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The theory of the excitation and amplification of longitudinal-optical lattice vibrations in a degen-
erate semiconductor in the presence of an electromagnetic wave is presented. It is shown that in the
intense-field limit only multiphoton absorption processes are significant and as a result the optical-
phonon population grows with time. A numerical estimate of the actual growth rate is given for a

typical semiconductor like GaAs.

I. INTRODUCTION

It is well known that the electron-phonon interaction
leads to the renormalization of the phonon spectrum in
semiconductors and metals.! =3 At the same time, the
electron-phonon interaction may constitute a fundamental
mechanism in the damping of phonons. It is therefore
natural to expect that external fields that change the spec-
trum and occupation number of the electron states will in-
fluence the spectrum and damping of phonons. For in-
stance, one knows that under the influence of a fairly
strong dc electric field the optical-phonon damping in
semiconductors may change considerably in magnitude
and even in sign. The modification of the optical-phonon
damping and spectrum in constant electric field was con-
sidered in Refs. 4 and 5. On the other hand, in the pres-
ence of laser radiation it is known that the interaction of
such strong fields with a semiconductor not only causes
the excitation of higher harmonics and amplification of
phonons (acoustic®~® and optical®~1°), but also changes
the conductivity in these systems. In particular, the modi-
fication of the optical-phonon damping (amplification) in
degenerate semiconductors in the presence of a photon
field and additional presence of a strong magnetic field
was considered in Ref. 10. It was pointed out in Ref. 10
that the optical-phonon amplification may in part be at-
tributed to the single-photon absorption by free carriers
accompanied by a net emission of optical phonons. If,
however, the laser field is strong enough, from a quantum
mechanical viewpoint, the absorption and emission pro-
cesses by free carriers are of multiphoton nature.

It is the aim of this paper to look at the problem of how
the free-carrier absorption of multiphoton radiation will
affect the optical-phonon damping in a degenerate semi-
conductor. The quantum counterpart of this problem is
that dealt in Ref. 10 in the absence of the strong dc mag-
netic field. The main difference between the present
theory and the one developed in Ref. 10 is twofold. First,
in the present paper we treat the electromagnetic field
classically within the dipole approximation. Secondly, we
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will not make use of perturbation theory in the coupling
of the interaction between the electrons and the laser field.
It therefore follows that the present treatment is more
adequate for studying the system in the strong radiation
field regime.

We have accordingly considered optical phonons of fre-
quency wy interacting with free carriers in the presence of
an intense laser field with frequency satisfying the in-
equalities

c /v >0T>>1
and (1)
0>, ,

where 7 is the electron relaxation time, , is the plasma
frequency, vr is the electron Fermi velocity, and c is the
speed of light. As for the optical phonons we shall con-
fine ourselves to those for which the wave number k satis-
fies the condition

kl>>1, ()

where [ is the electron mean free path; such phonons con-
stitute well-defined elementary excitations of the system.
Fulfillment of conditions (1) and (2) first ensures that the
electromagnetic wave penetrates well into the sample and
second means that the length of this wave is far greater
than the electron mean free path and wavelength of the
optical-lattice vibrations. Thus the spatial dependence of
the field can be neglected and we need allow only for the
dependence of A on time (A is the vector potential of the
laser wave). The results so obtained are also applicable in
the case of w <w,, provided the length of the sample is
much smaller than the penetration depth of the field into
the sample, namely 8 =c (w2 —w?) /%

The phonon scattering by electrons is treated using
first-order perturbation theory, retaining, however, the ra-
diation field strength to all orders. The interaction with
the laser is treated exactly (i.e.,, an arbitrary number of
laser quanta may be involved). The laser field is, however,
described as a classical plane wave. The electron states
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are described by the solution to the Schrddinger equation
for an electron in the field of a classical electromagnetic
wave. The transition probabilities are then used to write a
kinetic equation for the phonon population from which
the damping rate is obtained. In the strong-field limit the
electron-phonon collision involving multiphoton absorp-
tion becomes dominant, which in turn entails that the
optical-phonon population may become unstable.

The paper is organized as follows. In Sec. II the for-
malism is introduced. In Sec. III the optical-phonon
growth rate is calculated and in Sec. IV we given our re-
sults and conclusions.

II. FORMALISM

We assume a plane electromagnetic wave propagating
along the z direction. The spatial dependence of the laser
wave is neglected (dipole approximation). The time-
dependent Schrodinger equation for a free carrier (elec-
tron or hole) in a semiconductor in the field of the laser
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has the solution!! (normalized in a box of volume Q)

t[;(r,t)=—1 exp |ipT— !
*
vQ 2m*#

x ['ar|#ap—SAw) |t | .
C

(5)

Here p is the electron wave vector such that in the ab-
sence of the radiation field the electron energy E, is
E, =#p?/2m*. In (5), m* is the effective mass of an
electron.

Treating the electron-phonon interaction as the pertur-
bation, the probability amplitude for the transition from
state i =1,(r,?) to stage f =,(r,?) due to a collision with
an optical phonon #ik is
i(ker—ayt)

A(i—+f)=——é—f¢;f(r,t)Vke vyr0drde  (6)

llght where
172
2 27
gL Ay e 3 Vi=it |57 | olXex' -6 ")
ifi ot (r,t)= om* | v . A(t) | ¢lr,t), (3) k|l Q
where is the Fourier component of the electron—optical-phonon
interaction.!® Substituting Eq. (5) into (6) and performing
A(t)=Agé coswt) , (4) the spatial integration we obtain
|
. Ve @), /2 . . : o
Ali—f)= =i =" =8(p'~p —k) 7 at expli BN Ey— E, —fiwy Jexp[ —i (A /Aw)sin(wD] ,

where A=efik-Ey/m*w is the field parameter. Using a
Bessel function expansion for

exp[ — i (A/#w)sin(w?)] ,

the time integration in Eq. (7) can be performed to yield

(2m)}
Q

Ali—f)=—2miV; 8(p’'—p —k)

+
X Y J(A/fiw)SE, —E, —fiw, —stiw) .

s=—o0

(8)

Here J,(A/#w) is the Bessel function of order s. The
scattering amplitude is now specialized to describe the ab-
sorption or emission of s photons.

From the well-known relation between the scattering
amplitude and the T matrix,'>!> we can then use Eq. (8)
to obtain the transition probability per unit time T (i — f)
for the electronic transition from state i =1, to state
f =tp+1 due to a collision with an optical phonon k with
absorption (s>0) or emission (s<0) of |s| photons
from the laser field. One then obtains

A

. 2
Ti—f)=5" | Vi |0 | 25

XS(E, i — E, —fiw, —so) . 9)

Since we are treating the laser field classically, the number
of photons | s | has the same meaning as in the theory of
bounded systems under intense laser fields!>!*—it is the
number of 7w such that AE =E, — E, —fiw; =stiw.

Finally, the rate of change of the number of optical
phonons of wave numbers k, dN, /dt, is then given in
terms of the transition probability T, as'’

dN,

dt =YiNk » (10
where

21 2 py 2 A
Yk=——|Vki 2 ZJS [ (f +k“fp)

#i so—w’p fiw |°F

XS(E, 41— E, —fiw —sho) .

(11)

In Eq. (11), f, is the Fermi distribution function. If
Yk >0 the optical-phonon population grows with time,
whereas for y; <O we have damping. Actually the cri-
terion for the onset of the instability is somewhat more in-
volved. In our discussion so far we have completely
neglected other mechanisms such as multiphonon process-
es which may interact with the phonons and lead to a fi-
nite phonon lifetime even in the absence of the electron-
phonon interaction. We may take them into account by



33 THEORY OF THE EXCITATION AND AMPLIFICATION OF . ..

introducing a phenomenological phonon decay rate v(k)
due to processes other than phonon emission and absorp-
tion by electrons. The actual criterion for the optical-
phonon instability for a particular wave vector k is there-
fore

y(k)—v(k)>0. (12)

III. GROWTH RATE

In this section we shall calculate y(k) in the limit of
strong radiation field (the low-field regime is essentially
that of Refs. 9 and 10) and show that under certain cir-
cumstances y(k) may be positive and larger than v(k).

In the strong-field limit, A >>fiw and the argument of
the Bessel function in Eq. (11) is larger. Of course
A >>fiw depends upon the direction of k. However, since
we shall be mainly interested in k parallel to the field am-
plitude E,, the condition A>>#iw is essentially |Eg]|

|

174 2
_Tlvi o 2 k=S [B(E, 1
P

—E, —fiw, —A)+8(E,
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large. For large values of argument, the Bessel function is
small except when the order is equal to the argument.
The sum over s in Eq. (11) may then be written approxi-
matelv as

+
S JAM/#0)S(E —stiw)=5[8(E —A)+(E +1)] .

(13)

The factor + may be verified by integrating both sides of
Eq. (13) with respect to E =E,  y —E, —#iw,. The first &
function corresponds to the emission and the second to
the absorption of A /#iw photons. In other words, for the
intense-field case only multiphoton processes are signifi-
cant and the electron-phonon collision takes place with
the absorption or emission of A/#w >>1 photons. Substi-
tuting Eq. (13) in Eq. (11), the optical-phonon excitation
rate becomes

ek —E, — o, +1)] . (14)

If we further assume that A >>Er (Ep is the Fermi energy) we may neglect the contribution of the processes in which
photons are emitted compared to the contribution of processes in which photons are absorbed. This means that in the
case A >>Ej the contribution of the first 6 function may be neglected so that Eq. (14) reduces to

Q|Vk|
y(k)=

after transforming the sum over p into an integral; here x
denotes the cosine of the angle between p and k where the
polar axis for the p integration was taken along the direc-
tion of k.

Approximating f(E,) by a step function and perform-
ing the integration in Eq. (15) one finally obtains

(m*)e’wrle;'—€5 ") | ek Eg
— — 16
rtk) 27 mro K|’ e
provided A >>Er.

IV. RESULTS AND CONCLUSIONS

Equation (16) is the quantity of interest to us. It then
follows from (16) that for a particular optical-phonon
wave vector the necessary condition for the onset of the
optical-phonon instability is just the Cerenkov condition
k-Vo> oy, where Vo=eEy/m*w. The above result is for-
mally analogous to the one for the electron-phonon sys-
tem in the presence of a dc electric field. The difference
lies in the fact that in the latter case Vo=eEy/m*w is re-
placed by the drift velocity V,; as imposed by the static
field.*>

The condition A>>Ep restricts the present theory'
only to short-wavelength optical phonons. To see this let
us consider in more detail the condition A >>Er. For the
sake of simplicity we shall consider only optical phonon
propagating parallel to E,. For a given k the condition
A =Ey defines a critical field strength E,, namely

E,=m*wErX/et, (17

INCT N \dx [ (E, + fiog — M) — f(Ep)I8(E, 4 — Ep —Fito +1) (15)

T
X being the optical-phonon wavelength. If follows that
the critical laser intensity such that A=Er will be given
by

I m*wEgk
¢ 8w et

To get a numerical estimate of the value of I, let us con-
sider the following values for the physical parameters of
an n-type semiconductor such as GaAs: m"’=0.068m0,
€,=10.9, €=12.9, 0y ~wo=5.6x 10" sec™! (dispersion
is neglected), Ep~10"'% ergs. Hence usmg a Nd:glass
laser for which @ ~2.0X 10" sec™!, it can be seen that I,
becomes

I, =2.0x10%%? W/cm? .

Hence for x=10"" cm, I, is of the order of 10° W/cm?.
For x=10"% cm the power needed is 2 orders of magni-
tude higher which starts to impose some experimental dif-
ficulties as, for instance, damage to the crystal. There-
fore, restricting ourselves to small values of X and using,
for instance, a Nd:glass laser with a power density of the
order of 10° W/cm?, together with the values of the phys-
ical parameters given above for n-type GaAs, we estimate
y(k) to be of the order of 10" sec™! for #=10""
One notices that wunder the above conditions
vo=eEy/m*w is of the order of 10’ cmsec™!, which is
greater than v, =wy /k ~4X 10 cmsec™".

As mentioned before the actual condition for a net am-
plification of optical phonon requires the phonon growth
rate to be greater than the loss v(k), which is of the order
of'6 10'°—10"! sec~!. Hence since the amplification fac-

1



4128

tor y(k) may be of the order of or greater than v(k), one
might hope to achieve a net amplification of short-
wavelength optical phonons when the semiconducting
crystal is under an intense laser light. This is of particular
interest since the conventional amplification of optical
phonons via a dc electric field*> favors phonons of rela-
tively small k’s (long wavelengths), i.e., Kk =10° cm~".

In conclusion, we have considered in this paper an
electron-phonon system in the field of an intense elec-
tromagnetic wave. It was found that in the limit A >>Ef
only the electron-phonon collisions accompanied by mul-
tiphoton absorption are significant, and, as a result, the
optical phonon population may grow with time when the
field strength E, exceeds certain threshold value given by
Egs. (12) and (17). Furthermore, it was also shown that
the present theory is restricted to short-wavelength optical
phonons. The reason why the present mechanism is limit-
ed to high k is essentially due to the condition A >>Er
which is only satisfied, from a practical point of view, for
high k.

Physically, the optical-phonon instability in the field of
a strong electromagnetic wave may be understood by as-
suming that the effect of the intense field is to give a drift
velocity vo=eE,/m*w to the charge carriers. Hence
when v, exceeds the phase velocity of the optical pho-
nons, the phonon population in the Cerenkov cone may,
in principle, grow with time. The actual observation of
the population growth is achieved only if y(k) is greater
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than w(k). A numerical estimate of y(k)—wv(k) based
upon the values of the physical parameters of the GaAs
suggests to us that using a Nd:glass laser with a power
density of about 10° W/cm? one might, in principle, ob-
serve a net amplification of optical phonons.

We finish by pointing out that our model contains a
number of simplified assumptions. Nevertheless, some
essential conclusions can be drawn therefrom. Amongst
them, the present mechanism has the ability of exciting
optical phonons of short wavelength (high values of k)
propagating perpendicular to the z axis (i.e., parallel to
Ey). This is of particular interest since the conventional
methods (e.g., drifting carriers*) favors amplification
along the z axis. The amplification of short-wavelength
optical phonons considered here can manifest itself exper-
imentally in an increase in the absorption of the laser
wave by the semiconducting sample.
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