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We have solved the Boltzmann equation to obtain the conductivity tensor for electrons interacting
with acoustic waves in the presence of strong electric fields. The presence of the dc electric field leads to
two new effects: the introduction of a drifted distribution function for the electrons, and of a complex
electron temperature which depends on both the electric field and the acoustic wavelength. It is shown
that it is the drifted distribution function which leads to the amplification of acoustic waves in the short-
wavelength limit ¢gZ>>1, while in the long-wavelength limit ¢/<<1, it is the complex temperature which gives

rise to the amplification.

I. INTRODUCTION

IN recent years there has been quite a bit of interest,
both theoreticall? and experimental,?# in the ampli-
fication of acoustic waves through their interaction
with conduction electrons in the presence of dc electric
fields. Most of the experimental work up to now has
been done in the region where the acoustic wavelength
is longer than the electron mean free path. In this
frequency region the interaction can be viewed as that
between the acoustic wave and a space charge wave.
However, Nill5® has recently done experiments involv-
ing both attenuation and amplification in InSb in the
10-gigacycle region, where the acoustic wavelength is
shorter than the mean free path. Here the amplification
process can be viewed as a phonon maser with the
electric field acting to invert the electron population
so that emission of phonons exceeds their absorption.
In addition, Solymar’ has proposed a new mechanism
for amplification of acoustic waves which should occur
in strong fields for which the electron drift velocity
exceeds the mean thermal or Fermi velocity of the
electrons. Theoretically, the treatment of this problem
requires the solution of the Boltzmann equation for
the electrons interacting with the acoustic waves in
the presence of the dc electric field. We previously
solved this problem to terms linear in the dc electric
field.® In our present work, we have solved the Boltz-
mann equation for arbitrary dc electric field, assuming
of course that we can still use the relaxation-time
ansatz?? for the collision term in the Boltzmann equa-
tion. We have also made use of a drifted distribution
for the electrons. We then use our solution of the
Boltzmann equation to calculate the relevant compo-
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nents of the conductivity tensor. We used nondegener-
ate statistics for the electrons since in most cases am-
plification is observed in materials where the electron
density is low enough for the electrons to obey classical
statistics. In the limits of long wavelength ¢/<<1 and
short wavelength ¢/>>1, we obtain the same results as
previously,? taking into account the modifications im-
posed because of the use of degenerate statistics in
the older work. However, it becomes clear from our
calculation that the amplification of the acoustic wave
in the region ¢l<<1 arises because of a field-dependent
imaginary electron temperature while in the region
gi>>1 it arises because of a drifted electron distribu-
tion. In addition, in the limit where the drift velocity
is greater than the average electron velocity we com-
pare our results to those of Solymar.’

II. CALCULATION

The Boltzmann equation for electrons interacting
with an acoustic wave of frequency w and wave vector
q in the presence of a dc electric field & is
df daf e ( v > df
—dye—=———1& & -—XB o—
dt+ dr m ot 1+c ') dav
where & and B; are the electric and magnetic fields
induced by the acoustic wave, 7 is the electron re-
laxation time, and f, is the distribution to which the
electrons relax in the presence of the wave. This dis-
tribution is®

fo(v) = fo(v—d¥&/dt, ny+m)Xfo(v)
— (d&/dr) - (dfo/dv) +m(dfo/dno).

Here fo(v) is the equilibrium distribution of the elec-
trons, £ is the amplitude of the acoustic wave, and the
second and third terms on the right side of (2.2) arise
from the collision-drag effect and from the fact that
the scattering is local®®® and therefore does not change
the electron density. In semiconductors where the inter-
action of the wave with the electrons is either via the
deformation potential or piezoelectric coupling, the
second term can be neglected.? We also take the elec-
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tric field & induced by the wave to be a longitudinal
field so that By=cq/wX&=0. This is valid since in
semiconductors where deformation potential coupling
dominates, the induced electric field is longitudinal
regardless of whether the acoustic wave itself is longi-
tudinal or transverse. Also, when piezoelectric coupling
dominates, the interaction is strongest for those waves
which induce longitudinal electric fields. The solution
of (2.1) can be written as

f=fae(v)+g(v) expi(q-r—awt),

where the first term represents the electron distribu-
tion function in the presence of the dc electric field,
but in the absence of the acoustic wave, while the
second term represents the part of the distribution
function which is induced by the wave. The dc distri-
bution can be found to first order in & by solving the
dc part of (2.1).8 However, it can be seen that such a
solution is given by the first two terms in the expansion
of fo(v—vy) for small v; where vi= — (er/m)& is the
drift velocity of the electrons in the dc field. We there-
fore take fac(V) =fo(v—v,). The part of the distribu-
tion function which is directly proportional to the am-
plitude of the acoustic wave obeys the equation

T i(qe v—w) 4 (va/7) - (d/dv) Jg(v)
= (e&1/m) + (dfae/ V) + (m/7) (dfo/dno).

If we take the direction of the dc electric field, and
therefore also v; to be the z axis of our coordinate
system, then (2.4) has the solution

(2.3)

(2.4)

g(v) =;—:;/_1: ds exp {—/;v’% [i(q-v—w)+r—1]}

€81 dfae 11 dfo
X( av + T dno

) . (23)

We take the general case where q lies in the xz plane
and treat the electrons as obeying Boltzmann statis-
tics, i.e.,

Jo(v) =no(m/2wkpT)32 exp(—mr*/2ksT). (2.6)

Then the ac distribution g(v) has the form

65/2
envy (c b)i2

g(V) === exp—cat+ (0,—2)’]
7 812
X 181,01 cosep (%)—m

i e )

N 63/2

2mta oy P~ c(vP+0) F(v),

(2.7)
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where we have expressed v in cylindrical coordinates
a=a-+2bvg, a= (1—1iwr) /v,
b=ig.s/2vs,  B=(qur)/vay  ¢=m/2ksT,
= {(a+iBo. cosp) /[2(c—0)"*1} — (¢—b)**(v:—1a)
= {(a+1pvs cosp) /[2(c—) "]} — (c—b) Vv,

ao=mer/m,

and
F(u) =expu? erfc(u) = (2/712) expuzf dt exp—1£2.

To first order in vy, (2.7) reduces to the result derived
in our previous work.? The ac current induced by the
wave is

=—c / dv vg(v) =6+ &— Rumev;, (2.8)

where ¢ and R can be evaluated by using (2.7) to-
gether with (2.8). The integrals necessary to obtain
6 and R are evaluated in the Appendix. The expres-
sions obtained are

0za= (200/va) (/)3 { (8%/c) [1— P2 F (x) ]
+2x12(b/c) (c—b) F(x) },

| (e) ]

X1 () 1+ D g (2 B )} (2.9b)

B[22

(2.9a)

—27r‘/2 (c b) - F(x)} (2.9¢)

8= vd?ji‘f) 2—2 { [1~c—1 (%)2] [1—#124F(x) ]

2”2 (c b)

oF (x )} (2.9d)

(2.9)
(2.9f)

Ry= (—1B/cvwwa) (y/a) [1—7'PyF (y) ],
Ry= (20,bva) 7 [1—c7*(8y/a)*J[1—7'"yF (y) ],

where
_ 1—i(e—q- V)7
" gl(1—ie8yq/PksT)Y2’

1—iwr
@ (1—1ie&q/q?kp T)12’
and /= (2kgT/m)"?r is the mean free path. The com-
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ponents of ¢ and R which are important in determin-
ing the interaction of acoustic waves with conduction
electrons in semiconductors, where deformation poten-
tial coupling or piezoelectric coupling of acoustic waves
to a longitudinal electric field are the dominant mech-
anisms, are the components along the direction of
propagation of the wave, which we denote 611 and Ry.
The relation between these components and those de-
rived in (2.9) can be obtained by rotating our coordi-
nate system;

01= 0222/ Q) *+02:(0:/ Q)+ (0:0:/ ¢) (02at022),
Ri=R.(¢./9)+R.(g:/q).

After a lengthy but straightforward calculation we find
that

(2.10)

—_ 2(1~in) 3o
(gl)*(1—ie8o q/qPkp T) 12
Ry= (""1:/037') [l—ﬂ-llzyp(y) :'

The effective conductivity tensor which comes into
the calculation of the acoustic absorption coefficient
and the change in the velocity of sound is

{(1—mixF(z)], (2.112)

on

(2.11b)

(31
1— Ry

I
61’ =

_ —2iwré[ 1— 7% F (x) ]
(g)*[1—ie8yq/Pkp T 1—7'2yF (y) /(1—iwr) ] "
(2.12)

The effect of the dc electric field comes into the ex-
pression for the effective conductivity tensor (2.12)
in two ways, first in that the use of a drifted dc elec-
tron distribution introduces a Doppler-shifted frequency
west=w—{q Vg, and second in that a field-dependent
effective temperature Tesr=T—14¢8+q/¢%kp is intro-
duced. When ¢i<1, x, y>>1 and F(x)~~(1/7'%x) X
(1—1/24%), so that (2.12) reduces to the form

A—qv/erit@yerT 19

This is just the result obtained by using the phenomeno-
logical approach. In this case, the terms leading to a
negative absorption coefficient (amplification) arise
from the imaginary part of the effective temperature.
When ¢>>1 and v<Kvp+v,, where vp= (2kpT/m)1? is
the mean thermal velocity of the electrons, then z,
y<K1 and F(x)~1, so that (2.12) reduces to the form

o' = —iw(qa/Q) {1+ im*[(w—q-va) /qur ]}, (2.14)

where gg= (m¢*/kpT)'? is the Debye wave number of
the electrons and we have taken €& q/¢*ksT<<1. Here
the terms leading to acoustic amplification arise from
the use of a drifted dc distribution function. The third

’
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case of interest, which was treated by Solymar,” occurs
when v2>vr and wr>>1. Under these conditions #>>1

-and y<1, so that (2.12) reduces to the form

o1 = twme/m(w—q-va)2 (2.15)
This is exactly the same result derived by Solymar
using degenerate statistics and a drifted dc distribu-
tion function for the electrons. In this limit, the sta-
tistics which the electrons obey are irrelevant to the
calculation of the conductivity since the phase velocity
of the wave in the rest frame of the electrons is §-va
and thus exceeds the average electron velocity. The
conductivity can then be calculated just by taking
moments of the Boltzmann equation since the indi-
vidual electrons cannot reach resonance with the wave
and there is no Landau damping. In fact, this third
case is the one which is least likely to be observed in
practice since the electrons must be given a drift veloc-
ity which exceeds the average electron velocity in the
semiconductor.

III. DISCUSSION

In this paper we have solved the Boltzmann equa-
tion for electrons interacting with an acoustic wave
in the presence of strong dc electric fields. We have
calculated the components of the conductivity tensor
which come in to the calculation of the absorption
coefficient and the change in the sound velocity. The
advantage of our present calculation over our previous
solution of the Boltzmann equation?® is twofold. First,
we have made our calculations using classical statistics
for the electrons, which is more realistic than using
degenerate statistics in most high-resistivity semicon-
ductors, where experiments have been done. Second,
we have not limited ourselves to a solution which is
only correct to first order in the dc electric fields. The
presence of the dc electric fields leads to the introduc-
tion of a drifted dc distribution for the electrons and
a complex, field-dependent effective temperature. This
agrees with the predictions of Pines and Schrieffert
in treating a similar problem concerning the two-stream
instability in solid-state plasmas. In the limit ¢i«<1,
our result agrees with that derived previously.® How-
ever, from our treatment it becomes clear that the
terms leading to acoustic amplification arise from the
field-dependent effective temperature. When ¢i>>1, our
results reduce to that derived previously as long as
€&+ q/¢<ksT and 7;<vr. Here the terms leading to
acoustic amplification arise from the use of a drifted
distribution function. The condition e&-q/¢*ksT<K1
can be rewritten in terms of vy and vr, i.e., 24~ va/qlor<1,
where q is a unit vector in the direction of q. It can
therefore be seen that for ¢/>>1 and v;<vr, the field-
dependent part of the effective temperature can be

1], Pines and J. R. Schrieffer, Phys. Rev 124, 1387 (1961).
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neglected because it plays no important role in deter-
mining the amplification coefficient. The only effect
it has is to reduce slightly the value of the conductivity.
The limit wr>>1 and v;>vr was discussed above and
is a limit which would be very difficult to obtain in
practice. It therefore seems that the present theory
which takes account of arbitrary electric field is in
good agreement with our earlier linear theory. Thus
any anomalous phenomena arising in the acoustic am-
plification in strong electric fields® must result from
effects other than the direct effect of the dc field on
the ac conductivity. The most serious approximations
we have made is to take the dc electron distribution
to be a drifted Boltzmann distribution for all dc electric
fields and to use a relaxation time in treating the colli-
sion term in the Boltzmann equation. The first ap-
proximation is commonly made. It is certainly a valid
approximation at low electric fields, while for high
fields Frohlich and Paranjape'? have shown that it is
valid when the electron-electron collisions are more
effective than the electron-lattice interactions in estab-
lishing the energy losses of the carriers. Some of the
criteria for using a drifted Maxwellian distribution in
semiconductors like InSh are discussed in Ref. 11.
The second approximation should become unimportant
when dealing with amplification of high-frequency pho-
nons where ¢i>>1. However, a field-dependent relaxa-
tion time could explain anomalous behavior in the
region ¢/<1 and the division between the regions ¢/<<1
and ¢I>>1 might be different in the presence of strong
fields than in their absence.

The reason why the linear theory agrees with the
present theory is that the electric field only introduces
a Doppler-shifted frequency wess, and an effective tem-
perature Teg. In the limits ¢/<<1 and ¢i>>1, with 9;<vr,
the terms containing the electric field come in only to
first order, yielding an exact agreement with the linear
theory.

Note also that the expressions for the components
of ¢ in strong dc fields derived in this paper are valid
for any excitation which generates longitudinal electric
fields in nondegenerate semiconductors. Therefore, these
expressions could also be used in describing the inter-
action of conduction electrons with optical phonons
or plasma waves in semiconductors. The only differ-
ence would be in the initial dispersion of the wave,
i.e., the dependence of » on g.

APPENDIX

To obtain the expressions for ¢ and R in (2.9) from
(2.7) and (2.8) we must evaluate integrals of the

12H, Frohlich and B. Paranjape, Proc. Phys. Soc. (London)
B69, 21 (1956).
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following form:

-+

dx exp— ca?F (\—6x), (A1)

L=

-—a0

+oo
I,= / dx x exp—cx*F(\—é6x), (A2)

o 2
I;= f dvivi exp—cvi? / d¢ F(\+1idvs cosg), (A3)
0 . 0

+co 2T
dvy v4? exp—cv1? dep cospF (A6 cos),
0 0

I4=
(A4)
+c0 2
Iy= / dvivid exp—cvs? / dp cosipF (\-+1idvL cose).
0 0
(AS)

To evaluate these integrals we use the following inte-
gral form for F(z)%:

© +oo .
F(z)=n"1 f dy / dt exp—2 exp— (z+it)y.  (A6)
0 —

Using (A6) in (A1) and (A2), and performing the
integrations over «, ¢, and ¢ in that order, we obtain

Ii=[x/(c—8) J*F[\/(1—8/c)?], (AT)
) 2\ N
== [1_<1—52/c)1/2 ((1—52/6)1/2)]'
(A8)

To obtain I3, I, and Is we use (A6) in (A3)-(AS) and
perform the integrations over ¥, ¢, v+, and ¢ in that
order. We then get the result

™ A
I3=c”2(6+32)1/2 F ((1—]—62/6)1/2) ’ (A9)
'—7:71'1/25 7‘-112)\ N
4= c(c+6) [ - (1482/c)12 F ((1+62/c)1/2):| , (A10)
7].1/2}\62 1['1,2)\ s N
5=6(6+62)2[1—(1—1;-52/5)1/2 <(1+62/c)1/2)]

T A
+26”2(6+62)3/2 F ((1+52/C)1/2) . (A11)

The evaluation of the integrals I;-I5 allows us to write
down the results (2.9) for ¢ and R.

18 Handbook of M athematical Functions, edited by M. Abramovitz
and I. A. Stegun (U.S. Department of Commerce, National
Bureau o7f Standards, Washington, D.C., 1964), Appl. Math. Ser.
55, p. 297.



