtracting off a
small, broad background from the measured spectra. Re-
gardless of these minor discrepancies, the model exhibits
the novel, hole-density dependence of the single mode.
This point is emphasized by plotting the observed
(squares) and calculated (solid line) peak positions of the
CPPM's as a function of hole density in Fig. 4. Although
previous Raman line-shape calculations ' have suggest-
ed the possibility that coupled modes could have energies
between that of the TO- and LO-phonons even at small
wave vectors, this aspect of coupled-mode behavior has
not been explored in detail.

IV. CONTRIBUTIONS DUE TO INTRA-LIGHT-HOLE
AND INTER-VALENCE-BAND TRANSITIONS

Having demonstrated that the novel single-mode spec-
tra observed in Be-doped p-type GaAs can be quantita-
tively described by a detailed calculation for allowed Ra-
man scattering from a degenerate, two-band, spin- —', free-
carrier system including phenomenological damping, it
remains to elucidate the relative importance of intrinsic,
spin- —,

' related effects, and extrinsic effects related to the
phononrnenological damping. Although others have in-
corporated interband transitions in their calculated spec-
tra, ' ' to our knowledge the relative importance of these
various contributions has never been discussed in detail.

The importance of including intra-light-hole transi-
tions, despite the fact that less than 10% of the total hole
population is in the light-hole-band and inter-valence-
band transitions in the calculation of the spectra is illus-
trated in Fig. 5. This figure shows the calculated spectra
corresponding to sample (d) for which only intra-heavy-
hole transitions (dashed), intra-heavy and intra-light-hole

FIG. 5. Spectra calculated for hole density 5.25 X 10' cm

using q. (1) with yf, =y»+y~h+y, „„, (solid), yf, =y»+y
(dashed-dotted), and yf, =g» (dots).

transitions (dashed-dotted), and all intraband and inter-
band transitions (solid) are included. The inAuences of
the light holes and the interband transitions are indeed
strong.

To demonstrate the inhuence of inter-valence-band
transitions on the density dependence of the CPPM's
peaks, the carrier density-dependent coupled-mode ener-

gy calculated with the g,„„,term omitted from gf, is
shown as a dashed-dotted line in Fig. 4. This may be
compared with the dashed line that represents the same
calculation but with omission of both g,„„,and y, h from
yf„and with the full calculation shown as a solid line in
Fig. 4. Notice the trend; without the interband term
present, the relatively weakly damped (recall the phe-
nomenological damping parameter varies as m j light
holes, together with the relatively strongly damped heavy
holes still yield a single-mode-like system. However it is
just on the verge of converting to the more commonly ob-
served two-mode system, which occurs when the slope of
the curves in Fig. 4 goes positive in the transition region.
Addition of the inter-valence-band term makes the sys-
tem more single-mode like, while inclusion of only the
heavy holes yields a strongly single-mode-like system.
This implies that although the inter-valence-band and
intra-light-hole transitions strongly inAuence the quanti-
tative details of the single-mode behavior, the basic
source of this behavior can be attributed to the intra-
heavy-hole transitions alone.

V. PHYSICAL MECHANISMS RESPONSIBLE
FOR SINGLE-MODE BEHAVIOR

Since the single-mode behavior in the p-type GaAs has
been traced to the intra-heavy-hole transitions, the
remaining discussion is limited to the case of CPPM's in
a single-component plasma. Previous Rarnan ' and
neturon-scattering studies of the dispersion properties
of CPPM's in n-type zinc-blende semiconductors have re-
vealed a CPPM with energy between the LO- and TO-
phonon energies at wave vectors ) 1 X 10 crn '. In the
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case of the neutron-scattering experiment, the results
were interpreted using a static screening argument in

which, by definition, coupling effects involving plasmons
are not included. In this model, the energy of the
phonon-like co mode is slightly below the TO-phonon
energy at small wave vector because of the strong plasma
screening. At larger wave vectors, it monotonically in-
creases toward the LO-phonon energy as the screening
power gradually decreases. In the case of the Raman ex-
periments, the CPPM's spectra at different wave vectors
were fit using the single-component plasma version of the
theory described in Sec. III. While the significance of the
Lindhard-Mermin form of the dielectric function was em-
phasized, no discussion on the physical mechanism re-
sponsible for the observation of CPPM energies between
the LO- and TO-phonon energies was given.

CPPM's with energy intermediate to the LO- and TO-
phonon energies have also been calculated ' using a
simplified, zero-wave-vector limit of the theory described
in Sec. III. In these cases, the occurrence of such modes
was attributed to the large phenomenological damping
parameter used to generate the spectra, although the
basic physical mechanism was not elaborated.

While none of these previous works reported a sys-
tematic study of the density dependence of their CPPM's,
the observation of modes with energy intermediate to the
LO- and TO-phonon energies suggests that they might
have something in common with the CPPM's observed in
p-type GaAs. If this is true, can the observed density
dependence in p-type GaAs be explained in terms of stat-
ic screening effects, effects due to large phenomenological
damping, or to a combination of both? The remainder of
this paper is devoted to answering this question. As part
of the answer, heuristic physical models are developed
that elucidate the nature of the physical phenomena that
can in general lead to "anomalous" CPPM behavior.

First, consider the case of large wave vectors. A
single-component plasma model, in which no phenome-
nological damping is included, can in fact produce a simi-
lar density dependence as observed in p-type GaAs, and
the results can be understood in terms of the static
screening picture described by Cowley and Dowling.
To see this, consider the behavior of the Lindhard-
Mermin dielectric function in the limit of no phenomeno-
logical damping and large wave vector. For frequencies
near those of the LO and TO phonons there is a wave
vector above which the dimensionless g parameter in Eq.
(6) is always ((1,and in this range the electronic part of
the dielectric function will always be of the Debye-
Huckel form. No plasmon —LO-phonon "coupling" can
occur in this system because at densities such that the
formal plasmon energy,

4~Nf, e
' 1/2

m f*, g
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ing to define the phonon energy, as screened by the free
carriers, is strictly valid:

co(q) =co, +(col —co, )/e(q, O) (12)

and the corresponding density dependence shown in Fig.
6(a) follows immediately. Regardless of carrier density,
the thermal velocity of the carriers is sufficient to adia-
batically follow the ionic motion associated with the LO
phonon. The free-carrier density is then always 180' out
of phase with the ionic, bound charge density, but the ra-
tio of magnitudes of the free-charge —to-bound-charge
densities does depend on free-carrier density. At low
densities it is essentially zero and the energy of the LO
phonon is unperturbed. As the free-carrier density in-
creases, the ratio increases and the macroscopic electric
field responsible for raising the LO-phonon energy above
the TO-phonon energy is gradually screened until at very
high densities, it is completely screened (ratio= —1)
rendering the LO phonon degenerate with the TO pho-
non.

A density-dependent CPPM energy similar to that ob-
served for the p-type GaAs CPPM's can also be generat-
ed using a single-component plasma model at zero wave

20 40 60 80 100
is comparable to the phonon energies, no plasmon reso-
nance exists at these large wave vectors since there are
insufficient carriers to screen or establish electric fields
over a single wavelength of the (assumed) excitation. In
this limit then, the equation used by Cowley and Dowl-

HOLE DENSITY { 10 cm )

FIG. 6. The density-dependent energy(s) of the Raman peaks
calculated with y&, =y» and (a) q =4X 10' cm ', I hh=0, or (b)
I »=640 cm ', q =0.
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which is just the simple Drude result. In the limit that I
is much larger than the phonon energies, the equation for
the CPPM energies obtained by setting e=O has one
physically acceptable solution for free-carrier densities
such that co I . The situation is similar to the statically
screened case described earlier in that there is no
plasmon —LO-phonon "coupling" since no plasmon reso-
nance exists. In this case the resonance is damped out of
existence, whereas in the previous case it was a conse-
quence of the excitation wavelength being less than the
characteristic screening wavelength of the plasma. The
single root e=O thus corresponds again to the energy of
the LO phonon as modified by the (nonresonant) free car-
riers. In the case of large damping, the resulting carrier
density dependence, shown in Fig. 6(b), can be best un-

derstood by considering the expression for the ratio of
free-charge —to —bound-charge-density amplitudes at the
CPPM energy cop ]„

Pf ~
CL) pp]e COp l L. COpp]e

pp]e

~ole P
(

2 2)2+1 2 2
Capp]e COp ~pp]e

(14)

With reference to Fig. 7 and Eq. (14), at low carrier
densities the vast majority of the free charge is 90' out of
phase with the bound ionic charge. Since this free charge
neither screens nor antiscreens the LO phonon its energy
is shifted only a little. What remnant of the plasmon that
does exist at low densities still has a natural frequency
less than that of the LO phonon, so there is a very small
amount of free charge that antiscreens the LO phonon,
raising its energy slightly. Although negative, the magni-
tude of the in-phase component of the free-to-bound
charge ratio is still very small because the large damping
forces the majority of charge to be 90' out of phase. As
the carrier density increases while the LO-phonon energy
remains essentially unchanged, the plasma frequency
rises above the LO-phonon energy, at which point the
small resonant component of the free charge begins to
screen rather than antiscreen the ionic charge. Thus for
a free-carrier density such that the real part of the ratio
in Eq. (14) changes sign, the energy of the CPPM dips
slightly below the unscreened LO-phonon energy due to
this small amount of screening, while the majority of the
plasma is still 90 out of phase. As the free-carrier densi-
ty continues to increase, but still with cu & I, the plasma
becomes more resonant in nature (though still over-
damped), and an increasing number of carriers shift from
being 90' out of phase to 180' out of phase, thus pulling
the CPPM's energy lower and lower. Very close to the
point where co =I, the real part of the ratio of free-to-
bound charge in Eq. (14) becomes —1, and the CPPM
has the TO-phonon energy, although there is still a
significant amount of charge 90' out of phase. For

vector, and large phenomenological damping. In the
small-wave vector limit, the Lindhard-Mermin suscepti-
bility reduces to

CO 3k' T q~1+
4m co(co+il ) mf, ( ate+i 1) 2

300 i I,'I I
I

i I I I
I

I I I I
I

I I I I
I

I I i I

I

290
I

E
O

I—
280

(f)

270

l I.' I I I I I I I I I I I I I I I I I I I I I I

10 20 30 40 50

HOLE DENSITY ( 10 ce )

FIG. 7. The single-mode energy co~,~, obtained by solving for
@=0with gf, (q, ~) =ghh(0, co) and I &h=1000 crn ' (solid). Also
shown is the density-dependent plasma frequency ~~ for com-
parison with Eq. 14 {dashed).

higher densities the plasmon becomes a resonant entity
and two CPPM s evolve in a fashion similar to that typi-
cally observed in n-type materials.

Thus it is possible to generate the observed density
dependence of the p-type GaAs CPPM's through two
completely different mechanisms. Since our full nurneri-
cal fits to the spectra included both nonzero wave vector
and phenomenological damping, these do not allow us to
attribute the observed behavior to either of the two
mechanisms. However, using a conservative criterion for
the static screening model to hold for the heavy holes in
GaAs, namely,

]/2

-0.1, (15)
2k~ T q

the wave vector would have to be larger than -4X10
cm '. On the other hand, for the phenomenological
damping mechanism to dominate, I hh must be much
greater than col, which is definitely the case since
I hh=640 cm ' was used to obtain the fits to the spectra.
Therefore we conclude that the observed density depen-
dence of the CPPM's in p-type GaAs largely rejects the
highly overdamped nature of the heavy holes in this ma-
terial. However, as shown in Sec. IV, the light holes and
the inter-valence-band transitions strongly modify the de-
tailed density dependence of the CPPM's in p-type GaAs.
The relatively slightly damped light holes act to reduce
the overall damping in the system while the inter-
valence-band transitions provide an additional intrinsic
(as opposed to phenomenological) damping mechanism.

These arguments, together with the experimental re-
sults on Be-doped, p-type GaAs, illustrate that single-
mode-like behavior with CPPM energies between those of
the LO and TO phonons can in general be due to either
static screening effects, effects due to the overdamped na-
ture of the plasma, or to a combination of these two dis-
tinct physical mechanisms. Furthermore, the source of
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the damping need not be extrinsic to the plasma system
(that is, impurity or phonon induced). It can arise from
intrinsic electronic processes such as inter-valence-band
transitions (as in the p-type GaAs case), or intraband
Landau damping processes, if these are not dominated by
extrinsic effects.

VI. CONCLUSIONS

contribute strongly to the LO-phonon —free-hole interac-
tion. The novel single-mode behavior as a function of
free-hole density was attributed largely to the over-
damped nature of the heavy-hole system, although it was
shown that wave-vector dispersion effects can in principle
lead to the same density-dependent mode energy in sys-
tems with little or no damping.

A systematic density dependent study of the inhuence
of free holes on the LO-phonon mode in Be-doped, p-type
GaAs grown by MBE was carried out using nonresonant
Raman scattering. By quantitatively fitting the spectra
with a multicomponent plasma model, intra-light-hole
and inter-heavy- to light-hole transitions were found to
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