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The scattering interaction of Bloch electrons with the coupled systems of electrons and longitudinal-optical
phonons in degenerate polar semiconductors is investigated. At degenerate carrier concentrations (10' —10"
cm ' in IV—VI and III-V compounds) the free-carrier plasma frequency is comparable to the LO-phonon
frequency. This gives rise to electron scattering by strongly coupled -plasmon-LO-phonon modes whose
resonance frequencies are highly broadened in the particle-hole excitation (Landau damping) region. A
generalized expression for the scattering lifetime taking these effects into account is derived in terms of a
dielectric response formalism within the random-phase approximation. The factor Im(1/eT) appearing in this
treatment, where eT is the coupled-system dielectric function, modifies the bare Coulomb potential, and
together they determine the effective scattering strength of the coupled modes. In the Landau-damping
region the scattering strength is highly dispersive with respect to energy and momentum transfers.
Calculations that illustrate these interaction effects are performed for PbTe and GaAs.

I. INTRODUCTION

In ionic (polar) semiconductors such as the IV-
VI and the III-V compounds, the combined role
of the longitudinal-optical (polar) phonon and the
charge-carrier systems has long been recognized
as important in characterizing electronic relax-
ation, transport, and optical phenomena. The
LO phonons are coupled through long-range po-
larization fields to the free-carrier system which
includes the collective plasma modes and the
particle-hole excitations. This coupling gives rise
to hybrid plasmon-LO-phonon modes and to the
damping of these modes by the particle-hole ex-
citations (Landau damping). Landau damping,
particularly important in transport processes,
broadens out the coupled-mode resonance fre-
quencies with which Bloch electrons can interact
and provides an indirect mechanism for single-
particle, electron-electron interactions to con-
tribute to transport properties.

Until now, treatment of these interrelated inter-
action effects in describing the Bloch electron
lifetime has been limited to various approxima-
tions. The unscreened electron- LO-phonon
(Frohlich) interaction has been thoroughly in-
vestigated. ' ' Ehrenreich formulated the electron
scattering lifetime associated with a screened
LO phonon in a nondegenerate semiconductor
using a self-consistent-field approach. However,
the effects of particle-hole damping were neg-
lected. ' Charge carrier scattering by polar pho-
nons in degenerate semiconductors has only been
treated in the undamped, highly screened case
within the quasistatic approximation. "' Single-
particle, electron-electron scattering in semi-

conductors has been limited to statically screened
interactions. "'

In this paper the problem is treated in a gen-
eralized manner within the framework of the
random-phase approximation (RPA). ' We consider
degenerate carrier concentrations such that the
free-carrier plasma frequency is comparable to
the LO-phonon frequency —a situation which gives
rise to strongly coupled plasmon-LO-phonon
modes. The corresponding carrier concentrations
for the IV-VI and III-V semiconductors are in
the range -10"-10"cm"', and still form a high-
density gas because of the small effective masses
(~*) and the large dielectric constants (e„).'
[The effective interelectron radius

r,'=(3 /w4n)' '(m+e'/S'e ) ~0.1

corresponding to carrier concentrations n ~ 10"
cm '.] The tractable RPA seems to be appro-
priate ""

In Sec. II the Bloch electron scattering lifetime
arising from the electron-electron and electron-
LO-phonon interactions is derived using dia-
grammatic techniques. It is well known that for
electrostatic scattering processes, lifetimes be-
come functions of the imaginary part of a recipro-
cal longitudinal dielectric function. '~ " In the
HPA the susceptibility of the coupled system is
just the sum of the susceptibilities of the system
components. '4 Thus, in our case the reciprocal
of the lifetime is proportional to Im(1/er), where
4~=&, +&~ —1, and E, and E~ are the respective
electronic and lattice dielectric functions. The
generalized scattering lifetime is shown to reduce
to familiar expressions in appropriate limiting
cases.
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In Sec. III we study the dispersion and damping
of the coupled plasmon-LO-phonon modes in
PbTe and GaAs using the Lindhard dielectric
function" to des cribe the free- carrier response.
The electron-coupled-mode scattering strength,
defined by the bare Coulomb potential as modified
by Im(1/e r), is studied numerically as a function
of both energy and momentum transfers. In the
Landau-damping regime the scattering strength
is highly dispersive. The scattering of electrons
by the broadened couple modes in this region pro-
vides a mechanism for electron-electron non-
umklapp processes to contribute to transport prop-
erties. For low-field transport the mode broaden-
ing could make the low-energy tail of the scattering
strength contribute appreciably to scattering via
the boson population factor. In high-field transport
it seems essential to treat the role of broadened
coupled modes in characterizing hot electrons and
saturation velocities.

Useful application of the scattering formalism
presented here will be illustrated in a separate
work cd, racterizing low-field transport effects
in narrow-gap semiconductors Pb, „Sn„Te.

LO-phonon electrostatic interactions. The Ham-
iltonian can be readily derived from elementary
electrostatic considerations; the form of the
electron-LO-phonon interaction is somewhat dif-
ferent from that one usually encounters in the
literature. '"" Here, c~ „(c&&„) is the annihilation
(creation) operator for the Bloch state fk, n) with
energy E&„, Q- and P& are the coordinate and
momentum operators for the LO phonons;

0' =(47rNe*'/M)' '=[6 (ur' —M' )]' '
is the unscreened ionic plasma frequency; N is
the number of unit cells; e~ is the effective ionic
charge; and M i8 the reduced ionic mass. Also,

Y
~e, K ~ FK lY qCg q, 'Cg, n

lgn, n'

is the Fourier component of the electron density
fluctuations. E~~„- - is the matrix element
(k —q, n'Ie ''1'fk, n). e; is the unit longitudinal
polarization vector for the LO phonons.

From Eq. (1) we observe that the total Hamil-
tonian for electrostatic scattering of electrons
in bandn is

II. GENERALIZED SCATTERING LIFETIME

In the standard second-quantization notation
the Hamiltonian for the system of electrons and
LO pbonons interacting through electrostatic

~ forces is as follows:

K=+ Z~„c„-„cg „+ —Q (P P- (u+TQo--Qg)
gn

Here

r, (q) = 4ve'/q'

and

.0, (4iie')'~'(q ii;)

From the golden rule the reciprocal of the life-
time for the Bloch state fk, n) due to electrostatic
scattering for all wave-vector transfers within
the Brillouin zone is

The first term is the Hamiltonian for the Bloch
electrons; the second term is the LO-phonon
Hamiltonian in the absence of long range electro-
static interactions; the third term is the Ham-
iltonian for LO-LO electrostatic interactions;
the fourth and fifth terms are, respectively,
Hamiltonians for electron-electron and electron-

x 6(jg&u+E-„-„E„-„), (4)

where q, is the cutoff wave vector for the zone.
%e can now use the standard ~7an Hove techn-

ique" to recast expression (4) into the following
form
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P,,(q, ~) =2lm[a), ,(q, co)].

Here, I);;(q, &) is the Fourier transform of the
retarded Green's function; e.g. ,

(q, t) =-fe(t)&I[a;(t), ql(0)] I),
where e(t) denotes the unit-step function. Ex-
pression (5) could have been obtained by calcu-
lating the self-energy of the Bloch electron in
the presence of the interactions represented by
K,', in which case we would have

r-'(k, n) = g lm(~;, ),
i, g=p, g

(6)

where the self-energy functions ~o are shown
in the top line of Fig. 1.

Now we calcula. te the Green's functions &;;(q, ~)
in the random-phase approximation. The RPA
diagra, m expansions are shown in Fig. 1. &'o(q, &u)

are the zeroth-order Green's functions. From
the diagram expansions, using standard rules, "
we obtain the following expressions:

where ff „and n„are the respective fermion and
boson distribution functions; P;;(q, u&) is the spec-
tral density function defined through the fluc-
tuation-dissipation theorem

q' [1- k, (q, ~)]az(q, &u)

4ve' sr(q, ur)

1 [1—ci(q ~)]ce(q ~)

a.,(;, ) =-e(,'. ) (,",)'*("")
[1—C,(q, ~)][I k ~(@,&u)]

&„(q,a) = —&,&(q, ~),
where

4me'
s.(q &) =1 —

~ 2 IPFf-;I
gf; n, n'

ff qyN~ ~kI tl

gco+E„- - „, —E&„+io

is the RPA electronic dielectric function,
p2

k k(d 4)To 4) (dT 0

is the dielectric function of the lattice alone,
and finally

cr(q, (u) =e,(q, (o)+ez(q, (u) —1

(8)

(9)

(10)

ZQQ ZpQ ZQp

Zpp($, ~)

Z'QQ(q, ~)

is the total dielectric function of the coupled sys-
tem. The fact that the susceptibilities add in the
HPA was noted by Varga. " Damping of the coupled
system in our treatment is due only to decay into
particle-hole excitations (Landau damping). " It
occurs in the wave-vector region where scattering,
affecting transport, can be important. Collisional
damping processes, which can also affect the
coupled mode behavior, '~' will not be treated in
this work.

Substituting Eqs. (6) and (8) in (5), we obtain

ZpQ(q, ~)

&Q (q,~)

~co
+ ~' = Xpp(q, ~)

Zjp{q, ),
~ Q(q, (u) = 0,

QQQ(q, (u)

(q, )=0

Ip/2,

FIG. 1. Diagram expansions in the random-phase
approximation. Z;; are the self-energy interactions.
Q;z{q, to) are the Fourier transforms of the retarded
Green's functions. g)' {j,&o) is the RPA polarization
Green's function and Qo.g, co) are the zeroth-order
Green's functions. F~ is the electron-. electron interac-
tion and 1@ is the electron-phonon interaction.

x (I+~.) IFf",f=, I'

x 6{)f(u+E„-- „—Ef „). (12)

Expression (12) describes the generalized scat-
tering lifetime and reduces to familiar results,
the unscreened Frohlich scattering and the highly
screened LO-phonon scattering for the respective
limits of very low and very high carrier concen-
trations.

If the free-carrier density is vanishingly small
[&~ «uLo, where &p =(4vne'/m "a„)' ' is the
screened free-carrier plasma frequency], then

~,(q, ~) =~„and
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m I 11m[1/e, (q, ~)] =- ~
2 E Eo

x [5(&u —&u„o) —5(v + ~„o)]. (13)

1
~ 21lr '(k n)=— dq

(2v)3 f lan

x /ZP„- - f'

(1-f„-;„)(1+n„)
4me' I+Lo 1 I
q' 2 c.„

x 5(h(u~+E„- - „—E~ „). (14)

Equation (12) then yields the well-known expres-
s&on

En(q, &) = E + (1 +qn/q ) —1, (15)

Q

2~2 2~2 1/ 2
LO +qS TQ

2 2

Expression (15) yields

-1m[1/sr(q, ar)] =
q2 q2 2

where q, is the Fermi-Thomas wave vector. In
this limit the LO phonons are highly dispersive
in the small-q region with the dispersion relation
given by21

For high carrier densities (~~0» ~„o) the free-
carrier contribution to a, (q, to) can be treated in
the quasistatic limit (~ -0),

x—[5(a) (u, ) 6((g i(g, )]

and the well-known expression'

(17)

2Fr-'(k n) =— 4ne' q4 1

BI. PROPERTIES OF THE GENERALIZED SCATTERING

LIFETIME

In this section we examine the reciprocal scat-
tering lifetime, Eq. (12), with respect to specific
models which facilitate quantitative calculations
and give insight to the more general qualitative
properties. These include the use of the wave-
vector- independent lattice dielectric function,
Eq. (10), and the Lindhard dielectric function to
approximate the intraband component of the RPA
function, Eq. (9). In the wave-vector region of
interest for degenerate carrier distributions, it

l

is essential to take the dispersion and Landau
damping into account. The simplest model which
does so is the Lindhard function, derived for a
free-electron gas at T =0, which is also assumed
to approximate the finite temperature, degenerate
statistics case.

The total electronic dielectric function in terms
of the real and imaginary parts of the Lindhard
function, "denoted by &'„~(q, +) and c', ~(q, ~), can
be written

e, (q, cu) =[a„+a',~(q, cu) —1] +f' [i;~(q, cu)], (19)

where

q' 5'2v' 2q' q' 2 1- (v'/q'+ —,
' q')

and

q' =q/k, v'=m*@~/@k~2

1+ (v'/q'-2 q')
2q' q' 2 1- (v'/q' ,'q. ') . —

/'

(20)

4re m*kz v~D» —,, q &2k+, 0&k(o & — (q' 2qkz)2'JÃ +

4ve' m*kz'
&

v' q' ' ff'
q* n'4wq q 2 ' 2m' mm

D, ~
r 1- ——,0&- (q'-2qkv) &8'(u&, (q'+2qk~)

h'
k~ &,(q'+ 2qkr)

(21)

0, q &2k', k~ & (q' —2qkz) .2' +
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nd «' have been modified for a semicon-«„ an
ductor, where D is the number of equivalent
charge carrier pockets in the Brillouin zone; w*
and k~ are, respectively, the effective mass and
the Fermi wave vector appropriately averaged
over the carrier pocket. «', ~ corresponds to damp-
ing of the collective electron modes by intraband
particle-hole excitations. (Collisional damping
will be neglected in this treatment. ) The different
damping forms and boundaries in Eq. (21) arise
from energy and momentum selection rules at
T = 0. The existence of zero-damping regions
is a consequence of the RPA pair approximation,
given by I),', (q, co) in Fig. l. Higher-order diagrams
would allow the plasmons to decay for all q, how-
ever, at high effective carrier densities these
processes are relatively weak. Also finite tem-
peratures would smear out these boundaries to
some degree.

To investigate the behavior of the generalized
scattering lifetime, we focus primarily on the
semiconductor PbTe. GaAs is also considered
for comparison. The typically encountered de-

17 18 3generate carrier concentration 10 -10 cm
in PbTe yield plasma frequencies 0.75 ~ co~/&o„o
~ 2.2. Furthermore, the large difference between

and u is indicative of relatively strongLO TO

electrostatic interactions between the LO phonons.
Also the small carrier effective masses give
rise to particle-hole excitation effects at low-
energy and wave-vector transfers. These prop-
erties are expected to lead to strong coupling of
the LO pbonons with the free-carrier system and
large dispersion of the coupled modes and of the
scattering strength associated with these modes.

In PbTe the charge carrier pockets (nonparabolic
in behavior) are described by four ellipsoids of
revolution at the L point of the fcc crystal Brill-
ouin zone. ' For carrier concentrations ~ 5 && 10"
cm ', the longitudinal Fermi wave vector (in the
L direction} is a few percent of the Brillouin-zone
width, and the dispersion of the optical-phonon
modes can be neglected. For PbTe, the average
susceptibility mass (based on a nonparabolic k p
model) and an average Fermi wave vector (based
on spherical carrier pockets) are used for m*
and k~, respectively. The optical-phonon energies
are taken as 8+« —-13.5 meV and I'Tp 2.5 meV,
representative of inelastic-neutron-scattering
data' and fits to optical data, '""while the value
of s„ taken is 39 (5 'K)." GaAs has a single carrier
pocket at the I" point and thus the average Fermi
wave vector is -1.5 times larger than that of
PbTe for the same carrier concentration. The
effective masses of GaAs and PbTe are compara-
ble. However, the optical-phonon energies and
«„ are quite different: SmLo = 36.3 meV, STo

A. Coupled modes

The longitudinal collective modes of the coupled
system are defined by the peaks in Imj 1/sr(q, ~)],
where & is real. When the damping is small,
it is sufficient to use the roots of Re(&„)=0 to
estimate the mode frequencies; this approximation
can fail in regions where the damping is impor-
tant.

Figures 2-4 illustrate three different examples
of the mode structures. For the wave-vector
region of interest the uncoupled LO-phonon mode
is assumed to be dispersionless. The uncoupled
plasmon dispersion &o~(q) in the undamped region
is given by the zeros of c,(q, &o) and at q = 0 yields
the familiar screened plasma frequency u~
= (4vne'/m*e„)' '. In the particle-hole excitation

5.0—

2.5—
PbTe

n=r ~O»c

2.0

I.O

0.5

0
0 2.52.0Q.5 l.0 l.5

q/kF

FIG. 2. Dispersion of the longitudinal modes (d~ of the
coupled plasmon-LO-phonon system corresponding to
the peaks in Im [1/&r(q, ar)]. &oLo= 13.5 meV, z== 1.55
X10~ m ' e = 39 and m*/mo= 0.038. The dashed linesX1 cm

& E ~=
Q)p an G)z,p ad are the modes of the uncoupled system, e

The lineplasmon and the LO phonon, respectively. e ine
concaved downward is the boundary within which 1m[me(q,
co)] for the Lindhard function is proportional to ~; out-
side the boundary the imaginary part includes terms in
u2 and 6p.

=33.3 meV, and «„=],]..]..~'

We now examine the reciprocal lifetime with
respect to (i) the dispersion of the coupled plas-
mon-LO-phonon modes and (ii} the electron scat-
tering strength associated with these modes. These
properties are modifications of the uncoupled plas-
mon and LO-phonon mode frequencies and scat-
tering strengths, due to interactions, and can be
loosely referred to as "screening" effects. The
notions of screening become more difficult to
quantify in the Landau damping region.
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1.5

1.0

CU

LO

0.5

0
0 0.5 1.0

q/kF
1.5 2.0 2.5

FIG. 3. Dispersion of the coupled plasmon-LO-phonon
modes. k+=9.05&&10 cm ' and m*/m0=0. 035. The
dotted line corresponds to the root of Rer, e&(q, &)]=0.
The fading dashed line for a in the damping region in-
dicates that the corresponding peaks in Im(1/e~) are
highly broadened and no longer well defined.

1.5 GaAs

5~10'rem ~

1.0

0.5

0
0 0.5

I

1.0 1.5 2.0
q/kF

FIG. 4. Dispersion of the coupled plasmon-LO-phonon
modes. +z,&=36.3 meV, k+=2.46&&10 cm ', e„=ll.l,
and m*/mo —— 0.070. The dotted line corresponds to the
root of Be[ez g, ~)j = 0. The fading dashed line for +
in damping region indicates that the corresponding peaks
in Im(l/rz) are highly broadened and no longer well
defined.

region real solutions of c,(q, ~) =0 no longer exist
as the collective plasma excitations are strongly
damped out. In the undamped region the coupled
modes are described by two branches, denoted
by ~,(q) and e (q), with &o,(0) satisfying

They correspond to zeros in Re(ar) and 6-functions
in Im(1/er), and in the damped region &o, have
broadened peaks in Im(1/&„)." Coupled modes
defined from the maximum in im(I/e r) and from
He(er} =0 can be quite different in the damping
region as shown by the solid and dotted lines
corresponding to u, in Figs. 3 and 4. Coupled
modes in GaAs have been previously character-

ized in the damping region from the roots of
He(sr) =0."

The coupled modes ~,(q) are a mixture of col-
lective electron and ion motion. In the undamped
region for small q, where &, are well defined,
the degree of phonon (plasmon) content in these
modes can be quantified. Vfe choose to define a
phonon strength of the coupled-mode branch v,
denoted by S(q), such that5~„, Sf=1. This differs
from the phonon strength S~ defined by Parga
which obeys the sum rule Z„,(&o„/~~o)So = 1."
Expressions for So(q) can be obtained as follows.
We define g@„, the normal coordinate operator
for the coupled mode belonging to the vth branch,
such that the LO-phonon coordinate operator can
be expanded as

@~= Za'&e, . (22)

From (22) the renormalized Green's function can
be expressed

neo(q, (o) = Q 1ao12a),„(q, u)),
V=+

(23)

(26)

{)2
y

Pkp& 2 Q
4+S'8

p(q} p 6 g2(go2 q t 2

Equating (23) and (8) yields

i . i'=( .' —(o')/(', — ') =S, (q),

1ao ('= ((v~2 —(o')/((u2- (u') =so(q),
(26)

where

&,(q) =2([&2(q)+~„o]

+([o (q)+~ o]' —4&v'(q)&'o]' ') ~ (2'I)

[The phonon strength defined by Varga is then
given by (&u«/~, )So.] A plasmon strength assoc-
iated with the vth coupled branch can be similarly
defined; however, the phonon strength is also
indirectly a measure of the plasmon content.

For PbTe n=6 x10" cm ' (Fig. 2), u&2o/&uLo=1. 59.
The w mode is more plasmonlike in character
[So(0)=0.28] and Peaks in Im(1/sr) are no longer
distinguishable beyond the Landau damping bound-

where S„„is the Qreen's function for the vth
coupled-mode branch; the coefficient ~ao12 can
be identified as the normalized phonon strength
So. Useful expressions for ~ao12 can be obtained
by first assuming that &„„(q,(u) has the form

S„„(q,~) =I/[&u2- ~„2(q)] (24)

and replacing the Lindhard function (20} by its
q -0 limit
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ary. The more phononlike ~ mode enters the
particle-hole excitation region at a rather small
wave vector and approaches the uncoupled LO-
phonon frequency for large wave vectors where the
plasma oscillations no longer exist. In the damp-
ing region, near the boundary, the dispersion
obtained from Im(I/sr) is shifted slightly lower
in energy than that obtained from the zeros of
Re(e „).

For carrier concentration n =1 x10" cm -'

(Fig. 3), where &u~/u&Lo =0.74, the uncoupled modes
&~ and &Lo cross. The coupling splits these modes
into v„which is more phononlike [So(0)=0.65] and
+ which is more plasmonlike. Both modes are
strongly damped just beyond the boundary where
the peaks in Im(1/Er) are essentially washed out.
As the plasmon part decays rapidly in this region,
the more phononlike &, drops abruptly toward the
pure &» frequency. For GaAs, n=5X10" cm '
(Fig. 4) [u)&/&u„o =0.82; So(0) =0.72], the coupled-
mode behavior. is similar to the lower carrier
concentration PbTe with n = 1 x 10"cm ' owing
to the higher LO-phonon frequency.

8. Coupled-mode scattering strength

In the reciprocal scattering lifetime, Eq. (12),
the bare Coulomb potential 4ve'/q' associated
with the electrostatic interactions in the system
of electrons and LO phonons is modified by
-Im[l/e r(q, ur)]. The combined factors,

F~(q, ~) = -(4me'/q') 1m[I/sr(q, ~)],

describe the effective scattering strength of the
coupled plasmon- LO-phonon modes. We examine
the behavior of the scattering strength for the
undamped and damped regions.

For small wave vectors, t.he coupled modes are
in the undamped region, and 1m[1/sr(q, &u)] is
described by 6 functions occurring at u& = to,(q).
We can formulate analytical expressions for the
limit +-.0 and also for q-0 in the Lindhard func-
tion, Eq. (20).

In the limit of static screening, &&» w«, i.e.,
the vibrations of the ions are quaqistatic with res-
pect to the collective electron motion,

c,(q, 0) = &„[I+q,'( q) /q'],

q.'(q) =
@,Z

'. 2U(q'), q'=
&

4pe2 m~&~ q

q" l 1+-,' q'
U(q') = — 1+ —1 — ) ln

q 4 / 1 —q

a, (q, 0) gives rise to the highly screened LO mode
(&u ) as discussed in Sec. II. [U(q') =1 corresponds
to Fermi-Thomas screening or the limit of
&,(q, 0) as q-0.]

For the case of dynamic screening where ~
is comparable to m«, the Lindhard function can
be approximated, in the limit of small q, by the
expressions (25) and (27). Then

which yields

-Im(1/~ r) = e„'(u'((o' —(ufo)

1 m 1 mx, , [5((o —(u.) —5((u+cu, )]+, , [6((u —(u ) —5((u+ (o )](0 —(0,2' CO —QP 2(0
(31)

Substituting (31) into (12) and integrating over dh&u

r '(k, n) =— (,fg, „(1-ff=, .)(1+n~) IFFY-; I'

Comparing the scattering strength corresponding
to (31) with that of the unscreened Frohlich scat-
tering function obtained from (13), characteristics
of dynamic screening can be seen for small q.
The ratio of the screened F;(u&,) to unscreened
Fr6hlich scat tering strength F" 'F(a&~) /"„Fc an

I

be obtained from Eqs. (32) and (14) as

F;(~,) &. &. ".—~ro
2 2—QP

(33)

Since ~ and co are essentially dispersionless
for q/k~ s 0.1, we examine the behavior of F;(co,)/
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1.65 x Ip+0.1

4.47x10 40.5 1.59 1.87 0.28 0.157

2 18 2 39 0 17 0.169

4.31 4.42 0.05 0.180

0.82 1.10 0.72 0.686

1.93
=0.185

, 1.77 x10~
I

1.65 x 10"5
1.0 2.47

5.0 4.58

GaAs 0.5 3.41 2.20

TABLE I. atro of the screened scatterin st s

Frohlich scattering strength ~~
r "g"+s ~~~) « the un

phonon strength of the mode ~ S =
~ + s s given b5y Eq (33). S~ is the

Semi

+ ~ e computed values are orq=p

emiconductor (]pf 8 3
p

cm )
E~ (co+ ) +8 (~ )

Zo &.p
8

I'bT e 0

Lp Q" y'us

74 124 0 65 0 111 1.27

6897

=0.917

pbTe q/kF

F" in this region using values computed at q =0.
The results are listed in T bl fa e I or selected car-
rier concentrations. For PbTe the &e, t eM, modes,

are mamly plasmon in character (So c 0.28)

corn ared to co
, due to their high frequenc'e

p ed to &Lo, and to the fact that these modes
are screened primarily by e„. The corr

, w ich are mainly phonon, have I""v
F,"«1 ref lectin' g the effects of screening by the
free-carrier s stem
Gahs whi

y tern. For w modes in PbT dtern, e an

0.72 t
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amping broadens the scattering strength
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w i e screening tends to modify the amplitude of
the scatterin g strength corresponding to th
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o e mode
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appreciably to the scattering due to the boson
population factor. Figure 5 'll t thesee i ustrates these
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PbTe

n = 1&10'7cm ~

q/kF PbTe—n = 5 x 101~em ~
q/kF

Fs(10 ' eV-cm )

~ o.st
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/
o.ss~ Fs(10 eV-c

0.5

V'

I.O 1.5 /HALO

0.80
0.5

I

1.0 1.5 2.0

FIG. 7. Expanded view of Fig. 6 for the region 0.8
~~q/kp &1.0.

FIG. 8. Dispersion of the coupled-mode scattering
strength E~(q, +) for e more phononlike, for two
carrier densities. The normalized wave vector is in
units of k& for n = 5 x 10 cm" 3.

ening of & is asymmetrical, extending toward
the more plasmonlike (d, . In Fig. 6, the highly
broadened E, for q /k' ~ 0.8 corresponds to the
more plasmonlike m .

The mode broadening due to damping by the
particle-hole excitations is particularly strong
near the damping boundary for either w, or co

more phononlike. This is most proriounced for the
wave-vector region q/k~-I (see Figs. 6 and 7),
where the &, mode abruptly approaches the un-
coupled &« frequency. For large wave vectors
q-2k~, where the plasmon excitations have all
but vanished, the width of the modes sharpens
toward a 6 function associated with the pure, uri-

damped &Lo.
In the damping region, screening effects cannot

be simply isolated as in the case of the coupled
modes in the undamped region. However, features
characteristic of screening can be seen in the
behavior of the scattering function I",. For larger
wave vectors, I, associated with either co, or +
more phononlike increases as ~Lo is approached.
Also as the carrier concentration is increased by
an order of magnitude from 5 X1O" em ', a re-
duction in F„as well as a frequency shift in (d,
reflect screening effects, as shown by Fig. 8.

coupled modes and the associated scattering
strength were evaluated for PbTe and GaAs and
found to be highly dispersive with respect to en-
ergy and wave-vector transfers.

The role of Landau-damped coupled modes ap-
pears to be particularly important in characterizing
electron transport in degenerate semiconductors
where ~- coLo. The corresporiding highly dis-
persive coupled-mode scattering strength makes
available a larger portion of the energy-wave-
veetor space to contribute to scattering, compared
to the undamped case. At finite temperatures,
the mode broadening could make the low-energy
tail of the scattering strength contribute apprecia-
bly to scattering, via the boson population factor.
It seems essential to take into account the damped
coupled mode behavior in characterizing low-
field electron transport as well as high-field ef-
fects, such as hot electrons and saturation ve-
locities. Such treatments would be in order.

In a separate work we will illustrate the useful
application of the generalized scattering formula-
tion presented here to help explain low-field trans-
port effects in the narrow-gap semiconductors
Pb, „Sn„Te.
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