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Abstract. Phonon scattering by electrons in the simultaneous presence of intense laser and
magnetic fields is discussed. A kinetic equation is derived, and the rate of change of the
phonon population is calculated. For laser radiation propagating parallel to the magnetic
field, it is found that multiphoton processes are dominant when the laser frequency is near
the electron cyclotron frequency. Furthermore, the damping rate is found to decrease as the,
laser frequency approaches the electron cyclotron frequency.

1. Introduction

There has been recent interest in the study of the interaction of intense laser fields with
semiconductors (Ephstein 1970, 1971, Puchkov and Ephstein 1974, Bass and Granovskii
1971) and plasmas (Seely and Harris 1973, Cohn et al 1972), aiming not only at the exci-
tation of higher harmonics and amplification of high-frequency phonons, but also to be
able to change the conductivity in these systems. Since the laser frequency is usually much
greater than the electron cyclotron frequency, an external magnetic field probably
has little effect on the rate of absorption of laser energy by the system, but has a major
effect on the confinement of the electron states. However, a resonance condition, where
the laser frequency is equal to the electron cyclotron frequency, may be approached
either by increasing the magnetic field strength or by using longer-wavelength lasers.
Intense submillimeter lasers are becoming available (Lax and Cohn 1973) and it is
therefore important to consider the cylotron resonance absorption of this radiation.
In this paper we consider phonon scattering by electrons in the field of an intense laser
radiation (Ephstein 1970) and include the effects of a strong magnetic field. We assume
the ion cyclotron frequency to be much smaller than the phonon frequency so that the
phonons are affected by the magnetic field only indirectly through the electrons. The
laser beam is treated as a classical plane electromagnetic wave in the dipole approxima-
tion. The electron states are described by the solution to the Schrodinger equation for an
electron in the laser field and a uniform static magnetic field.

Phonon scattering by the electrons is treated using first-order perturbation theory
retaining, however, the laser field strength to all orders. The transition probabilities are
used to write a kinetic equation for the phonon population (Harris 1969), from which the
damping rate is obtained. For the case of laser radiation propagating parallel to the mag-
netic field, the phonon damping is found to decrease as the laser frequency approaches
the electron cyclotron frequency.
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2. Formulation

Let the magnetic field be in the +z direction. Neglecting the spatial dependence of the
electromagnetic field of the laser beam, the vector potential of the laser and magnetic
field is thus taken to be

A(y,1) = A(t) — Bye
A(t) = (cEy/w) [e, cos (wt) + e, sin (wt)] ; (1)

where B is the magnetic field strength and A(t) represents the field of the laser beam,
assumed to be a right-hand circularly polarized plane wave propagating parallel to the
z axis. The solution to the time-dependent Schrédinger equation for the electron motion
is (Seely 1974)

W = L™ Vexp (ip . x/h) exp (—iE,t/h) exp <— ﬁ J R(t) dt’) 60 @

where
E, = ho(n + 3), n=0,1,2,...
p = (., Q). p.),
R@) = [p — (/0 A®)]* ~ [p, ~ GO)]%
$,(8) = (mao/TIM)Y* (2°n)™ V2 exp(—{2/2) H,(0),
{ = (mo/n)'?y — (moh)™?[p, - GO].
Here 0, = ‘e | B/mc is the cyclotron frequency, p, and p, are constants of motion, n is the

Landau-level quantum number, and ¢ ,({) is the harmonic-oscillator wavefunction. The
real functions of time G(f) and Q(t) are determined by the equation (Seely 1974)

G(t) + i10(t) = J dr'[4,(t) — 14, ()] exp [iw (t — 1], (3
where A (f) and A,(f) are components of A(t). We refer the reader to Seely’s paper (1974)
for a more detailed discussion of the solution (2).

Treating the electron—phonon interaction as a perturbation, the probability ampli-
tude for the transition from state 1 (n, p,,, py,) to state 2 (n,, p,,, p,.) due to the collision
with a phonon of momentum #k is

ijj& x deyv, exp [itk . x — w,0)]y¥, (4)

all »2;k) = — &

where v, is the electron-phonon coupling. Substituting (2) into (6) and performing the
integration over x and z, we obtain:

2nh)?
al = 2:K) = ‘%“(;) 5(p,, — Pry — Bk )6y — Prs — k)

X [‘dt exp (% (E,, — E,, — ho) + > ' fzj dr'(R, R1)>m), (5)

Y
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where

1) = f " dy exp (k)6 (), (L) ©®)

{ = (mo /m?y — (moh)~V3[p, — G(0)], i=1lor2.

Integrals similar to the one in (6) have been considered by several authors (Lee and Tzoar
1969, Gomes and Miranda 1975). The result is (Gomes and Miranda 1975)

I(t) = exp {ik,[p,, + p,, — 2G(t)]/2mw }7(ny.ny, p), (7
where y(n,, n,, p) has been defined previously (Gomes and Miranda 1975) with p = hk?/
2ma,.

The integration over ¢ in (5) may be performed after expanding the factors that are
periodic in time in the Fourier series:

S () exp (—iveot) = exp[:; f dr (G - gAx> _ G _ ek, fdzA:I ®)

v=—o maw,, mce

Then (5) may be written as

_ iy, (2nh)?

all = 21k) = — 2k

8(pay = Pry — Mk )S(D,, — by, — Tk

+o0
x exp [ik,(p;, + py)2moJx(ny,ny, p) 3, F(K)

V= —0

x 8 <E LB _p M - vhw) . )
2m "t 2m

From the well known relation between the scattering amplitude and the T-matrix

(Roman 1965) we can then use (9) to obtain the transition probability per unit time,

T, (1 — 2, k), for the transition from state 1 to state 2 due to a collision with a phonon k

with absorption (v > 0) or emission (v < 0) of |v| photons. One gets:

2m " 2m

The rate of change of the number of phonons of wavenumber k, dN,/d¢, is then given
in terms of the transition probability as (Harris 1969, Parry and Turner 1969)

dN,/dt = ,N, (11)

2 2
T,(1 - 2: k) = Qnr/h)| v [*|x(ny ny, o)) F(K)|?6 ( g By vho > (10)

where

= 2 ZOO Z Qr/me*lxn + 1 n, p)|2T2(Afhw)

R Px, Pz I=—0 v= -

x [f(E) = fIEN]S(E — E ~ hw, — vho). (12)

HereE' = hoo (n + | + 1) + (p, + hk,)*/2mE = ho (n + 3) + pZ/2m,|F (K)]* = J2(2/hw)
where J, is the Bessel function of order v, and A = ehk E /m(w — w.) = hk v, is the
field parameter. In the case of a right-hand circularly polarized plane wave propagating

parallel to the magnetic field, the Fourier coefficients F (k) are Bessel functions (Seely
1974).
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In the following we assume a Maxwellian distribution for the electrons. This assump-
tion is relevant to a significant range of semiconductor materials and is valid provided
the electron heating in the radiation field may be neglected. The latter is valid if e2E%/
2mw?* < (E) where (EY = kpT is the average energy of an electron in the absence of the
radiation field. Therefore our results are restricted to radiation fields E, smaller than the
threshold heating field

E, = Qmw*k,T/e*)'/2

Furthermore, we shall consider only the laser—cyclotron resonance case, namely,
w ~ o, Then 4 > how and the argument of the Bessel function is large.
For large values of argument, the Bessel function is small except when the order v
is equal to the argument. The sum over vin (12) may then be written approximately as
+0
Y | ARw)P8(Q — vho) = 1[8(Q — 4) + 8(Q + A)].

The factor 1 may be verified by integrating both sides of the equation over Q = E' — E
— how,. The first 6-function corresponds to the emission and the second to the absorption
of 1/hw photons. Since 4 » hw, only multiphoton processes are significant. The phonon
damping then becomes

YV = —g Y ZOO lyn + Ln, p)* [ f(EXexp [— (A + hw)/ksT] ~ 1}

n, Px, Pz 1= —©

S(E — E — hw, — 2) + f(E) {exp [(4 — ho)/kyT] = 1}0(E' — E — hoo, + H)].  (13)

If we further assume that A » kiT for o near w,, the contribution of processes in which
photons are emitted is negligible compared with the contribution of processes in which
photons are absorbed. Under these circumstances, (13) reduces to

== Z S vdun + Ln, p)Pf(E){exp [(A — hw)/ksT] — 1}6(E' — E — howy + ).
l—-—con Pxs Pz (14)
Equation (14) is quite general and valid for any radiation and magnetic field strengths.
The only assumptions are that e is near o, and that the electrons obey a Maxwellian
distribution. Since the existence in most semiconductors of well defined Landau levels

is not easily attainable with relatively low magnetic fields, we shall in the following take
the classical limit of (14) by letting (Harris 1969, Walters and Harris 1968)

h—-0 and n - w0, (15)
such that
nho, — tmp? (16)
and
Y (ISE,,)~ jd3 o) f(v). (17
n, px, Pz

Hence, expanding (14) in powers of # and retaining only the lowest-order terms, one gets

Tka

y
* T kg T

(kv — @) Z Aok v o) f@)(w, + kv, — w, + k, vy) (18)

=~
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where we have written 4 as ik, v, with v, = eE,/m(@w — o), and replaced |7(n+1, n, p)|*
by its classical limit (Walters and Harris 1968) |x(n + I, n, p)|* - J3(k v, /w,). One
notices that v? is proportional to # so that (18) is in fact independent of .

For E; =0 (v, = 0), (18) reduces to the well known expression for the phonon
damping in a uniform magnetic field in the classical limit (Harris 1969), On the other
hand, for B —> 0 (w, — 0), the argument of the Bessel functions in (18) is large, so that, as
before, we may approximate y, by

2 Vo}
e = g (K
k(B_,O)thT

This is essentially the same result as one would get for the phonon damping if we had only
the radiation field, in the limit of either E, very large or w very small. It can easily be
worked out using the electron wavefunction in the presence of the radiation field only
(Seely and Harris 1973).

Going back to (18), substituting f (v) by ny(nv3) ™32 exp (—v?/v2), where v2 = 2k;T/m,
and performing the integration over v, using the -function, one has

Do — @) stvf(v)é(k LU= o + k). (19)

i Vi (k v, — @, T
L 2 < ] ) L exp[=lkivo + lo — o k20r]F koo (20)
mur lkzlvT

l=—w
where
+

F(k,vi/o) = j ) dx exp (— xW2(k v/ x/0,) = exp [ —k2vE2w? ]I (k2v3/20?).  (21)

0

Equation (20) is the expression for v, which we wish to discuss. The first point one notices is
that, regardless of the value of E, for o = w_ (ie. v, = o)y, vanishes. Physically this
result may be understood as follows. Consider the problem of a single electron in an
electromagnetic field described by A(t) and moving in a potential V (the lattice potential).
For simplicity we shall neglect the external magnetic field. We have

H=1[p - (e/)A(t)]*)2m + V=H, + V.

In the case of a strong field, such that |e4| > |V|, the above Hamiltonian may be approxi-
mated by the first term H, which is the free-particle Hamiltonian. In other words, under
strong fields, the electron no longer sees the phonons; the electron—phonon interaction
becomes frozen (y, = 0). Hence the fact that y, vanishes for w = w_, may be understood
as if, at the resonance, the radiation field were infinitely large.

The second point regarding (20) is that for w near w_, but not necessarily at resonance,
the phonon population may in principle grow with time for wavevectors k in a general
direction 6, provided k v, > w, or v, > v, the sound velocity. This condition is in fact
amply satisfied for w ~ w,. However, the estimative of this growth rate from (20) is
quite tedious. Nevertheless, one may get the order of magnitude of the size of this effect by
considering the case where k,v; < w_. In this case, the ! = 0 component in (20) and (21)
is the dominant one and we have

27t 2n Vg (kvg —

W) _ o N2/2,2
Ve p—" Klom exp [—(k v, — w,)*/k2v1], (22)

which is maximum for

(kyvy — wk)/lkz|UT = %
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Since v, > v,, this latter condition is roughly v, = v1/2, from which one obtains the
critical field E, = [m(w — o )*kzT/2¢*]"% which maximizes 7,. One notices that F,
must be smaller than E, in order that heating may be neglected. By writing | — o | =
rw., wherer measures the matching oftheresonance, wehave E, = jo — o |E /2w ~ rE,/2.
This means that, in fact, heating may be neglected, as r < 1 near resonance.

Assuming the jellium model, v} = 2ne’hw,/Vky where kjy ~ /vy, and taking
E, ~ E_, (22) reduces to

Tk ~ Dp (23)

provided k < kp, ® /vy For a typical semiconductor, like n-type InSb, withm = 1072% g,
n, = 10'®cm™3, T = 300K and B = 10kG, the critical intensity for which (23) is valid,
taking » = 01, turns out to be of the order of 500 W cm™2 at a frequency of about
16 x 1013571,

3. Conclusions

In this paper we have looked at the effects of the laser—cyclotron resonance on phonon
damping in semiconductors. It has been shown that, as one approaches resonance, the
damping coefficient vanishes. Physically, this is understood as if at resonance the radia-
tion field were infinitely large, which in turn entails that the electron~phonon interaction
becomes frozen.

1f, however, one is not at resonance, but near it, it has also been shown that one might
in principle observe a growth of the phonon population. The expression (22) for the
growth rate is formally analogous to the usual growth rate in a bc electric field where v,
replaces v, the drift velocity. For long-wavelength acoustic phonons, the growth rate
near resonance has been shown to be of the order of w, for E; = E . A numerical estimate
of the required critical intensity for a typical semiconductor like n-type InSb has also
been given.

In any event, although our model contains a number of simplifying assumptions, we
believe that, at least qualitatively, the essential conclusions may be useful in explaining
future experimental results.
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