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Carrier-assisted laser pumping of optical phonons in semiconductors
under strong magnetic fields
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The theory of the generation and amplification of optical phonons in semiconductors via free car-
riers in the presence of laser radiation is extended to take into account quantizing magnetic fields. It
is found that for the laser beam polarized perpendicular to the magnetic field direction, the optical-
phonon system may reach instability as the cyclotron frequency of the free carriers approaches the
laser frequency.

I. INTRODUCTION II. HAMILTONIAN

Modern laser technology has stimulated theoretical in-
vestigations on the behavior of electrons in the field of a
light wave. Much work has been done on the absorption
of laser waves by free carriers (FC's) in semiconductors.
Here, FC absorption means light absorption by electrons
(holes) accompanied by either absorption or emission of
phonons (acoustic and optical) or by the interaction of the
carriers with impurities. One particular study of interest
is that of the generation and amplification of optical pho-
nons in semiconductors by electrons in the laser field,
which has been considered on several occasions. ' It has
been shown in those papers that the absorption of laser ra-
diation by free carriers can under certain conditions give
rise to a strong emission of optical phonons by electrons
rather than absorption, and as a consequence the phonon
system may reach instability.

In this paper we are interested in extending the theory
of the generation and amplification of optical phonons in
semiconductors developed previously' to take into ac-
count the presence of quantizing (strong) magnetic fields.
As is well known, in the presence of a strong magnetic
field, the electronic energy levels in a band are split into
subbands of discrete Landau levels. Laser-cyclotron reso-
nance absorption occurs when a photon has sufficient en-

ergy to take an electron from one Landau level to the ad-
jacent one (transitions between other than neighboring
Landau levels in semiconductors are forbidden by selec-
tion rules in semiconductors having parabolic energy
bands), and this transition is accompanied by the emission
or absorption of an optical phonon. On the other hand,
it is natural to expect that external fields, changing the
spectrum and the occupation number of the electron
states, will considerably influence the spectrum and
damping of optical phonons. In fact, as has recently been
shown, the presence of a strong magnetic field can sig-
nificantly change the phonon damping in a semiconduct-
or. Therefore, this led us to consider the question of how
the carrier-assisted laser generation of optical phonons in
semiconductors' may be affected by the presence of a
strong magnetic field. A brief description of this work
has been published earlier.
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We consider a monochromatic beam of photons from a
laser source of frequency cot. incident on an n-type semi-
conducting crystal. The Hamiltonian of the system is
given by

HE +~L ++R ++EL +~ER

where Hx is the Hamiltonian for the many-electron sys-
tem, HL is that of the phonon system, HR is the Hamil-
tonian of the radiation field, HFr represents the electron-
phonon interaction energy, and HER is the interaction be-
tween the radiation and the electron system. Here, we
have not included the direct phonon-photon coupling as
we are interested only in investigating the role of the car-
riers in the optical-phonon pumping. We assume the
crystal to be in the presence of a static magnetic field Ho,
with the associated vector potential given in the Landau
gauge Ao ——( —yHo, 0,0). We work within the effective-
mass approximation and take the one-electron wave func-
tions to be the Landau states

~

a=n, p„,p, ) where n is
the Landau-level quantum number. The corresponding
one-electron energies are

E„(p,) =(n + —,
'

)irtco, +fi2p, /2m,

where co, =eHolmc is the cyclotron frequency of the free
carriers. The deformation-potential contribution to the
electron-phonon interaction energy is neglected here since,
in the case of polar crystals, it is generally negligible when
compared with the long-range electrostatic interaction be-
tween the electrons and longitudinal-optical phonons.
Therefore, the electron-phonon interaction will be
described in this case by the Frohlich Hamiltonian, ' and
in the presence of the strong magnetic field it is given by
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and a,a' are the Landau states. The interaction of the
electrons with the radiation field is given by
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p =(fili) V, ek is the unit polarization vector of a photon
k propagating parallel to the magnetic field and polarized
along the x direction, and v is the volume of the crystal.
Also in Eqs. (2) and (3), 0)0 is the LO-Phonon frequency
(dispersion has been neglected), and C~, b, and (2- are

k
second-quantization operators for electrons, phonons, and
photons, respectively.

III. OPTICAL-PHONON EXCITATION RATES

In this section we present the quantum-mechanical for-
mulation of the excitation of optical phonons by the laser
field via the free carriers in the presence of the strong
magnetic field. This is very much similar to the photon
conversion processes by charged particles encountered in
plasma physics. In lowest order of perturbation theory, "
the carrier-assisted photon-phonon conversion processes
would be analogous to the Compton scattering of quan-
tum field theory as shown in Fig. 1. The excitation rate
y(q) may be calculated from the rate of change of the
phonon population N(q), dN(q)ldt, where dN(q)ldt is
given by the sum of the phonon probabilities for transi-
tions in which phonons are, emitted minus a similar sum
of the probabilities for transition in which phonons are
absorbed, averaged over the initial states, and summed
over the final states. The emission or absorption of a LO
phonon is accompanied by the absorption of a photon.
The transition probabilities may be calculated by the usual
methods of time-dependent perturbation theory" in terms
of the second-order matrix element as

FIG. 1. Photon-phonon "Compton" scattering. The electron
states (p) are represented by solid lines, the phonons {q) are

represented by dashed lines, and the photons {k ) are represented
by wavy lines. Here, n and n+1 are neighboring Landau lev-

els.
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Here, E; and Ef are the initial and final energies of the
electron, and ()lpiL and fuup are the photon and phonon en-

ergies, respectively. The sum is over all intermediate
states I of the carrier. To evaluate (f I
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With the use of the Landau wave functions it can be seen
that'"
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For a photon propagating along the z axis and polarized parallel to the x direction we obtain
T ' 1/2
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Here, L„(p) are the associated Laguerre polynomials, 8 is
the unit step function,

1 if n )n

0 if n&n',

p=fiq) l2mp), , /=tan (qy/q„),

I

and q) is the component of the phonon wave vector q
perpendicular to the magnetic field.

The expression for A,n n in (7) is very complicated for
arbitrary q because, in general, both the n —+n and n —+n'
(n&n') transitions are possible. However, because of the
selection rules for semiconductors having parabolic energy
bands, ' only transitions between neighboring Landau lev-
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els (n'=n+1) are allowed. For simplicity, we shall now
consider only upward n

' =n + 1 electron transitions,
which is valid if we assume here the ultraquantum limit
in which the carrier concentration is such that only the
n =0 Landau level is fully occupied. Under the foregoing
considerations, Eq. (7) reduces to
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ther that Nq and NL are large compared with unity, one
obtains, from (14),
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If we now make use of the properties of the Laguerre
polynomials, ' Eq. (9) can be drastically simplified in the
case when p «1 (p=fiqi/mco, ). Under these conditions

(p «1),
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It follows immediately from (15) that if the photon-
phonon system is at resonance (coL ——cop), Ea =Ea, and

yq =0. In other words, for coL ——cop there is an exchange
of energy between the bosonic systems having the carriers
as spectators; the carrier-assisted phonon excitation is 0.
On the other hand, if coL is near cop but not necessarily at
resonance (as is the case considered here), the carrier final
energy differs slightly from its initial energy and the fol-
lowing approximation for the carrier-distribution function
is assumed:

Ai p~e pi/ 1/2 (10)

With the use of these results for L„"(p) and taking into ac-
count the ultraquantum limit (n =0), Eq. (9) reduces to af(E.)f(E ' ) =f(E )+&(coL, —cop)

a
(16)

The condition p «1 can easily be obtained by increasing
the magnetic field strength (p ~ 1/Hp) for a fixed phonon
propagation direction. Hence, using Eqs. (5), (6), (8), and
(10) we can write (f ~M ~i ) as
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Inserting this result into (15), we obtain the following for
the optical-phonon excitation rate:
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Having obtained (f ~M ~i ), we can now look at the
rate of change of the optical-phonon population due to the
carrier-assisted process (Fig. 1),
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where an electron (hole) in an initial state
~

a=0, p„, p, )
absorbs a photon k =kz and collides with an optical pho-
non q, leaving in a final state

~

a' = 1,p„—q„,
p, +k —q, ), namely,

which is equivalent to saying that the perturbations in the
electron gas caused by temperature do not considerably
alter the carrier distribution. One obtainsde

dt
' =yqXq, (13)
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Equation (16) relates the optical-phonon growth rate to
the photon and carrier distributions. In particular, if yq
is positive the phonon population is amplified at the ex-
pense of the laser field, whereas if yq & 0 it is damped. Of
course, a net growth of the phonon population is only
achieved provided yq is greater than the lattice losses gq
which is typically' of the order of 10' —10" sec '. We
now assume the electron gas to be degenerate, i.e.,
k~ T &&Ep. In this case we may approximate f(E ) by'

f(E )=.1 for E &Ep,
0 for E &Ep,

with
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The sums in (18) can now be performed easily with the
help of the 5 functions. Hence, upon taking the degenera-
cy in p„, given by mco, L /2M, yq is finally given by
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Here, fa is the Fermi distribution function and NL, is the
number of photons with wave vector k. Assuming fur- X(coL, —cop) ~ (19)
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provided that

I po I &pF

where
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(21)

In Eq. (19), qt ——qsinO where 8 is the angle that q makes
with the magnetic field direction.

IV. DISCUSSION

Equation (19) is the expression for the optical-phonon
excitation rate via the free carriers in the presence of laser
and strong magnetic fields. It indicates that the optical-
phonon population grows with time if co' & coo. Physical-
ly, this means that a pumping field cannot generate opti-
cal phonons of frequency higher than its own frequency.
The growth rate is no longer isotropic, being maximum
for optical phonons propagating in a direction such that
q~ =q, =q/V2. Furthermore, upon taking into account
conditions (20) and (21) indicated above, and the fact that
in intraband absorption processes we always have q »k
(k is the photon wave number), the excited optical pho-
nons are restricted to a relatively narrow band of q values
in the interval k«q&2p~, pF being the electron wave
number at the Fermi level. The upper limit is set by con-
siderations of momentum conservation. Since in an intra-
band process the photon gives insufficient momentum to
the electron for the energy it provides to leave the electron
in an allowed state, an electron can only emit an optical
phonon whose maximum momentum is twice that of the
electron. Since the maximum momentum of the electron
is p„, phonons with q &2pF do not interact directly with
electrons. By the time an instability is obtained when the
condition yz & g' is satisfied (g' are the linear losses), the
phonon population grows with time and saturates because
of the nonlinear relaxation mechanisms which should be
effective in stabilizing these amplified optical phonons. '

This ultimately limits the phonon population. As men-
tioned before, the condition y~ & ye determines the laser
threshold intensity for an actual optical-phonon amplifi-
cation. To obtain an order-of-magnitude estimate of the

critical value of NL /V (photon density) we assume the
following values for the physical parameters of an n-type
InSb sample illuminated by a CO& laser (A, = 10.8 pm) in
the magnetic field of 60 kG: m=10 g, e„=14.06,
eo——18.0, ~0——3.8 g 10' sec ', n 0 ——10' cm, and
E+——~,. Hence, assuming that gq is typically 10' —10"
sec, and considering the case where the phonons are
propagating in the direction 8=~/4 for which

q, =qz ——q/~2, one obtains, for the photon density,
N~/V=3. 0)&10' cm with q=3&(10 cm ' and
co, =1.0&(10' sec '. This, in turn, entails a laser intensi-
ty of about 10 W/cm, which is well within the experi-
mental capabilities.

In conclusion, in this paper we have discussed the con-
ditions of excitation and amplification of optical phonons
in degenerate semiconductors under quantizing magnetic
fields by free carriers in the presence of laser radiation. It
was found that for the laser beam polarized perpendicular
to the magnetic field, the optical-phonon amplification
can be obtained through the electronic transitions between
neighboring Landau levels accompanied by either emis-
sion or absorption of optical phonons. Furthermore, the
excited phonons are restricted to a relatively narrow band
of phonon wave numbers. For the laser beam polarized
along the dc magnetic field, on the other hand, the depen-
dence of the free-carrier absorption as well as of the am-
plification coefficient on the applied magnetic field only
appears when the quantization of the electronic energy
levels in the magnetic field becomes important, which
occurs when the separation between adjacent Landau lev-
els, Ace„ is greater than either the collisional broadening
A'/~ or the thermal broadening k&T of these Landau lev-
els. This problem will be considered in a forthcoming pa-
per.
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