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A theory of the attenuation of longitudinal sound in electron-hole liquids in semiconductors,
based on coupled electron and hole kinetic equations, is developed. The theory takes into account
the existence of several bands of Fermi liquids, with differing charge and interaction with the lattice,
the fact that the Fermi wave numbers are so small that the wave number of the sound can exceed
them, and the effects of intraband collisions, which can be rapid enough to produce a significant
reduction in the attenuation, even in the high-frequency regime. The theory is applied to sound
propagating in the (111) direction in a Ge electron-hole liquid, and the (100) direction in a Si
liquid. The former case, compared with the recent experiments by Dietsche, Kirch, and Wolfe
[Phys. Rev. B 26, 780 (1982)], suggests that intraband collisions play an important role in the

sound-attenuation process.

I. INTRODUCTION

Recent advances in phonon spectroscopy have made it
possible to use ultrasound as a useful probe of the proper-
ties of electron-hole liquids in semiconductors.! The aim
of this paper is to present the basic framework of the
theory of sound propagation in these systems.

The problem of sound propagation in electron-hole
liquids in semiconductors differs from that in normal
metals>> in several important ways. The electron-hole
liquids* are characterized by being a multiple-component
degenerate system, with two different charge states, and
several filled valleys in the band structure for each charge
component. The electrons and the holes in different val-
leys react to the sound in different ways and their motions
are correlated due to their mutual interactions. In normal
metals the ionic charge is compensated by the conduction
electrons. Here, however, the ions are effectively neutral,
and instead the electron and hole charges compensate each
other. The second feature distinguishing this problem
from that in ordinary metals is that the Fermi wave num-
bers of the components are relatively small, on the order
of 10°~10” cm™!. As a consequence, one can experimen-
tally study propagation of sound of wavelengths shorter
than the Fermi wavelength k7 ' using modern techniques
of phonon spectroscopy.

In the present problem electron-lattice scattering pro-
cesses can generally be neglected, unlike in a normal met-
al, where they play an essential role in ultrasonic attenua-
tion.> On the other hand, intraband electron-electron and
hole-hole collision times may be short enough to be com-
parable to the sound frequency, even at wavelengths on
the order of k7 !. While these relaxation times>® are not
well enough known presently to enable one to make a de-
tailed comparison between the predicted and observed at-
tenuation, attenuation experiments do allow one to esti-
mate the order of magnitude of these collision times.

The general approach we use is that of coupled electron
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and hole kinetic equations, with the interaction with
sound described by deformation potentials. We concen-
trate here on longitudinal sound propagation; the exten-
sion to transverse sound is straightforward, although more
involved technically. In Sec. II we illustrate the method
and physical features by dealing with a model with the
simplest band structure. Applications to more realistic
systems are given in Sec. III, where we mainly discuss the
attenuation of longitudinal sound in the electron-hole
liquid of Ge propagating along the (111) direction, and
in Si along the (100) direction. A comparison with the
recent experiments on Ge by Dietsche, Kirch, and Wolfe,!
which show smaller attenuation than the value one ex-
pects from a simple perturbation-theory calculation, sug-
gests that the effect of intraband collisions is very impor-
tant.

II. ULTRASONIC ATTENUATION
IN A SIMPLE ELECTRON-HOLE LIQUID

In order to present the physical picture clearly, we first
discuss an idealized system with the simplest band struc-
ture: a direct-gap semiconductor with isotropic, nonde-
generate bands. We introduce our model in subsection A,
describe the motion of electrons and holes by kinetic equa-
tions in subsection B, and compute their reaction to the
lattice and the related self-energy of a phonon propagating
in the electron-hole liquid in subsection C. The physical
interpretation of the results is discussed in subsection D.

A. Interaction between electrons, holes, and ions

We first consider the forms of the various interactions
between electrons, holes, and ions. We describe the
electron-ion interaction by a deformation potential.” The
explicit form of the energy functional we assume is the
following:
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where Ej,[1,(r), u,,(r)] is the ion elastic plus kinetic en-
ergy in terms of the ion displacement field u,(r) and the
strain u,,(r); E‘i’,i,")(um,) is the single-electron (or -hole)
energy with momentum p in the presence of a strain u,,,
without the long-range Coulomb potential, and n;“') is
the distribution function of these states. The sign of the
hole energy s’l',p follows the usual convention of being
measured downward. Here dA=2d’p /( 2m#)°, where the
factor of 2 comes from the spin degree of freedom. The
number density of the electrons (or holes) is given by

ne min)= [dAng™(r) . (2.2)

The single-particle energies of the electrons p(r) and of
the holes eg(r), including the electron and hole interac-
tions, are obtained as

ep(r)= —a—né;— =g} p(r)+ed(r),
P
(2.3)
ehD) = —elr)—elr)

P
where e is the electron charge and the potential ¢(r) is

e n (r')—ny(r')

d(r)=[dr (2.4)

|r—r'|

The forces acting on the electrons, F,, and on the holes,
F,, as derived from these energies, are

J¢? 9e§ , Ju,,
Fo=——2=_—P 2 L.F
e or, du,, dr, ®
du
=—E,——+eE, ,
ar,
A A (2.5)
de d€q , du,,
F=——2=_ e
® or, du,, dr, #
_ Ou,, £
=Zp —e. ’
or, B

where E, = —0d¢/0dr, is the local electric field, and we
have taken into account the fact that the Fermi seas are
isotropic so that the deformation potentials can be written
as

= — 48, - (2.6)

The sign of the hole deformation potential is such that the
variation of the band gap with stress is proportional to
Z.,—E,. We have neglected the momentum dependence
in the last lines, because the deformation potentials are
much larger than the Fermi energies themselves.
Similarly, we obtain the stress tensor for the ions,

4075
—np(r)][n (1) —ny(r')]
|r—r'|
2.1)
[
8E
Opfr)= bu,
8E;on el oeh
— 1 A e P h P
5, +Jd N F
=000 +[n(DE, —ny(1)Z,18,, , 2.7

where the momentum dependence has been neglected in
the last line. The force acting on a unit volume of the lat-
tice is given by

o) d0%, Om, _  dny _
W= o, = o,
aEe Buvk aEh auv;‘
— 2.8
e B or, ™ ou,, or, @8

The first term is the force without the electron-hole
liquid, which determines the dispersion of a free sound
wave in the solid. The sound and the third terms bring
about attenuation of the sound, in which we are interest-
ed, as well as modify the sound velocity. The final two
terms act only to modify the sound velocity, but produce
a negligible effect since they contain factors, n, (), which
are much smaller than the density of ions (elastic con-
stants are on the order of = times the ion number density).

B. Kinetic equations for electrons and holes

We now calculate the response of the electrons and
holes to the motion of the ions, by solving the linearized
quantum kinetic equation® for each component,

[#i0— (€9 4 1c/2— Eg— s /2) 100 (k)

+(nS 2 =N )Oek,0)=il[n,nk], (29)

where 8n,, is the shift of the distribution function from
equilibrium, ng, and 8¢, is the shift of the single particle
energy from sg, the energy in the absence of strain
and electric fields. The two kinetic equations for elec-
trons and holes are of identical form, (2.9); generally, we
omit the indices e or A indicating electrons or holes when
the forms of the equations are similar.

The collision integral terms of (2.9) for electrons and
holes, in general, couple the kinetic equations to each oth-
er and, if there are impurities, to the motion of the lattice.
Interband collision times are much longer than intraband
collision times since in realistic cases the phase space for
the former is more limited; in addition, electron-impurity
collisions can be neglected in the very pure samples usual-
ly used. We therefore assume that only the intraband col-
lision time is relevant, and neglect all other collisions.
The ionic motion then drives the electrons and holes sim-

ply through the dependence of &} ™ on the strain field
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u,,. To make the problem tractable we adopt the
relaxation-time approximation; then the collision integrals

assume the simple form

ITng]=—2[8n, (ko) -l k)], (2.10
where 8n :f, the shift of the local equilibrium distribution,
is given by
0

8n{f(k,w)=—-%n;(8u+u-p) i 2.11)
The shift of the chemical potential u reflects the change
of the size of the Fermi sea, while the second term u-p,
where u is the drift velocity of the electrons (or holes),

represents the shift of the center of the distribution.
Using (2.9)—(2.11) we obtain

no_s2—Npiac/2 Op(k0)
o—v-k+i/T #i

_ion® du+tup
T 0 w—vk+i/r’

ony(k,0)=
(2.12)

Equation (2.12) contains three quantities, 8¢, 8u, and u,
which are related to the distribution function and ionic
velocity in the following way. The shift of chemical po-
tential Sy is related to the change of the number density
by

J

0 0
Np_#k/2 —Npiak/2
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6n=[dAbn, 3 OB 3¢, oM (2.13)
so that from (2.12) we have
0 0
_ e Np—tk/2 —Mpisk/2
dn = #i fdA o—vk+i/7
i on’  Su+u-p
—_— , 2.14
T fdA o o—vk+i/T ( )

where the momentum dependence of 8¢, has been neglect-
ed. Then using (2.14), du can be written as
Io(a) ZEFIl(a) -

du=L(k,&;7)8e+ ———du+—"77Kk,
—ia7T 1—id7

(2.15)

where the dimensionless functions L, I, and I, are writ-
ten out explicitly in the Appendix, and the dimensionless
variables are defined by

k=k/kp, @d=fw/ef,

(2.16)
T=¢p7r/f, K=u/vp, a=kvpr/(1—ioT).
Thus
(1—i@7IL (k,&;7)8e+2ep] (@)R
=T £ (2.17)

1—i@7—1Iya)

The electron or hole drift velocity u (or k) is related to
the corresponding current by j=nu. To determine u we
write an expression for the current in a similar way,

] 8¢ i on®  Su+u-
= [dA =9t _ on” oy p
j=[dnsnyy # Jan o—vkti/r rfdA 3 w—vkti/r.
3nwp | - I,(a) L) .~
= | 225 (ka0 + — b |+ ik |k, (2.18)
2ep 1—i&7F 1—id7

where J and I, are written explicitly in the Appendix.
Substituting (2.17) into (2.18) we obtain

3 - L(k,&;7)1
novg JE&5) + (k,&;7)(a) 5e
2ep 1—iaF—1Iy(a) R
i= k.
1——=——{I(a)+I{(a)/[1—i&T—I(a)]}
1—id7

(2.19)

This expression has the same form for electrons and for
holes, but with different parameters and scales, ez, v,
and 7. The shifts of the single-particle energies 8¢ are dif-

change of the first terms of (2.3) for 8¢, , can be expressed
in terms of the deformation potentials and ionic velocity
as

def=—Z kv, /0, Sel=E,kv,/0 . (2.20)

The electrostatic potential ¢(r) is given by (2.4) or,
equivalently, by the Poisson equation

41e

v2¢(r)=——;—[ne(r)—n,,(r>] ) 2.21)

Expressing the number densities of the electrons and the
holes in terms of their currents, we may write

2
ferent for electrons and holes, and are given by (2.3); 8¢ o(k,0)= 477‘32 [n,(k,0)—n,(k,0)]
couples the motion of the electrons, holes, and ions kk
through the deformation potential and the Coulomb in- 4me k .. )
teraction. =" k2 -;-[Je(k,a))—Jh(k,a))], (2.22)
Since for a small oscillation of the Ilattice o
du,, = —k-v; /o, where v; is the velocity of the ions, the and obtain
J
k |4me® . . - k |4me? . . _
5€e=;‘ ) (Je—in)—Zevi | » 58}'—‘—:0" 2 (Jn—Je)+Znv; (2.23)
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The expressions for the current, (2.19) with (2.23), describe the motion of the electrons and the holes for a given motion

of the ions v;. These equations become

1 4re? 4me? . 4me? . 1 e’ |,
—_ ——j=—E.v; , — =Z,v;, (2.24)
Pe Kk2 Je+ Kk2 Jn Kk2 Je Ph Kk2 Jn hVi
where the polarizations P, and P, are given by
Kl ~ L (k,&;7I,(a)
2k J(k,a”)’;T)—{-——————-—1
3 @ 1—id7—1Iy(a)
P, (n(k,0)= 2—”— 3 : (2.25)
F — (I(@)+I}(a)/[1—iaT—Iy(a)]}
1—io7
f
with the corresponding electron or hole variables. k- k-
Fe= ey Fh= =h (2.31)
V M,-n,- V M,'n,'

C. Motion of the lattice: Phonon self-energy

The motion of the ions is described by the acceleration
equation
aV,'

Min; —at‘ =F;,
where M; and n; are the mass and the number density of
the ions, and the force F; is given by (2.8). To determine
the electron-hole—liquid contribution to the phonon self-
energy we compute the extra force 8F; on the ions from
the electron-hole liquid induced by the ionic motion. This
extra force is determined by the second and third terms of
(2.8), whose Fourier transform is

8F; =ik(E, dn, — =), 6ny,)

(2.26)

=i%(5,_.k-je——5hk~jh) . (2.27)
The final two terms of (2.9), as we have mentioned, give
rise only to a small shift of the sound velocity, which we
neglect here. Substituting the solution of (2.24) for j, and
jn,» and expressing v; in terms of the ionic displacement
field, we obtain

=2p, 4 EIP, — 4’:’2 (E,—Z,)%P,P,
8F; = —k? p = u
1— ’]’:2 (P, +Py)
K
— _M(k,o)M;nu , (2.28)

where II(k,w) is the phonon self-energy. The phonon

dispersion relation is determined by the equation
w*=c’k*+(k,0) , (2.29)

where c is the sound velocity, k the phonon wave vector,
and o is its frequency; from (2.28), explicitly,

4 2
TP, + TP, — —K%(re —T,)P,P,
(k,0)= ? . (2.30)
e
1= =25 (PetPy)
where

are the effective electron-phonon and hole-phonon matrix
elements, and the polarizations P are given by (2.25).

The rate of energy attenuation, y, of a sound wave is
given in terms of I by

'y(k)=—zl)—lmﬂ(k,a)) , (2.32)

evaluated at w =w(k), the phonon dispersion relation.
D. Density of states, screening, and collisions

The formulas (2.30) and (2.25) are our principal results
for the simplified band-structure model. The self-energy
of the phonon, II(k,w), can be rewritten in the form

M(k,w)=T2P,+T2P,
4re?
kk?
4re?

l——TkT(Pe-i-Ph)

+(C P, +T,P,)?

(2.33)

which brings out its relation to the random-phase-
approximation (RPA) sum of polarization diagrams. Al-
though this formula is similar to the RPA, the polariza-
tions of the electrons and the holes, P, and P, are modi-
fied here by intraband scattering.

Let us analyze (2.30) in several limits to understand its
structure. When the Coulomb interaction is negligible,
(2.30) or (2.33) is simply

(k,0)=T2P, +TiP, . (2.34)

On the other hand, in the limit of strong Coulomb in-
teractions II becomes

PePh

M(k,0)=(T, —T)* .
(k,0)=(T, rh)Pe+Ph

(2.35)
Let us first consider the case without electron collisions:
T— 0. The polarizations are simply (see Appendix)
3n 2k

P(k,w;7— 00 )= ———J (k,@; 00 )
€F o

=R,
28]:

(2.36)
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which is simply the familiar Lindhard function. If there
is no Coulomb interaction between electrons and holes,
e?/k—0, the self-energy becomes (2.34). The contribu-
tion of the electrons and the holes are independent and ad-
ditive. Its imaginary part is, as is well known, proportion-
al to the square of the interaction matrix element, I,
times the density of states energetically available,
(3n/2ep)ImL.

In Fig. 1(a) we display the phonon attenuation y(k) due
to a single band, where we also illustrate the general ef-
fects of intraband collisions. In two-component systems
y(k) is composed of two peaks. However, in our simple
case these peaks are not separable since kg=k}, as shown
in Fig. 1(b). y(k) increases linearly [see (A9)] as
=2 =2

—e Zh

- n
M,'n"

y(k)=+ k, (2.37)

g5vf  epuf
and the separate components fall off at k =2k2(1—c /v§)
and k =2k (1—c /vf).

The Coulomb interaction among electrons and holes
changes this feature. In the long-wavelength limit
(k <<ktg, where krg is the Thomas-Fermi screening
wave number), the dynamical screening [described by the
denominator in (2.30)] is always perfect and one is in the
strong Coulomb interaction limit (e?/k— ). In this
limit, where II is given by (2.35), the electrons and the

y(k) ()

L 14
"
8

10

2
1

0.5
Il

1
0 ke | | k
2kell-c/vg)  2kell+c/vg)

(b)
me > mh

electron

hole
1 1
ke ke k

FIG. 1. (a) Attenuation of sound y(k) due to single com-
ponent Fermi liquid. y(k) for a finite collision time 7 is also il-
lustrated. (b) y(k) in a two-component Fermi liquid in the ab-
sence of Coulomb interactions and collisions.
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holes move together and the reactions of each to the lat-
tice are cooperative. The minus sign arises from the ini-
tial definition of the hole energy, which measures it oppo-
site to the electron energy. The imaginary part of the
self-energy is also proportional to k, and when the sound
velocity is much smaller than the Fermi velocities, as is
usually the case, y(k) can be written as

2
e EF
v VF

. n
M,-n,-

Ze— =

€5 +eh

y(k)=+ k. (238

This can be either greater or smaller than the damping in
the absence of Coulomb interactions, (2.37), depending on
the values of the parameters.

The present situation differs from that in normal met-
als, since here the ions are neutral; Coulomb fields are
produced only by the electrons and holes. Thus our ex-
pression (2.33) does not reduce in any limit to the usual
expression® for ultrasonic attenuation in metals. Howev-
er, in the limit k <<kp, ¢ <<V, T << 1, we recover the
hydrodynamic attenuation. In this case, as is shown in
the Appendix,

L(k—0,5;7)= —ial |(a) ,

(2.39)
J(k—0,0;7)=—ial,(a) ,
and (2.25) becomes
_ 2
Pk am=—itnr Y (2.40)
o m 1-Y
where
Y I,(a) Iita) (2.41)
“1ior | XY T 1 ier—Iy@ | '
For wt << 1 and kvp7 << 1, (2.25) becomes
3n 1
Pkow)=——"— |————
2er | 1—3(w/kvp)?
+3 et (2.42)

5 [1—3(w/kvp)*]?

Then, were the Coulomb interaction negligible, one would
have

=2
4 k):% M'.-In.' [1—3<;/v;)2]2 Z_F
+————[1_3j'/v;)2]2 g— K2, (2.43)
which can be rewritten in the form
k= M?ni 1—E3e(:ji;)2 e

where 7, and 7, are the viscosities of electron and hole
gases:
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MNe = %7728;'727 Nh= ':‘nh 5}["‘7'}: . (2.45)

Usually ¢ <<vf, and for a free Fermi gas =, = +¢% and
Eh=—%eﬁ- (results by no means true for electron-hole
liquids where er << | Z|); in that case (2.44) is just the
hydrodynamic attenuation of sound (with thermal con-
duction and second viscosity neglected),

|

— -—
e —ep

[1=3(c /vE)P)es+[1—3(c/v})?]ek

6 n
Y(k)~ 5 Min,-

Generally, the effects of the electrons and holes are no
longer separable. However, for ¢ <<vr and with Z; given
by the free-gas values, (2.47) reduces exactly to (2.46).
When the wavelength of sound is shorter than the mean
free path, kvpr>>1, and kvp >>w, (2.41) becomes

3n
281:'

14T -2

P(k,w)=— 2 T
F

, (2.48)

which gives the same attenuation as (2.37).

Although we have examined several limiting cases to
elucidate (2.30), in order to see its full behavior it is neces-
sary to resort to numerical calculations, which are done in
the next section for more realistic models.

III. MULTIVALLEY SYSTEMS

In real electron-hole liquids in semiconductors such as
Ge and Si the band structure is not simple; there are
several valleys which are very anisotropic, and the bands
can be degenerate. In recent experiments, Dietsche,
Kirch, and Wolfe! measured the absorption of mono-
chromatic phonons by an electron-hole liquid over the fre-
quency range /2w =150—500 GHz and found that they
could not fit the overall magnitude of their results within
existing theory’ using independently determined deforma-
tion potentials, suggesting a possibly important role of
screening. We focus here on applying the theory
developed in the preceding section for longitudinal acous-
tic sound in Ge propagating along the (111) direction in
order to understand these effects. The good symmetry of
the (111) direction keeps the current in this direction and
allows us to use a simple extension of the theory. We also
carry out a similar calculation for sound propagation in
the (100) direction of Si.

We develop first the theory for electron-hole liquids in
Ge and calculate the phonon self-energy in subsection A.
The results of numerical calculations are presented in sub-
section B, and are compared with experiment. Our calcu-
lations indicate the importance of electron-electron and
hole-hole collisions, rather than screening, in bringing
theory and experiment into agreement.

A. Calculation of phonon self-energy

The electron valleys in Ge are spheroids with their sym-
metry axes along the [111] direction and the three
equivalent directions: [111], [T11], and [111]. The
electron mass of this direction, m, is much larger than

(€57, +EbTy K2 .
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yi)=21g2, (2.46)
3p

where p is the total mass density. The phonons would be

dissipated by viscosity of the electron-hole liquid, with an

enhanced coupling. Actually, the Coulomb interaction be-

comes dominant in the long-wavelength limit (k <<ktg),

and one should use (2.35), which gives (with 7, =7, =7)

(2.47)

I

that of the orthogonal directions, m,, and the Fermi
momentum of this direction, {J,L', is much larger than that
of the orthogonal direction, pg. (All relevant numbers are
summarized in Table I.) The two hole Fermi seas are at
the center of the Brillouin zone and are degenerate, with a
very small mass. We approximate the hole Fermi seas by
a single spherical one, which has the same number of
holes and the same Fermi energy.

For sound propagation along [111], we distinguish elec-
trons in the [111] valley from those in the other three val-
leys, since their interaction with the lattice and their
response to an electric field are different. The shift of the
single-electron energy of the /th band due to deformation
of the lattice is usually written as'®

8e'=(E4+ TE um+E g —Tunn) , 3D

where 17}, is the unit vector along the center of the valley.
We choose the direction of sound propagation [111] as the
z axis; then the deformation potential of the [111] valley,
=, and that of the other three valleys, =3, are given by

= 9g,

= =3;;==d+:u ’

_ ¥ _ (3.2)
= =E=:d+ 5 Su

Therefore for longitudinal sound in the [111] direction we
have three different deformation potentials: =,,=; for the
electrons, and Z; for the holes.

There are now five kinetic equations for each Fermi
sea, three of them similar. The one for the holes is the
same as that in Sec. II, and the calculation of their
response is also the same as we have done in Sec. II.
However, the calculation for the electrons is different be-
cause of the ellipsoidal Fermi sea. The ground-state elec-
tron Fermi sea € is given (with the z axis along the sym-
metry axis of the ellipsoid) by

__1__ 2 2 ___1__ 2 e
2, (px+py)+ Zm”p, <Ef . (3.3)

If we scale the momentum by the Fermi momentum of
each direction and the energy by the Fermi energy, the
scaled Fermi sea Q) is

Pi+pi+pi<1, (3.4)
where

§=(Px/P,.l-,Py/P;er/P,U) .



4080

MAKIO UWAHA AND GORDON BAYM

TABLE I. List of parameters used for Ge.

Ion mass

Ion number density
Sound velocity
Dielectric constant
Pair number density
Electron Fermi energy
Electron effective mass

Electron Fermi wave number

Electron Fermi velocity

Hole Fermi energy

Hole effective mass

my|
kp=02me%)'"? /%
kil =(2m €)1 2 /4
ki
vp=(2e§/m)'"?
vll=(2e5/m))"?
3
VF

er

my, =(#k})? /26l

121x10°2 g

4.42%10? cm™—?

5.6 X10° cmsec™!

16

2.3 x10"7 cm™?

4.05x 107" erg (2.53 meV)
747X 1072 g (0.082 M wcrron)
142X 1072 g (1.56M gectron)

7.41%x10° cm™!
3.23%x10% cm ™!
7.83%10° cm™!

1.04x 107 cmsec™!
2.39 10® cmsec™!
9.86% 10° cmsec™!

6.2 X1075 erg (3.9 meV)
3.2 X1072 g (0.35M gectron)

1.9 x10% cm™!

Hole Fermi wave number kE=(3a?n)'3

Hole Fermi velocity v}

Electron deformation Z\=E4+EZ,
potential® E=Z4+ %

Hole deformation

6.2 X 10°® cmsec™!

1.12x 107" erg  [E4=—12.3 eV
—1.62x10" ! erg |

potential® = —4.8 X107 erg (—3 eV)
Thomas-Fermi wave number
(for holes) khg =(6me2n /xeh)1 /2 3.2 x10® cm™!

*Reference 11.
"Reference 12.

The local equilibrium Fermi sea with wave number shift
x(r,t) and chemical potential shift 8u(r,?) is given by

1 2, 1 2
. (px —ficy, )"+ I, (py —*ix,)
1
——(p,— i, <eb+8u, (3.5
or in the scaled space
(Pr =R ) +(Py — &, 2+, — R, ) > < 1+ 8T, (3.6)

is the shift of the scaled Fermi sphere and 8 =058u /cf.
For small shifts the change of number density and the
current are given by

n+8n=[dAn*=n(1+380), (3.7)
j=fdAn'ev-——n(v;fc'x,v;l?y,vll,':?,)=nu . (3.8)

The last equality of (3.8) defines the drift velocity u.
When k is parallel to the symmetry axis (z axis), as is

the case for the [111] valley, the current is also in this

direction. Using the dimensionless functions given in the

where Appendix, we can calculate the change of the number
R (7. /K & /K ' 7k density and the current in a similar way as we have done
x/fpy Ry /Rps Rz /% p in Sec. II. The magnitude of the current j, is [cf. (2.18)]
J
3n ~ L(ky,&;7)1)(a,) I}(a,)
Ji=—r | Iy, @) + — L el ~— |La)) + ———— 265, [vll (3.9)
281: l—lwl’rl-—]o(al) 1—16011'1 1—1(017'1—10(01)

where we denote all quantities corresponding this valley by the suffix 1:

e 7o~

ko _fo . EFTe 2k\T
’ 1= ¢ 1= » 1= T
k[u 33 i 1*——1(017'1

El: 1

Il
F

K J1

— By = ——

T (3.10)
nlvF
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This current for the other three electron valleys is not parallel to k (see Fig. 2). However, by symmetry the transverse
components of the three valleys cancel out and the net current is parallel to k; therefore the force acting on the electrons
in these valleys is also in the [111] direction. We expect that the shift of momentum of these Fermi seas, #ix; (all quanti-
ties of these valleys are denoted by suffix 3), is parallel to k, since it is due to the force F3 which is parallel to k. There-
fore using (A3), (A17), and (A18) we obtain an equation similar to (2.17). With the help of this equation, together with
(A6), (A19), and (A20), we find that the current of each of these valleys is

3n, L (k3,&373)I(a3)

j= I (k3,@57) + e
28;' PEPT3 1—i6337f3—10(a3)
I}(ay) k k
+—— n@y+—18 265y | [0l 250,012 | (3.11)
1-—-10)3‘1’3 1—-1(031'3“‘10((13) k3 k3
where we have chosen the x axis as in Fig. 2, so that k;=(k, /k;, 0, k, /k,',') and
: m 172 x
ky=|k;| =— |costa+—Llsinda | =%,
kI[:,l m, kp
(3.12)
-~  fw . .  ErT, — 2k37, - K3
3= e (=Ct)1), T3= (—Tl), ay;= T 3—|K3|——“"—3‘
€5 —iG7 ki
The direction of kj is given by
~ o~ o~ sina cosa cosla  sina |
(Rye Ryl /s = | T2, 0, 22| / : (3.13)
X y» 3z m, m|| m“ m,
where a is the angle between k and the z axis, and cosa= — -;— From (3.11) and (3.13) the direction of the current is
given by
sinag . cosa cosla . sinta |’
Uxsdysz)/J = , 0, / 5 > =(sinf, 0, cosf) . (3.14)
my my mij mj
The magnitude of the net current due to the three valleys, [I | ']
j39 is
. .k -
]3=3J-7(— , (3.15) K
which is related to k3 by
) 172
R‘3———JT cos’ B+ ——sin’B
nlvF
. j m 172
= T 3 cos’B+ ——sin’B
n‘UF 3005(3—(1) m”
j m —-1/2
=23 T cosla+ —sin’a , (3.16)
ni3vg m,
where n3 (=3n,) is the number density of the three val-

leys combined. Then, —
[ I I]

3n, 172 LI, o
[(n

v 2 My
Il o~
1—-10)37'3—10

cos’a+ —"sina
m,

1—[3/(1 — i@, +12 /(1 —id5F—Iy)]

J+

e
ZEF

J3=

(3.17) FIG. 2. Spheroidal electron Fermi seas in Ge. Currents due
The changes of the single-particle energies, corresponding to the Fermi seas other than for the [111] direction are not
to (2.23), are parallel to k (along [111]).
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k | 4me? . - k j_2ki k n_ 2ks
1_ Kk |4me” . = L [ Y Y Wi}
de'=" |~ 2 Urth—in)—=wi |, 0 F 5 w0t 5,
- (3.19)
I | cos? TR R T .7
5 —Up [cos"a+ ——sin‘“a =E—vr|=—",
k | 4 Lo s - L @ 5]
ded=— 71'6‘2 (Ji1+js—jn)—Z5v; |, (3.18) ) ) ) }
o | kk we obtain the simple system of equations
1 41re?
—h—— Ui +is—jn)=—Ew;,
.k er _ Plh k2 J1+J3—Jn 1Y
de'=— | —=-(jn—j1—J3)+Env; 2
@ | ek L AT )= —Ea (3.20)
Py I3 Tz J1 T n =30, .
2
Substituting these equations into (3.9), (3.17), and the cor- 47—82(1'1 +j3—jn)+ —Ljh =Z,0; ,
responding equation for the holes, and bearing in mind kk P,
the following relations, where
|
2k; -~ _ - o
3n. —(D:{J(kj,wj;rj)—i-L (kj,a)j;Tj )Il(a])/[l —1l;Tj —-Io(aj)]}
Pj(k,a))=;~;.j— . 3 , 3.21
l—twj‘rj
and j =(1,3,h).
Following the same procedure as in Sec. II, we obtain the self-energy of the phonon,
2 2 2 4re’ )
H(k,(o)= F1P1+F3P3+FhPh-— k2 [(F,—F3) P1P3
K
2 2 47re?
+(I3 =T3Py Py +(T'y, —T)*Py Py ] 1———1;—2—(P1+P3+P;,) )
K
(3.22)
where PhononWave Number , k(108cni)
k k k o 1 2 3 4 5 6 1 8
Fl——————-El, F3= 53, F;,——— Eh = ! I ! I ,l ! ] l .
V' M;n; V' M;n; V' M;n; L—_ ,/ \ LA Phonons
15 7 \ - .
(3.23) - SN A
Note that (3.22) can be rewritten as I ,|l 4 '\“J\ \ T=0 ]
N(k,0)=T3P, +T}P; +TiP, 8o §Y <A o\ B
, 4me? r ‘\ AP AN ]
(TP, + T3P +T,P,) =t/ v W\ ]
Kkk? ~F N 7 \ ]
+ g . (3.24) oL II é% N\, ]
1— T (P,+Py+P;) i 2°° A\ ]
kk - 532 N\ ]
s 3 §¢ B
B. Results of numerical calculation 0 ) | ) | ) | ]
and comparison with experiment 0 200 400 600 800

In this section we present the results of numerical cal-
culations of the sound attenuation y, from Eq. (3.22).
The parameters used are given in Table I, and we assume
zero temperature. Figure 3 shows the result for 7=,
i.e,, no electron (hole) relaxation, k= o0, No screening,
k=1, and k=16. We see three peaks, due—in order of
decreasing frequency—to [111] electrons, the holes, and
the electrons in the other valleys. In the case of k= o the
attenuation is just the sum of the three separate contribu-

Phonon Frequency, v (GHz)

FIG. 3. Attenuation of longitudinal sound as function of fre-
quency v=w /2, along the (111) direction, in a Ge electron-
hole liquid, y(k), in the absence of electron (hole) relaxation
(r= o), for different strengths of the Coulomb interaction:
K=o, k=16, and k=1. At long wavelengths, k <<kF, the
screening is always perfect. The experimental data (Ref. 1) are
also shown. The absolute normalization of the experimental
points is uncertain to within + 100%, —50%.
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tions, and is what one could derive from simple perturba-
tion theory. The initial slope is determined by
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where n is the number density of electron-hole pairs.

The curves for 7=« and k=16 and k=1 show the ef-

fect of screening. For small k ( <<krg) screening (terms

:2 :2 ':2
y(k)= 3mn LI 355 =k |k, (325)  «k7?)always dominates, and to lowest order in ¢ /vr the
4M;n; 4ef.~vIL| 4etvp | ol initial slope is determined by
J
(k) g E,-5 | 91 31 (eh)? 3 L L]
=1 — e —_—— _ _—
LAl VP Il R 16 o] T 1607 | e 4 |0l 02 of |
25-5, |° 3,31 31
=37 =h e h
+ €&+ |t 37 |E
ek | | [ E e e )t
20— '] 1 1 .31 31
=h =1 e h
+ —TeF+ |+ — 5 |eF | tk . (3.26)
€5 +eh v}p[ Fr ol 4 v},’ 4} F
!
h
This slope is about 1.2 times larger than (3.25). In this y(k) 3. n |38 o = Pi3E,—E, )
case screening increases the damping in the long- 10 Min; |4¢5 ' 2 3T
wavelength region. At short wavelengths, although the
effect of screening is not very simple, it decreases the +(E, —E,)? T k2 (3.27)
damping. For a large dielectric constant, screening does =R es+eh ’

not change the damping very much. (These conclusions,
based on the parameters in Table I, depend, of course, on
the values of these parameters.)

In Fig. 4 the effects of the electron (hole) relaxation
time are shown. For illustration we take 7,=7, (=7),
and xk=16. Finite relaxation times round the shape, and,
for 7< 10~ !2 sec, decrease the damping considerably. At
long wavelengths [k << kg, kg, (vp7)~'] the damping is
proportional to k27 and given (for ¢ <<vg) by [cf. (2.46)]

Phonon Wave Number, k(10%m')
6

1 2 3 4 5 7 8
i T T T T T T T —
15— o LA Phonons -
i gD
[ T=0 1]
-_:'J = 5
210 -
o ]
~ T ]
Sk ]
i 5x10%sec i

L ] I 1
400 600
Phonon Frequency, v (GHz)

FIG. 4. Attenuation of longitudinal sound along the (111)
direction in a Ge electron-hole liquid, y(k), with electron (hole)
relaxation. The data points are the same as in Fig. 3.

In the same figure we show the experimental results of
Dietsche, Kirch, and Wolfe.! In their paper they com-
pared their results with the value expected for [111] elec-
trons with screened deformation potentials calculated by
Markiewicz.!* In fact, the results in the strong Coulomb
interaction limit, (2.38) and (3.26), can be expressed in the
form of (2.37) and (3.26) with adequate screened deforma-
tion potentials. However, as they noticed, one cannot use
these screened deformation potentials for large k. The ob-
served damping was about one-tenth of the calculated
value,! and one-third of the value expected for [111] elec-
trons without electron-electron Coulomb interactions (the
curve for k= « in Fig. 3). Our calculation (the curves for
k=16 and k=1 in Fig. 3) shows that the effect of screen-
ing is not very large. Therefore the significant decrease of
the damping is probably due to the relaxation of the elec-
trons and holes (see Fig. 4). Although there is great ex-
perimental difficulty in determining the absolute magni-
tude of the damping (it is uncertain to a factor 2), com-
parison of our calculation to the data suggests that the re-
laxation time 7 is about 10~ '3 sec. Except at short wave-
lengths, the general trend of the k dependence is similar
in both the experimental and calculated curves. Possible
reasons for the discrepancies between theory and experi-
ment are the ambiguity of the values of the deformation
potentials and the limitation of the single-relaxation-time
approximation of the collision integrals.

We also present the result of a similar calculation for
longitudinal-acoustic sound in Si propagating along the
(100) direction. In Si, the electron Fermi seas, six in
number, are spheroids with symmetry axes in the [100]
and equivalent directions. The calculation is simpler than
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TABLE II. List of parameters used for Si.
M; 4.66X 10~ g
n; 5.00% 10?2 cm—?
c 8.5 X 10° cmsec™!
K 12
n 3.3 x10"® cm—3
£F 1.25X 107" erg
m; 1.73X 1072 g (0.19m qectron)
my 8.93x 1028 g (0.98 M gectron)
kp 1.98% 10° cm™!
k|l 4.50x10° cm~!
vy 1.20X 107 cmsec™!
vf 5.29x 10° cmsec™!
eh 2.30X 107 erg
my 5.08x 1072 g (0.56 M giectron)
kt 4.61x10° cm™!
o} 9.52%10° cmsec™!
= 4.8 x10~12 erg Z4=—6.0 eV
=P —9.6 X107 erg Z,=9.0 eV
= —4.8 10712 erg
khg 7.2 X10° cm™!

*The deformation potential (Ref. 11) for electrons in [100] and
[T00] valleys: =,=Z,+Z,.

®The deformation potential (Ref. 12) for electrons in the other
valleys: =,=Z,.

in Ge since in this case k is along a principal axis of each
spheroid. The parameters used are given in Table II, and
the result in Fig. 5 (see Ref. 12). In this case the frequen-
cy scale is larger since the electron-hole liquid in Si is
denser. Peaks due to electrons in the [100] direction and
holes are not separated. There is at present no experimen-
tal information available for the attenuation in Si.

Phonon Wave Number, k (10%m™)
(0] 1 2 3 4 5 6 7 8 9 10 1

T T T T T T T T T 1
8- K =00 -
4, -
\T=0
o // \ —
/ \
. 6 / \ =% -
T
o? 5 / % 1 ~13 n

9 / \ // 5x10

~ /
4 R ]

/ 1 13
~ / 7 2x10 sec
3 / 10713sec —
/
2y 5x104sec 7
iy 2x10 Msec 7]
o . | N | . I
0] 400 600 1200 1600

Phonon Frequency, v (GHz)

FIG. 5. Attenuation, in a Si electron-hole liquid, of longitudi-
nal acoustic sound propagating along the [100] direction.
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IV. DISCUSSION

Our principal result, Eq. (3.22) with (3.21), or in the
idealized case (2.30), for the phonon self-energy, contains
a unified description of phonon attenuation at all wave
numbers [as well as the frequency shift, when the final
two terms of Eq. (2.8) are included] due to the coupling of
the phonon to the electron-hole liquid. The result is valid
at finite as well as zero temperature, and includes
density-of-states effects, Coulomb interactions and their
screening, and intraband scattering processes as described
by a relaxation time. Detailed numerical calculations for
Ge and Si show that the effect of Coulomb interactions is
relatively small in both cases, and that a short relaxation
time 7< 107'? sec decreases the attenuation considerably,
thus removing the serious discrepancy between the experi-
ment' on Ge and the simple perturbation result (the k= o
curve in Fig. 3) neglecting Coulomb interactions and re-
laxation processes.

Comparison of theory and experiment in Ge suggests
that 7 is of order 10~ '3 sec. In view of the experimental
uncertainty in the absolute normalization of the data, and
the use of the single-relaxation-time approximation, it is
not possible to determine this 7 more precisely at present.
The ultrasonic experiments are, in fact, in the regime
where k is comparable to kr. Typically, k is comparable
to or larger than the kp (in the direction of k) of the val-
leys that contribute dominantly to the damping. For ex-
ample, at k =5%10® cm™!, where valley 1 provides the
peak (Fig. 4, for 7= ), one has kﬂ=3.23><106 cm™.
Since the effective 7 should depend strongly on k /kf, as
well as on #iw/er (which for the electrons equals unity at
0=3.84x10'% sec™!), we expect the effective = to vary
across the range of phonon wave vectors shown in Fig. 4.
Calculation of the effective 7(k,w) through a more careful
treatment of the collision integral in the kinetic equations,
beyond the approximation (2.11), remains an interesting
problem.

There are other estimates for the relaxation time 7.
From microwave absorption® in Ge at a frequency
©=3.5%x10' sec™!, and n~6X%10'® cm—3, it is found
that 7=7x10""" (1 + 0.086T%)~! sec, which at T=1.5
K is 610! sec. In this experiment the frequency and
the carrier density are much smaller than in the ultrasonic
experiment. For electron-hole liquids in Ge at the same
density as the present analysis, several electromagnetic
experiments have been performed. Values comparable to
ours, 7=(2.2—2.6)X 10" 13 sec, are deduced from the
width of far-infrared absorption'4—1 at
0=(1.3—1.4)x 10" sec™!, which is 1 order of magnitude
higher than the ultrasonic experiment. The magnetoplas-
ma resonance experiments”'18 at the same frequency
range as the ultrasonic experiment give 7=(2—7)X 10712
sec depending on the resonance frequency. The relaxation
times obtained in the electromagnetic experiments agree
with Rice’s estimate* 7! ~0.1%w?/Er, where Ep=6.4
meV is the sum of the electron and hole Fermi energies.
The relaxation time we have obtained is much smaller
than this value. The apparent discrepancy can be ex-
plained as follows. The quantity measured in the elec-
tromagnetic experiments is 7 in the dielectric constant or
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in the conductivity and mainly due to the electron-hole in-
terband scattering,* !> which we have neglected in our cal-
culation. If the Fermi sea were spherical, the intraband
electron scattering, which is the origin of our 7, would not
contribute to the damping of current. Therefore it is
natural that the relaxation time measured in the elec-
tromagnetic resonance experiments is much longer than
that measured in the ultrasonic experiment. Moreover,
the spatial variation in the electromagnetic experiments is
over scales much longer than k7', in contrast to the ul-
trasonic experiment. Without more detailed theory of the
relaxation time, we cannot make a quantitative compar-
ison between the relaxation times deduced from the dif-
ferent types of experiments.
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APPENDIX

In this appendix we define several dimensionless func-
tions derived from integrations over an ellipsoidal Fermi
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sea. The energy spectrum of electron is assumed to be of
the form

2 2 2
_ Px Dy P:
ep)= 2m, tom, T 2m,

(A1)

y

For application to the cases discussed in Secs. II and III,
one should set m, =m,=m,=m, and m,=m,=m, and
m,=m, respectively.

The first function we define is related to the Lindhard
function, but with finite relaxation time,

>

fdA ng_mz—nﬁm/z
o—v-k+i/7T
where
Vz(px/mx’py/my’pz/mz) .
We scale each component of momentum by the corre-
sponding Fermi momentum and energy by the Fermi en-
ergy

5o [P Py Pr
Prx ’ PFy ’ PF; ’
k k k

k= |7, 2,2, (A2)
kFx kFy sz

o=%w/ep, T=ept/Hi.

The scaled dimensionless quantities are always indicated
by tildes. Then with the help of the relation
n =prPryPr: /3T #, the integral is represented by a di-
mensionless function

1 laa Mp-m Mpimn I L [ a%— [ d%F| ————=Lka7 (A3)
# o—vk+i/r  2ep 2w { a, P a, p’a~,_2§.§+,~ﬁ_2€p R
where the integration is done over the region, for ﬁl,
-~ 2 ~ 2 ~ )2
ks _ Kk _ K
PX_T + py_—i— + Pz“‘z— <1,
and for Q,, (A4)
~ 2 ~ 2 ~ 2
~ kx ~ ky ~ kz
Px+—2‘ + Py+3— + pz+—2— <l.
The second function we define is the integration of the velocity,
0 0
1 Np_#k/2—Npihk/2 3n 1 3~ 3 1 ~ ~ ~
— | dA =—— || dp— |.dp|———— R s
ﬁf o—vk+i/r ' 2ep 2m [f01 P~ s, p] 5_2§.i+i/1-(vpxpx VryPy:VriPz)
_ k. k k
=£J(k’5;?) vaTxy UFyTy’ UFsz ] ) (AS)
2er k k k
where J (k;@;7) is defined as
TR, &)= —— [fﬁ dp— fﬁ d3p*}—1~’—'§——— . (A6)
2w 1 2 a—2p-k+i/7
When the collision time 7 is infinite, the function L becomes the Lindhard function, in dimensionless form,
- 1 1
L(k,a;oo)=—l dp— d3ﬁ]——~—:———, (A7)
27 fﬁn fﬁz &—2pk+id
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and the function J becomes
~ k 1 _ 31 1 @
J(k,a);oo)-—-’——[ d? d’ ] ;—:-—[ dp— ~dp]—: —1+ -
f“n P fﬁz are 2p-k+is k2 f“r fﬂ 2k &—2p-k+id
=—L (k,&; ) (A3)
f
= —> k,& - 1 kx?
For w=ck (¢ <vg) and k—0, L (k,d; ) becomes J(R—0, &i7) = f dx Iix — _ialy(a),
1 G—2kx +i/F
-~ ]Z/U )= — 1+-————l 1-—C/UF 2]
L(k—0,2ck /vp;0)= 207 _1+C/UF (A11)
where
—irc k7 kvpT
s or (A9) o= 2k. :_ L (A12)
1—i&g7 l1—ioT
When the wave number is very small, k <<kp, the and I,(a) is defined as
functions L and J become the integrals which appear in 1 o1 X"
Pippard’s theory’ of sound attenuation in metals. In this I(a)=— f 1dx T iax (A13)
case the difference of the integral operators becomes an 2= +iax
integral of a 6 function: The first three I,(a) are important:
1
3 P A P I(a)=—tan"la , (A14)
fﬁldp—fﬁzdp-fdpﬁ(p—l)pk. 0 ;
1
Therefore (A3) and (A6) reduce to Ii(a)=— 3 (a —tan"la)= —[1——10(a 1, (A15)
~ 1
~ 1 =—(g—tan"la)=—1]1—
L(k—0,a79= [ ]dx___gx e ala), I(@)=—5(a ~tan""a) a2[1 Ip(a)] . (A16)
- 52 .
@ X7 The integrals containing dn°/d¢ are expressed in terms
(A10)  of these functions as follows:
J
an° oy 3n 1 . 3n T
dA |——— - dPpéE-1)—————=—i=—39§ Iy(a), (A17)
f de w—v-k+t/7' 2&: Sy 27 f p d—2pk+i/F 2ep 1—ia7 0
0 . e
fan|-2 wp____ 3 A 5 1)———%P—'5-- _i3n 2KT 4w, (A18)
o |w—vk+i/T 2ep 27 d—2pk+i/F 26 1—i&d7F
where the second equality of (A18) holds only when &||k. Under the same condition (§||k) we also have
an° B‘U, ~E E igx Ey Ez
dA | — 8(—1 = — —, Vg —
f 3% |o—vkti/r 25 8“2 fdp ® )a) Wk+i/F k VP K > VEy % Uz %
. 3n Ex Ey Ez
=—i—3§ I(a) \vpy—, V=, UV, — | , (A19)
2, #1*15 1 Fx Z Fy z sz
u-p 3n A g — ~ ~
dA -
f w—V: k+l/T ZEF 2 fd PoE-D @—2p- k+i/F (OrxP Vryby> V)
3n 2]:? kx Ey igz
=—i—*" I)(a) \vpy—, Vpy,—=, Uz — (A20)
2£F 1—i&7 2 Fx P Fy P F:
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