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Damping Effects on the Polariton and Plasmariton Dispersion Curves in n-GaAs
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The effect on the temporal and spatial damped-dispersion curves of the polariton and plasmariton has
been evaluated for different electron concentrations, lifetimes of the transverse optical (TO) phonon- and
electron-collision times. These dispersion curves are important to optical spectroscopists who are investi-
gating Raman and infrared processes.
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The purpose of this paper is to calculate separately the
temporal and spatial' damped-dispersion curves, X vs q,
of the polariton (a coupled TO phonon-photon) and
plasmariton (a coupled TO phonon-dressed photon) in
it-GaAs for different electron concentrations (N),
optical-phonon lifetimes (1/-y), and electron-collision
times (1/v).

Since the advent of laser Raman spectroscopy, it has
been possible to measure experimentally the effect of
the coupling among the various elementary excitations,
in particular the coupled LO phonon-plasmon,2 TO
phonon-photon,' and the dressed photon-TO phonon4

excitations. It is also possible to observe the coupled
LO phonon-plasmon excitation by infrared absorption
or reflection.' There appears to be no reported theo-
retical study of the effect of damping on the coupled
temporal and spatial damped-dispersion curves except
for the work of Tsu', who considered only spatial damp-
ing in SnTe. A damped excitation wave can be described
by a complex frequency and/or momentum. The
physical problem and conservation of momentum may
define the complex nature of co and q. Two examples
are: a temporal damped excitation, described by a real
momentum lkq, and complex frequency cO= c0+iCO2, and
the waves involved, for example, in a Raman-scattering
experiment' when the incident and scattered frequencies
are outside the excitation-wave absorption region. A
spatial damped excitation, described by a complex
momentum Siq= h(q1+iq2) or propagation constant
q= qI+iq2 and real frequency coa, takes part in infrared
absorption or reflection experiments.'

The transverse plasmon5 ' 9 or dressed photon"',0 is a
quasiparticle that consists of a photon surrounded by
an electron cloud. The electromagnetic field is strongly

' V. L. Ginzburg, Propagation of Electromnagnetic Waves in
Plasnas (Gordon and Breach, New York, 1961), Secs. 7, 8.

2 A Mooradian and G. Wright, Phys. Rev. Letters 16, 999
(1966).

3 S. P. S. Porto, B. Tell, and T. C. Damen, Phys. Rev. Letters
16, 450 (1966).

4 C. K. Patel and R. E. Slusher, Phys. Rev. Letters 22, 282
(1969).

6 C. G. Olson and D. W. Lynch, Phys. Rev. 177, 1231 (1969).
" R. Tsu, Phys. Rev. 164, 380 (1967).
7L. Rimai, J. L. Parsons, J. T. Hickmott, and T. Nakamura,

Phys. Rev. 168, 623 (1968).
8 D. Bolim and D. Pines, Pliys. Rev. 82, 625 (1951).
0 V. Celli and D. D. vermin, Ann. Phys. 30, 249 (1964).
10 D. Pines and P. Nozieres, The Theory of Quantumn Liquids I

(W. A. Benjamin, Inc., New York, 1966).

coupled to the electron, as witnessed by the modification
of the photon's dispersion relation, which is given by

W 2 = C'
2

q/E0+ Wp'/e0 ,, (1)

where c is the velocity of light, q is the magnitude of the
propagation constant of the light, e,,, is the high-
frequency dielectric constant of the medium, and cop is
the plasma frequency for the electrons. Essentially,
these transverse oscillations are electromagnetic waves
modified by the fields arising from the collective electron
response.8 That is, the electromagnetic wave transfers
energy to those electrons that move in a direction
perpendicular to q. For cos<<cq/VeV,, the electromagnetic
field is weakly coupled to the system; its frequency of
oscillation is only slightly modified by the presence of
the electrons. At q= 0 the dressed photon's frequency is
cap/AVeO; below this frequency the photon is totally
reflected.

We show that damping of TO phonons and electrons
can have an important effect on the polariton and
plasmariton dispersion curves. We have neglected the
effect of a decaying polariton and plasmariton due to
collision with another elementary excitation, in par-
ticular, with an acoustic phonon. In Sec. I the theo-
retical aspects of the total dielectric function of the
coupled system are discussed; in Sec. II the dispersion
curves for the undamped polariton and plasmariton are
investigated, while in Secs. III and IV the temporal and
spatial damped-dispersion curves are considered, re-
spectively.

I. THEORY

The total dielectric function,"," 2 of a system con-
sisting of optical phonons and conduction-band elec-
trons in GaAs, in the long-wavelength and SCF1"
approximation, is

eT,L(-) = e.- [(4-r/iCw)0JTL]

- (CE- Eao)CaTo
2
/(o'-CToT±+iYT,LCa), (2)

where the subscripts T, L correspond to the transverse
(qL) and longitudinal (q,,) modes, respectively. The first
contribution to the total dielectric function is due to vI
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electronic resonances of the bound electrons, the second
is due to the conduction-band electrons, and the last is
due to the polar nature of the GaAs lattice. In Eq. (2),
Eo= 13.3 is the static dielectric constant, e>,= 11.3 is the
high-frequency dielectric constant, WTO=5.0 4X 101"
sec' is the transverse optical-phonon frequency in
GaAs, YTL-' is the lifetime of the transverse and
longitudinal optical phonons, respectively, due to multi-
phonon processes, and 0-T,L is the transverse and longi-
tudinal conductivity, respectively.

The conditions on the dielectric function for the
longitudinal modes and transverse modes obtained
from Maxwell's equations"0 are

'EL (X) = ° (3)
and

ET(CO) = cq'/co', (4)

respectively. The longitudinal and transverse conduc-
tivity as given by Tsul is

4
70aL/iC (C'/CX') (C- iV) (5)

and

47r0_T/iC0- (COC (CO - iV) (C'+V 0), (6)

respectively. In these equations, 1/v is the collision time
of the electron with thermal phonons and impurities;
0P2=47rNe2/m*, where N is the density of conduction
electrons, m*=0.07mne is their effective mass, and e is
the electronic charge.

II. UNDAMPED POLARITON AND
PLASMARITON

Figure 1 shows the dispersion relation co, vs qi of the
polariton and plasmariton, calculated from Eqs. (2)
and (4) for various electron concentrations, taking the
damping parameters YT and v as zero. Curve 1 shows the
well-known coupling' of the photon and TO phonon in
GaAs, commonly called the polariton mode. The dash-
dot curves are the uncoupled photon and TO phonon
dispersion curves. These would be the stationary states
of the hamiltonian if the modes were independent.
However, the transverse field of the photon couples
strongly with the TO phonon. The maximum coupling
occurs at the intersection point. The transverse mode
splits into two modes-a high-frequency mode (co+) and
a low-frequency mode (X-). The stationary states of the
low-frequency mode are photon-like at low q and
phonon-like at large q. The stationary states of the
upper mode are phonon-like at small q and photon-like
at large q. However, in the vicinity of the intersection
point, the stationary states are neither photon- nor
phonon-like. A photon of frequency coo and momentum
hqo in free space belongs to the pure-photon curve; on
entering a material medium, the excitation may be
reflected or it may excite an internal excitation (on the
polariton curve) at frequency coo and momentum kg'.
If the medium is perfect, on passing out of the medium
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FIG. 1. Dispersion relation for GaAs for the polariton and the
plasmariton. The constants used are Eo=1

3
.
3

, e.,=11.3, COTO
=5.04X102 sec'1, and &Lo=5.47Xl013 sec-', where (1) Cw,/COTO
= 0; (2) CWp/WTO=2 (N =2.2 X 101

7 
cm') ; (3) Wp/TO = 5 (N = 1.38

X 1018 cm- 3); and 7T = = O.

the polariton will either be reflected or create an excita-
tion (on the photon curve) with a frequency Coo and
momentum kq0.

Curves 2 and 3 of Fig. 1 show the coupling between
the dressed photon and TO phonon-the plasmariton.
The effect of free electrons on the coupling is readily
noticed. The upper mode is phonon-like at low q and
photon-like at large q, whereas the lower mode is
phonon-like at large q and dressed-photon-like at low q.
The coupling between the dressed photon and TO
phonon decreases as co, increases, as shown in curve 2
(strong coupling) and curve 3 (weak coupling). This
trend continues until the two modes uncouple at

*p>>»OTO, which is partly shown in curve 3, where the
lower mode is almost completely phonon-like and the
upper mode is a dressed photon at small q and photon-
like at large q. Essentially, in the weak-coupling regime,
the electron field of the photon is completely screened
out by the electrons, and no coupling occurs between it
and TO phonons. This variation of coupling with
concentration has been recently detected by small-angle
Raman scattering.4

III. TEMPORAL DAMPED POLARITON
AND PLASMARITON

The dispersion curves of a damped polariton and
plasmariton have been evaluated assuming a temporal
damped wave. The analysis consists of mapping from
Eq. (2) the real q axis into the complex X plane (qj,
;C1+iCO2). A fifth-order complex polynomial in co results
and is solved by an iterative method.'4 Only two roots
of co for a given q turn out to be physically admissible
(W,=-positive). The real part of the complex frequency
is the frequency of the coupled excitation mode, whereas
the imaginary part governs the excitation's lifetime. In
a Raman-scattering experiment, the real part of the
frequency locates the Raman-scattered line center, and
the imaginary part is a measure of the line's half-width
at half-maximum. 7

14 G. R. Garside, P. Jarratt, and C. Mack, Computer J. 11, 87
(1968).
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FIG. 2. Effect of the TO-phonon lifetime on the temporal
damped-dispersion relation for GaAs for the polariton. The con-
stants used are (1) 'Y/coro =1; (2) vr/cYoro= It; (3) vr/WTO
=4X 10-2; (4) Wy/wTO = 7 X 103, where co = v = 0.

Figure 2 shows the damped-polariton dispersion rela-
tion ,l and W2 vs qi for GaAs at different TO phonon
lifetimes and infinite electron-collision times. Typical
values" for 'y/cYIo at qŽ5SX103 cm-' in III-V semi-
conductors deduced from infrared-reflectivity measure-
ments are 7X 10- at 4 K and 4X 10-2 at 300 K. There

10
qI / 10 (Cm]

FIG. 3. Effect of the electron lifetime on the temporal damped-
dispersion relation for GaAs for the plasmariton. The constants
used are (1) CO,/CTo= 2 ; V/cOTo=10'; -YT=O; (2) cop/coTo=5;
V/CTO = 10 '; -YT = 0.

1' M. Hass and B. W. Henvis, J. Phys. Chem. Solids 23, 1099
(1962).
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FIG. 4. Effect of the electron and phonon lifetime on the tem-
poral damped-dispersion relation for GaAs for the plasmaritons
(1) ip/COTo=

2
; '/cTo=10t'; yr/wT04XLt

2 and (2) c,/wUTo

=5; V/CoTo=10'; YT1/WTo=4X4X 10-.

is essentially no effect on the shape of the real cow vs qi
dispersion curves due to typical TO-phonon lifetimes.
On the other hand, the effect on the (2 VS q, dispersion
curve is more pronounced. This variation in lifetime
could easily be detected by measuring the line width by
small- and large-angle Raman-scattering experiment.
For a damping parameter y/cTO of 4Xlit 2 for the w-
mode, the line width at qcs-6X 103 cm-l is -- 3 cm-l and
at qT10' cm-' is -6 cm7'.

Figure 3 shows the effect of a finite collision time of
2X10-13 sec (calculated from an assumed mobility of
5400 cm'/V sec) on the dispersion curve for an electron
concentration in the strong (curve 1) and weak (curve 2)
coupling regimes. The TO-phonon lifetime is assumed
infinite. The shape of the ol vs qi part of the dispersion
curve is not affected by the damping. The a- branch as
shown by c02 VS qi is heavily damped at small q where the
excitation mode is a dressed photon-like and slightly
damped at large q where it is TO phonon-like. The
upper branch of curve 1 is damped less than curve 2 at
small q and large q because it is phonon-like at small q
and photon-like at large q. The damping of upper branch
of curve 2 decreases as q increases since it only slightly
coupled to the TO phonon.

Figure 4 shows the temporal damped relation of the
transverse modes including both electron and TO
phonon damping. An electron-collision time of 2X 10-13
sec (v/wTo==0.1) and TO-phonon lifetime of 5X10-13
sec (-YT/cTo= 4Xitt2 ) were used for both the strong
(curve 1) and weak (curve 2) coupling regimes. The
shape of Rew, vs qi part of dispersion curves is not
changed by the damping. The cl2 VS qi dispersion curve,
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FIG. 5. Effect of the TO-phonon lifetime on the spatial damped-
dispersion relation for GaAs for the polariton. The constants used
are (1) TTI/CoTo=1; (2) 'YT/WTo=' 1O'; (3) 'Y/TATo=4Xl01;
(4) T/wTO = 7X10-3 , where Cp= v= 0.

which can be detected by Raman scattering by measur-
ing the line width as a function of scattering angle, is
essentially constant for qj>6X103 cm-' of -6 cm'l.
Raman line-width measurements for small and large
scattering angles have importance in stimulated
polaritons and plasmariton processes because the
stimulated Raman gain depends on the line width.

IV. SPATIAL DAMPED POLARITON
AND PLASMARITON

The dispersion curves of the damped polariton and
plasmariton have been evaluated assuming a spatial
damped curve. The analysis consists of mapping from
Eq. (2) the real w, axis into the complex q plane.'
Spatial damped-dispersion curves are important in the
spatial absorption process and are relevant to infrared
absorption and reflection work. The connection of the
index-of-refraction and extinction coefficient to the
propagation constant can be readily obtained, i.e.,
n= (c/wi)qj and K= (c/col)q2.

Figure 5 shows the dispersion relation .1 vs qi for
GaAs at various TO-phonon lifetimes and infinite
electron-collision times 1/-y. The dispersion curves of
Fig. 5 show that for the range of 'yT/IoTO from unity to
7X 10-3 there is no TO-phonon-like mode available with
qi> 2X 104 cm'l. A large-enough lattice anharmonicity
could eliminate the dispersion due to the TO phonon,
which is shown in curve 1 of Fig. 5.

Figure 6 shows the effect of a finite collision time of
2X 10-13 sec (v/WTO= 0.1) on the dispersion curves
(wi vs qi) for electron concentrations in the strong-
(curve 1) and weak-(curve 2) coupling regimes. Here,
the TO-phonon lifetime is assumed infinite. The effect
of v on the high- and low-frequency modes of the curves
of Fig. 6 is most evident at small q.

Figure 7 shows the spatial damped-dispersion relation
of the transverse modes, including both electron and
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FIG. 6. Effect of the electron lifetime on the spatial damped-
dispersion relation for GaAs for the plasmariton for (1) wzp/wTO = 2;
V/COTo=

1 0
1; 'TT=0 and (2) Cp/CTO=5; V/CTO=

1 0
1; TTT= 0.

TO-phonon damping. An electron-collision time of
2X 10-1' sec (V/IoTO= 0.1) and a TO-phonon lifetime of
5X 10-' sec (YT/oWTO= 4X 10-2) were used for both the
strong-(curve 1) and weak-(curve 2) coupling regimes.
The finite values of v and YT affect primarily the trans-
verse modes at small and large q, respectively. The
dashed curve shown in Fig. 7 is a plot of W1/WTO vs q2

for the parameters of the weak-coupling regime (curve).
The q2 governs the spatial absorption of the excitation
mode at the frequency. Far-infrared transmittance and
reflectance data obtained from measurements at an
oblique angle of incidence"6 7 may show the presence of
coupled modes. The finite lifetime of the excitations, as
shown by the dispersion curves, would effect the ab-
sorptance and reflectance of the material.

In conclusion, we have shown that the finite lifetimes
of optical phonons and/or electrons play important
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FIG. 7. Effect of the electron and TO-phonon lifetime on the
spatial damped-dispersion relation for GaAs for the.plasmaritons.
(1) Wv/cTO= 2 ; V/Cw'o= 10'1; 7YT/oTO= 4 XO 2 and(2) Cop/oTo=5;
v/wTO= 10 1; YT/&To=4 XlO2. The solid curves are CI1/COTO VS
Req and the dash curve is COI/COTo VS q2-

16 D. W. Berreman, Phys. Rev. 130, 2193 (1963).
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roles in determining the dispersion curves of the cou-
pling of these excitations with photons. These damped-
dispersion curves have important consequences in
Raman and infrared processes. The dispersion curves of
other hybridizations should be affected when the finite
lifetimes of the elementary excitations are included.

ACKNOWLEDGMENTS

The author would like to express his appreciation to
S. Barton and L. Hadley for computer calculations and
to D. H. Baird, A. K. Ganguly, E. M. Conwell, and
R. Pappalardo of this laboratory and R. Tsu of IBM
for helpful discussions.

Vol. 60


