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The effect of a strongly damped, thermally excited, one-component electronic plasma on near-
zone-center longitudinal-optical phonons in GaP has been studied in detail. The bandwidths, peak
positions, and spectral functions as obtained from incoherent Raman scattering compare very well
with the expected dielectric response of a phonon-plasma coupled mode. It is possible to recover,
by these means, the dependence of the effective phonon damping rate, the plasma damping rate, and
the plasma frequency on the ambient temperature and the carrier concentration.

I. INTRODUCTION II. EXPERIMENTAL CONDITIONS AND RESULTS

We have previously reported' a measurement of the
dephasing time, T2, of near-zone-center longitudinal-
optical (LO) phonons in high-purity crystalline GaP. It
was demonstrated that the temperature dependence of
the dephasing time is dominated by three-phonon (anhar-
monic) interactions for temperatures less than about 150
K. Above this temperature, T2 was observed to be short-
er than that explicable in terms of three phonon interac-
tions. Similar observations, deduced from studies of the
temperature dependence of the bandwidths and the peak
frequencies of incoherent Raman-scattering lines, have
been previously reported in the literature. The in-
creased bandwidth (shorter dephasing time) has been
variously proposed to stem from the presence of higher-
order phonon-phonon interactions, insufFiciencies of
anharmonic lattice theory, and/or the presence of free
carriers from thermally or optically activated donor
states. ' The theoretical basis necessary to resolve the
roles of these various possible contributions requires the
introduction of additional fitting parameters.

We now show for n-doped GaP that the temperature
dependence of the bandwidths, peak frequencies, and oth-
er parameters of a coupled phonon-plasma system can be
accounted for in terms of simple dielectric-response
theory without the introduction of fitting parameters.
Specifically, - we have investigated in some detail the in-
teraction of LO phonons in GaP with a thermally activat-
ed (electron) plasma of varying concentration. In princi-
ple, our investigation of this system is similar to that re-
ported by Hon and Faust. However, as will be noted
below, the treatment of the phonon-plasma coupling, the
temperature range of the measurements, plus the experi-
mental results and their analysis, differ considerably.

Before proceeding to the present results, it is worth
noting the following factors which inAuence the experi-
ment.

(a) In the present experiment the observables are the
bandwidth, peak height, and spectral line-shape function
of the incoherent Raman scattering from the LO-
phonon —coupled mode. In our earlier work' we ob-
served instead the dephasing time of near-zone-center LO
phonons by (picosecond) time-resolved coherent anti-
Stokes Raman scattering (TRCARS). It can readily be
shown, as long as the incoherent Raman-scattering spec-
tral function is Lorentzian and the phonon component of
the TRCARS signal decays exponentially, that the band-
width Av and the dephasing time T2 are simply related
by hv(cm '

) = (trc T2 ) '. Thus, either measurement
yields hv and T2, so that the choice of the measuring
technique need depend only on the experimental condi-
tions (c is the speed of light).

(b) In forward-scattered incoherent Raman processes,
or forward-scattered coherent Raman excitation (CRE),
only phonons with wave vector of the order 10 —10
cm ' can be excited and detected.

(c) Electronic carriers photoexcited high into the con-
duction band of GaAs, at densities below 5 X 10' cm
have been shown ' to lose energy by LO-phonon emis-
sion through a multiple-step cascade with a time of —150
fs per cascade step. A time of a few picoseconds is re-
quired to form a thermalized electron-hole plasma at
some conduction-band minimum. We assume that the
temporal factors are essentially the same in GaP as in
GaAs. Thus, near zero-center optical phonons observed
in the cw incoherent Raman-scattering or in the pi-
cosecond time-resolved CARS measurements can be ex-
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pected to interact only with a plasma of carriers.
(d) GaP differs from GaAs in that GaP is a so-called

"indirect-gap" semiconductor, whereas GaAs is a
"direct-gap" semiconductor. This refers to the fact that
in GaAs photoionization from the maximum of the
valence (say at the I' point) to a minimum in the conduc-
tion band can be reached without a change in the carrier
wave vector, whereas that is not the case in GaP, which
has lowest-lying conduction-band minima at the X point
in the band structure. In the present experiment carrier
excitation occurs through thermal ionization of donor
impurity states in which changes in wave vector do not
play a role. Nevertheless, once thermally excited the car-
riers in GaP will most likely form a plasma at equivalent
minima in the band structure near the X point of the I,
band. Such plasmas succumb to carrier-scattering pro-
cesses' which differ from these in, e.g., GaAs, which
possesses a single band minimum. '

(e) Plasma are damped even in the absence of phonons,
the damping arising from, among other factors, carrier-
carrier, intervalley, and interband scattering. The plasma
damping rate in GaP is known to be high, possibly due
to the additional intervalley scattering which may be
present in indirect-gap semiconductors. Thus, as a result
of phonon-plasma coupling, even modest carrier concen-
trations in GaP readily cause a decrease in T2 belo~ the
(I —2)-ps limiting temporal resolution of our TRCARS
system. This is the basis for choosing incoherent Raman
scattering, rather than TRCARS measurements, except
for the case of a very pure sample.

Incoherent Raman scattering was carried out in a stan-
dard forward-scattering geometry using a cw krypton
laser operating at 647.1 nm and a power of 100 mW.
Samples of GaP, with n-type doping of various nominal
concentrations, were held at ambient temperatures from
5 to 300 K.

The temperature dependence of the Hall coeScient
was independently determined for each of the samples of
GaP (except sample a). Values for the corresponding
temperature dependence of the carrier concentration,
n, (T), for three relatively weakly doped samples are
shown in Fig. l. We chose n, (285 K) as a way of identi-
fying the various samples as indicated in Table I. Sam-
ples a —d and f were doped with tellurium, whereas sam-
ple e was doped with silicon.

Several measurements of the incoherent Raman-
scattering intensity were carried out for each sample, and
at each ambient temperature, except for the purest sam-
ple, for which several TRCARS measurements were per-
formed. Figures 2(a) —2(d) indicate a series of Raman-
scattering lines from sample c held at 50, 100, 175, and
250 K. The solid circles represent a subset of all data
points taken and the solid lines are Lorentzian spectral
distributions fitted to the observed peak frequencies and
bandwidth [full width at half maximum (FWHM)]. "
Similar Lorentzian line pro61es are obtained for all other
samples and temperatures.

The open triangles in Figures 3—5 are a compilation of
observed peak frequencies of the "phononlike" coupled
mode ~+, and the observed effective damping rates of the
LO-phonon —coupled mode for various ambient tempera-
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FIG. 1. Carrier concentration as function of ambient temper-
ature as obtained from Hall-coe%cient measurements for sam-
ple b, open triangles; sample c, open circles; sample d crosses.

III. THEORY AND ANALYSIS OF RESULTS

%'e treat the coupled phonon-plasma system in terms
of a dielectric response function, e(co), given by

0
e(co) —e ~+

coy- co l coI

2
QPp

co(co+ iy )

In Eq. (I), 0 =e (coL —cor), coL is the LO-phonon fre-

TABLE I. Identity of samples and effective masses of car-
riers.

Sample

a
b
C

e

Concentration
at 285 K {cm )

&1.5X 10"
3.6x 10"
1.7X 10'
3.6x10"
1.3 X 10'
1.8 x10"

m */m,

0.35
0.35
0.37
0.57
0.56

tures. In general, the effective damping rate I,~ for any
one sample increases with temperature, whereas co+ in-
creases or decreases depending on the doping levels. For
any one temperature, both I,& and co+ increase with the
doping level.
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FIG. 2. Observed incoherent Raman scattering lines from
sample c held at an ambient temperature of 1, 250 L; 2, 175 K;
3, 100 K; 4, 50 K (also see Ref. 11).

FIG. 4. Compilation of the effective damping rate of the
LO-phonon —plasma —coupled mode for the pure sample (a) and
two nominally heavily doped samples (e and f).
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FIG. 3. Lower graph: compilation of observation peak fre-
quencies, ~+ (open triangles), associated with the LO-
phonon —coupled mode as a function of ambient temperature.
Results for samples a —d are as marked in the figure. Upper
graph: compilation of the effective damping rate of the LO-
phonon —coupled mode for samples a —d.
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FIG. 5. Compilation of the peak frequency of the LO-
phonon —plasma —coupled mode for the purest sample (a) and
two nominally heavily doped samples (e and f).
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static dielectric constant in the presence of the ion-core
background, and S is the plasma frequency in the pres-
ence of the ion-core background.

The real part of e(co) set equal to zero leads to the
eigenfrequencies of the coupled modes and the imaginary
part of I/e( co) leads to a spectral function, S(co), analo-
gous to the structure factor of nuclear scattering. In the
past, various parameters of Eq. (1) have been neglected.
Thus, either y and/or I are not taken into account de-
pending on their relative magnitude. We have obtained
instead a rigorous solution of Eq. (1) which contains y
and I,s with the only requirements that I,a ( —5
cm ')((co+ (-400 cm ') and that co=co& [i.e., that
e(co) is evaluated only in the neighborhood of the peak of
the LO-phonon —coupled mode]. The solutions to Eq. (1),
with these restrictions, are
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I,ff=—I +
CO pQ

(4)
(col +y co )co2 F

where I,ff is the effective damping rate of the LO-
phonon —coupled mode in the presence of the plasma.
Here, m stands for the "plasmalike" coupled mode.
Note from Eq. (3) that the predicted spectral function,
S(co), has a Lorentzian shape as, indeed, observed experi-
mentally (see, e.g., Fig. 1 and Ref. 9).

Thus, there are two equations, the co+ component of
(2) and (4), for the two unknown quantities co~ and y. I
is obtained from the previously reported TRCARS mea-
surements on sample a, i.e., on the very-high-purity sam-
ple of GaP. In what follows it is assumed that in the
"pure" sample the effect of thermally activated carriers is
negligibly small. Thus, the curves marked a in Figs. 3—5
represent the effects on I (T) and coL(T) solely due to
thermal expansion of the lattice and anharmonic dephas-
ing of the LO phonons. Thus, deviation from the pa-
rameters which describe the pure sample imply the addi-
tional interaction with the thermally activated one-
component plasma.

Exact solutions of Eqs. (2) and (4) for co~ and y as a
function of temperature are obtained through an iterative
process which starts with an approximate value of y and
ends when stable values of S~ and y are found. The cor-
responding values are displayed in Figs. 6 and 7. It fol-
lows from summing co+ and co of Eq. (2) that
co — 6 p p %'e find, for the full range of samples and
temperatures, that y ~ co,' that is, that the Raman

FIG. 6. The plasma damping rate y as a function of the am-
bient temperature as obtained through exact solutions of Eqs.
(2) and (4). The curves are marked as follows: sample b, open
circles, sample c, solid circles; sample d, open triangles; sample
e, solid triangles; sample f, crosses.

scattering peak at co is either strongly, or as in most
cases, overdamped. This accounts for the observation
that the scattering peak associated with co is only barely
detectable. We do not consider it further.

Independent measurements of the Hall coefticient for
all samples and temperatures (except the pure sample)
makes it possible to convert the independent variable
from ambient temperatures to carrier concentration, n, .
The results are shown in Figs. 8 —11.

It is now possible to make a number of general obser-
vations of the behavior of the coupled phonon-plasmon
system. First, note that Eqs. (2) and (4) correctly reduce
I ff to I and co + to coL as co goes to zero. This is not the
case with the formulation of Hon and Faust. Also note
from Figs. 3(a) and 5 and Eq. (2) that deviations from co+
relative to coL vary roughly as co —y . Thus, as the car-
rier concentration (and co ) increases, co+ increases rela-
tive to col, but the plasma damping, y, tends to reduce
this increase. Examination of Eq. (2) further yields, that
if co =0, regardless of the value of y, co+=cuL and
I,ff=I. In contrast, if y=0, I,ff=I and co+ ~coI de-
pending on whether co 0. Thus if, as in Fig. 3 for
T~ 175 K, I,ff=I, but, as in Figs. 3 and 5, co+ ) coL it
follows that y=0. This accounts for the various ap-
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Eqs. (2) and (4). See caption of Fig. 6 for identification of the
samples.

parent intercepts of y(T) with the temperature axis of
Fig. 6.

The accuracy of the measurements of ni+ and I,s. (see
Figs. 3 —5) is not, however, sufficient to rule out the possi-
bility that co+ and I,& diA'er, respectively, from mL and I
all the way back to 0 K. If this is the case, then y(T)
need not extrapolate to the temperature axis as shown in
Fig. 6, but, rather, y could be greater than zero down to
the lowest temperature (or carrier concentration). There-
fore, we cannot rule out the possibility that some
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temperature- (and therefore carrier-concentration-) in-
dependent plasma damping is present in the coupled sys-
tern, although such effects are not directly observed.

Figure 7 illustrates the expected trend that co+ in-
creases with temperature, i.e., with iricreasing carrier
concentration. However, the intercepts with the temper-
ature axis are grouped into two different values depend-
ing on whether or not n, (285 K) is greater than, or less
than, —10' cm . Sample e is doped with silicon,
whereas sample f is doped with tellerium. Thus, the
dopant species is not a likely cause of this observation.
On the other hand, higher dopant concentration may
cause defect clusters which may have differing ionization
energies. However, we have not pursued this point fur-
ther.

It is also not clear why y( T) saturates, and even even-
tually decreases, with increasing temperature. Although
saturation of y( T) may imply depletion of the donor
states, it is difficult to account for the decrease in y(T)
and the lack of a corollary effect in co .

- The dependence of co on n„as shown in Figs. 8 and 9,
can be used to obtain the carrier effective mass, m*,
through the well-known relation co~=n, e /roe„rn' in
which e is the carrier charge, and ez is the static dielectric
constant. The results are presented in Table I. This re-
sult must be compared to m* obtained from its com-
ponents as listed in the literature;' namely, m~=0. 22,
mII =0.87, and

(m') '=-,'m '+-,'m
II

reflect the presence of the well-known "camel' s-back
structure" in the band structure of GaP at the X point is
outside the ability of this experiment to decide.

As a comparison to the present results on m and n„
we list in Table II the earlier results of Hon and Faust.
The comparison is restricted in a number of ways. For
example, only results for room-temperature values are
listed since this is the only temperature considered in Ref.
6. Moreover, the independent Ineasurements of the Hall
coe%cient reported in the present work allow indepen-
dent experimental determination of co and n, . In com-
parison, Hon and Faust rely on the well-known equation
stated at the beginning of their Sec. IV and on an unex-
plained value of m*/m, =0.73 in order to determine
values of n, from the experimental value of co .

IV. DISCUSSION

TABLE II. Carrier concentration and plasma frequency.

Hon and Faust (Ref. 6)
Carrier
conc. Plasma

10 ' n, (cm ) freq.
(at room temp. ) co~ (cm ')

Present work
Carrier
conc.

10 'n, (cm )

(at 295 K)

Plasma
freq.

Qp (cm ')

It is clear that the dielectric response function given by
Eq. (1) adequately accounts for the interaction between
the damped LO-phonon modes and strongly damped
one-component plasma modes. The derivation adopted
here for the parameters of the coupled phonon-plasma
system represents a straightforward application of dielec-
tric response theory. Furthermore, it avoids the some-
what obscure formulation used by Hon and Faust. More-
over, in the present method, various useful parameters,
such as the effective phonon damping rate, the plasma
damping rate, the plasma frequency, and the dependence
of these parameters on temperature and carrier concen-
tration, can be readily recovered.

%'e take preliminary note of an apparent difference be-
tween phonon-plasma interactions depending on whether
a one-component or a two-component plasma is involved.
The results of the present investigation clearly demon-
strate a strong coupling between the LO phonon and a
heavily damped one-component plasma. Thus, the
effective damping rate of the phonon-coupled mode is
continuously increased as the plasma concentration in-
creases. Because the plasma is strongly damped the
scattering at co is barely observable. In contrast, Kar-
dontchik and Cohen' report no observable damping in
an undoped GaP sample subjected to photoexcitation of a
two-component (electron-hole) plasma varying in concen-
tration from 0.5X10' to 5X10' cm . In this case,
however, the lack of any observable damping of the cou-

which leads to m*/m, -0.3. Here again we note that
the results for the two heaviest doped samples (n, ) 10'
cm ) diff'er from those of the lighter doped samples
(n, (10' cm ). Whether or not these diff'erences [and
those in y(T) and y(n, )] as shown in Figs. 10 and 11

2.6
8.2
9.2

12.0
26.0

59.4
105.1
111.2
124.3
186.6

0.36
1.70
3.60

13.00
18.00

38.0
72.3
92.6

138.8
175.8
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pled state may be an experimental artifact due to a limit-
ing spectral resolution of —5 meV (40 cm '), ' which is
a factor of S more than the maximum value of the band-
width of the co+ mode reported in the present study.
Nevertheless, Kadontchik and Cohen report observation
of the full co peak over a range of excitation energies
(see Fig. 2 of Ref. 13), whereas we were able to observe
only a very wide, overdamped response in the co region
in sample e near room temperature. A possibly related
observation has been reported by Rhee and Bron, ' who
find that the presence of a photoexcited two-component
plasma inAuences the generation of LO phonons in GaP
through coherent Raman excitation (CRE). It is ob-
served that the phonon concentration produced by ever
increasing laser pump power reaches a maximum, and
then actually decreases to zero. Throughout this process
the bandwidth of the LO phonons was observed to
remain constant, although, again, the spectral resolution
(-9 cm ') was poor compared to the broadest band-
width ( —8 cm ') reported in the present work. Taken at
face value, this set of observations implies that the damp-

ing of LO phonons coupled to a one-component plasma
differs from that coupled to a two-component plasma. If

this observation is confirmed by more careful experimen-
tation, then the origin of this difference deserves further
attention.

Finally, we note that the main conclusion of this inves-
tigation remains intact, namely, that the presence of a
strongly damped one-component plasma strongly de-
creases the effective lifetime of the phonon-coupled mode,
and that the behavior of the coupled system is explicable
in terms of standard dielectric response theory.
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