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Theory of the First-Order Raman Effect in Solid-State Plasmas in a Magnetic Field
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The Raman scattering cross section in the forward direction has been calculated for narrow-gap semi-
conductors such as GaAs, GaP, etc. The main mechanism considered for the scattering is the “phonon
fluctuations,” while the negligible contribution to the scattering from electron-charge fluctuations has been
omitted. Our result shows the possibility of observing ionic as well as electronic excitation modes resulting
from the self-consistent field of the electron-phonon system.

I. INTRODUCTION

N recent years, Raman scattering from narrow-gap
semiconductors has been studied extensively both
theoretically and experimentally. It provides us with a
fundamental method to study the elementary excita-
tions and their interactions in solids. The measurements
of the scattering cross section from weakly doped semi-
conductors such as GaAs,'? InSh,3* etc., allows us, by
comparing the theoretical results with the experiments,
to determine the deformation potential and the electro-
optic coefficient—the coupling parameters of radiation
with the systems. Many theoretical treatments con-
sidered either the photon-system coupling with a single-
component one-band electron gas, omitting all phonon
effects,"™® or else considered undoped semiconductors
in which no conduction electron is present.*~!! Raman
scattering from plasmons and phonons in GaAs was
recently reported and demonstrated the coupling
between the longitudinal optic-phonon modes and the
longitudinal plasma modes.!'> The results are in good
agreement with theoretical predictions.!?:1? The scatter-
ing cross section was calculated phenomenologically for
a real solid considering excitations of longitudinal optic
phonons and plasmons. The scattering cross section
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from transverse phonons was estimated using the value
of the integrated scattering cross section from undoped
semiconductors. A microscopic calculation for an
electron-phonon system has been reported.!* However,
it is also limited to longitudinal excitations. In this
paper, we will present a macroscopic calculation of the
Raman scattering cross section, in almost transparent
semiconductors, which takes into account both longi-
tudinal and transverse phonons, plasmons, or magneto-
plasmons and their coupling to the radiation field.

In the scattering process, a well-collimated beam of
monochromatic radiation is incident on an almost
transparent solid. Subsequently, a small amount of the
radiation is scattered into 4 sr. The light which comes
off in some fixed direction is then analyzed in a spec-
trometer. The spectral distribution of the scattered
radiation, along with an associated angular distribution,
provides the basic information which is contained in
this type of experiment. The scattering is completely
characterized by the wave-vector transfer k=k;—k,
and frequency transfer w=w;—ws from the radiation
field to the solid. Here, ki(ks) and wi(ws) are, respec-
tively, the incident (scattered) wave vector and fre-
quency. It is convenient to measure the scattering cross
section at fixed % (or fixed scattering angle) and then to
analyze the spectrum. The frequencies and intensities
at resonances appearing in the spectrum give us the
frequencies of elementary excitations and the coupling
constants of the solid, respectively.

The calculations in this paper are restricted to the
so-called first-order Raman effect’ where a single
elementary excitation, i.e., phonon, plasmon, or linear
combination, thereof, is excited in the scattering process.
The first-order Raman scattering can be produced by
two processes. The first one is the “direct” coupling of
the radiation field to the electron-density fluctuations,
illustrated diagrammatically in Fig. 1. It has been con-
sidered by many authors,®® and we can draw the
following conclusion: In order to observe plasma col-
lective modes, the wave-number transfer to the system,
k, must be small relatively to the screening wave
number kp or kpr. Also, the scattering cross section
from electron-density fluctuations is proportional to
(%/kpr)?, which is negligible in the forward scattering.’:1%
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Fi6. 1. Schematic description of the matrix element for Raman
scattering produced by direct coupling of the radiation field to
the electron-density fluctuations. Here, ¢ and v indicate, respec-
tively, the conduction band and valence bands.

The second process is the coupling of the radiation
field to the so-called “phonon fluctuations,” which was
considered by Loudon for undoped semiconductors®10
and is shown pictorially in Fig. 2(a). The result was
then generalized for doped semiconductors, including
longitudinal optic phonons and plasmons.!2*3 For ITI-V
compound semiconductors, the radiation field couples
also to electron-density fluctuations indirectly via the
electrooptic coefficient, the process shown by Fig. 2(b).
Its scattering cross section is not proportional to k;
therefore, it is the dominant term in the forward
scattering, which is our main concern. In this paper, we
calculate the first-order Raman scattering cross section
induced by phonon fluctuations and the indirect
electron-density fluctuations from doped semicon-
ductors, applicable to the small- case, in which coupling
between phonons (both longitudinal and transverse),
plasmons (or magnetoplasmons), and radiation fields is
possible. Our result is, therefore, correct for forward
scattering. For large-angle scattering, the contribution
from direct electron-density fluctuations has also to be
considered.

The semiconductors which have been investigated
experimentally all have two atoms per unit cell and,
therefore, possess three acoustic and three optic phonon-
mode branches in the undoped system. We consider
only the optic branches which have higher frequencies
and are easier to resolve.

In Sec. II, the general expression for cross section
is calculated macroscopically including both longi-
tudinal and transverse excitations. In Sec. III, the
general expression for cross section derived in Sec. IT is
applied to several cases of phonon-plasmon or magneto-
plasmon interactions. The cross section from magneto-
plasmon-polariton modes which has been reported
experimentally will be discussed in detail. The scattering
cross section from an anisotropic electron gas including
phonon fluctuation will be treated in Sec. IV,

II. GENERAL FORMALISM OF THEORY

Raman scattering of light from a doped semicon-
ductor involves the interaction between photons and
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both conduction and valence electrons. In undoped
semiconductors, the photon can excite a phonon via
electrons while leaving the electronic state unchanged
if the phonon energy is smaller than the gap energy Eg.
In a doped semiconductor, there is a continuum above
the ground state; therefore, the photon can either excite
a phonon, or else alter the conduction electron states,
while leaving the valence electron states still unchanged
in the final state. The single Raman scattering event via
phonon fluctuations involves the destruction of an
incident photon of frequency wi, the creation of a
scattered photon of frequency w; and the creation
(Stokes) or destruction (anti-Stokes) of a phonon of
frequency w. This kind of scattering process is displayed
pictorially in Fig. 2(a). It is expressed in terms of Hgg
and Hpp which represent the electron-photon and
electron-lattice interactions. The Hamiltonian of the
electron-photon interaction Hgg is given by

¢ 2k \ U2
HER=—ZZ< )
m ik \eoVowg

X (ak~eik 'rj+ak+e—ik'rj)€k D, (1)
where ait and @~ are the photon creation and destruc-
tion operators, p; and r; are the momentum and position
of the jth electron, e, is the optical dielectric constant,
V is the crystal volume, and & is the unit polarization
vector of the photon having momentum k.

Here we are interested in semiconductors with two
atoms per unit cell. The relative displacement of the
two sublattices produced by a long-wavelength optic
phonon having polarization s and wave vector k is
given by

U(R) = (h/2M Neri) 2 e™ R (b it +bu),  (2)

}SZ W2

(b}

F16. 2. Schematic description of the matrix element for Raman
scattering due to phonon fluctuation. Here, (a) represents the
process induced by electron-lattice interaction H gz, or Hgz'. The
dash line represents the phonon final state. (b) represents the
process induced by electron Coulomb interaction H gg. Here, the
zig-zag line is the Coulomb line and the final state is an electron-
hole pair.

(a)



1 RAMAN EFFECT IN SOLID-STATE PLASMAS

where b,_xt and by~ are the phonon creation and
destruction operators, M is the reduced mass of the
two atoms, and /V is the number of atoms in the crystal.
The electron-lattice interaction Hgy is linear in the
components U, of the relative displacement, and its
matrix element is written as'®

(Ol ] Hgy ! 6) =Eaﬁi[7i/a ) (3)

where ¢ is the lattice constant. The deformation
potential E,g¢ is the matrix element of the derivative of
the perturbed periodic potential with respect to Us.
Here, U, is defined by U;=U,® R [see Eq. (2)].

In the III-V semiconductors, there exists also the
so-called Frohlich coupling which represents the inter-
action of the electrons with the charge of the optic
vibration modes of a polar lattice. It can be ex-
pressed as!?

ief 1 IN\Y2/2whon\1/?
Hgl' = “le—(*— - —> ( ) e Ry F+by), (4)

€n €. V

where the subscript / in b signifies the longitudinal
optic phonon and ¢ is the static dielectric constant. If
we use ordinary perturbation theory and retain only
the contributing terms of lowest order in %, the scatter-
ing matrix elements become

(«|HzL'|B) =,-,e(i _ i>”2<21rhwi>1/z

€0 €0 14

XN og (bt +bu), (5)

with
paﬁk
Nogt= for a%p
m(wa —wp)
=1 for a=8,

where pog® is the component of pgg in the direction of k.
The interband matrix element a8 of the Frohlich
coupling is much smaller than the intraband matrix
element, their ratio being » =%1a for a two-band model.
For a number of important intraband processes, the
matrix elements almost cancel and we must include the
contribution from the interband terms as well.

Similar to the Frohlich coupling, the Coulomb inter-
action between electrons, H gg, can also cause scattering
by exciting electron-hole pairs or plasmons. Its Hamil-
tonian is

4re?

Hgpgp= % ?(ﬁkp——k —n). (6)

Here px is the electron-density fluctuation operator
px=2_j¢* T and # is the average electron density. Its

16 G. L. Bir and G. E. Pikus, Fiz. Tverd. Tela 2, 2287 (1960)
[English transl. : Soviet Phys.—Solid State 2, 2039 (1961)7].
17 H. Elrenreich, J. Phys. Chem. Solids 2, 131 (1957).
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F1G. 3. Schematic description of the matrix element for Raman
scattering due to phonon fluctuation including self-consistent
field. Here, (a) and (b) represent the processes induced by Hgr
or Hgy', with a phonon and an electron-hole pair in the final
states, respectively, and (c) and (d) are the processes induced by
Hpgg with a phonon and an electron-hole pair in the final states,
respectively. (e) is the diagramatic representation of the self-
consistent dielectric constant.

scattering matrix elements are similar to that of Hgz':

4re?
(a| Hzr|B) :{; “k—NaﬁkPk- (7

Here N6 is defined by Eq. (5). The difference between
Hgy, (or Hgr') and Hgg is that Hgy, (or Hgy') either
excites directly a phonon or else indirectly excites
electron-hole pairs via the excited phonon, whereas Hgg
excites only indirectly electron-hole pairs via Coulomb
interaction. These two processes are illustrated pic-
torially in Fig. 2. For Hgy, and Hg;' [see Fig. 2(a)], the
first interaction line attached to the main matrix
element is a pure phonon line. For Hgg [see Fig. 2(b)],
it is a Coulomb line. Subsequently, the phonon or the
Coulomb couplings can excite electron-hole pairs and
the excited electron-hole pairs can recombine to emit a
phonon or to excite another electron-hole pair via
Coulomb coupling, and so on to excite a plasmon.
These “bubble chain” processes are illustrated pic-
torially in Fig. 3. This is the so-called “random-phase
approximation.”
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In the initial and final states, the valence electronic
states are fully occupied, while the conduction electrons
may be in excited states. The virtual intermediate states
involve the excitation of electron-hole pairs from the
valence band. As illustrated in Fig. 2, the three inter-
actions Hgg, Hgg, and Hgz can occur in any time
order, leading to six different processes. Loudon first
obtained the Raman scattering tensor for undoped
semiconductors by treating the three-step scattering
process using third-order time-dependent perturbation
theory. If only the deformation-potential coupling is
considered, the scattering cross section is

dO’ 1’02 (n0+ 1) V .
=— -[ R [?8(w—wo),  (8)
dwdQ 27 a®>m*M Nwo

where 7o=e2/mc?, wy i1s the phonon frequency, and®
P q )

1
Ryi=—3"

( Pos?PBaEact
V asB

+five terms) ,
(wtwo—w1) (watwi)

which is the Raman scattering tensor. For doped semi-
conductors, the cross section given by Eq. (8) has to be
modified to include the effect of conduction electrons.!*
The quantities Rys® are only weakly dependent on the
presence of conduction electrons. The conduction
electrons exclude a small set of states around the band
minimum from the scattering process. The occupation
of these states must be taken into account in the
intermediate-state sums. When w; is not close to Eg
(gap energy), then it is clear that the correction is of
order Er/Eq. However, the phonon occupation number
no+1 is severely modified in the presence of conduction
electrons. For convenience, one can rewrite Eq. (8) in
the following form:

da’ 1’02 V|R12i[2
dwdd B 27 a®m?*M Nwy
X l (%0+1 I b_k++bk]'ﬂ0) l 25((,0—(00) .

To obtain Eq. (10), we have used the relation (for
undoped semiconductors)

(no-l“l]b_.k++bk_lno)=(n0+1)1/2. (11)

In doped semiconductors, Eq. (11) is no longer valid
and we have to calculate the matrix element {b_i*+bx™)
including the motion of conduction electrons and the
coupling with photons self-consistently. It is convenient
to write Eq. (10) as

da’ 7'02 V|R12i|2
dod? 21 a?m*M N

(10)

X/ Cbs—t (@) Fbac () JLbs—ict (0)Fbs(0) J)eiwtdt.
- (12)
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Since the phonon operators are related to the lattice
polarization operator P by

A’\Te‘lh 1/2
P= (——) £t R(byyt b)), (13)
2Mwsk :

the scattering cross section can be expressed in terms of
the polarization-polarization correlation function as

(i(l' 1’02 Vlelzilg

dwdQ a 2w a’m2M %e?

/ ; (P)P(0))et~tdt. (14)

Here do/dwdQ is a tensor which depends on the polariza-
tion vectors of the incident and the scattered light. The
polarization-polarization correlation function is analo-
gous to the electron-density correlation function for an
electron gas. We shall follow a similar procedure as that
used in calculating the electron-density correlation
function to calculate the polarization correlation func-
tion. It is usually most convenient to determine the
closely-related response function (the lattice polariz-
ability) X,. In thermal equilibrium, X, is related to the
correlation function through the dissipation fluctuation
theorem?s:

f (P()PO))e

ebe

1_1 Im( /; ) <[P(¢),P(0)]>eiwldz)

1

efe—1

= ImX,. (15)

Substituting Eq. (15) into Eq. (14), the scattering cross
section can be written as

de 702

1 V2| Ryf|? .
dwdQ 2w ePo—1 a¥m?M 2e?

m&,. (14)

The polarizability X, can be calculated macroscopically
and has a well-known simple physical interpretation. It
determines the lattice polarization induced in the solid
by an external polarizing field of wave vector k and
frequency w:

P=%, Eex. (16)

The polarizability &, must then be calculated self-
consistently, including conduction electrons and pho-
tons. Therefore, the full Maxwell equations, the
equation of motion of the lattice, and the electrons have
to be considered simultaneously.

The lattice polarizability X, can be evaluated using
the macroscopic theory of the optic mode of diatomic

18 D, N. Zubarev, Usp. Fiz. Nauk 71, 71 (1960) [ English transl. :
Soviet Phys.—Usp. 3, 320 (1960)].
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crystals developed by Born and Huang.'® The equation
of motion of the lattice is

u+twu—[(e0—e€)/47 V%0 Eiota1=0, a7

where u=U/(M N)'/2. Here Ejota is the total electronic
field which is the sum of the external electric field Ey;
and the induced electric field E;nq, and w, is the trans-
verse phonon frequency. The polarization P is related
to u and Eoa1 by

P=[(e0—¢€,)/4n ] 2w u~+[(€x—1) /47 |Eiotar-

The induced electric and magnetic field components
Einq and Hiyg of the radiation field, the lattice polariza-
tion P, and the electronic current J are related by
Maxwell’s equations:

(18)

1/9Ena P
VXHina= —( +4r— +47rJ) ,
c\ d¢ at
(19)
1 aHind
VXEijpa=—~ .
¢ Ot

The electron current and the lattice polarization are
additionally related to the electric field by means of
Ohm’s law. The relations are

ch'Ea
and

(20)
P=(1/4n)e-E.

Here ¢ is the electronic conductivity, which is related to
the electronic dielectric tensor € via the relation

e=I+(4r/iw) 0o, (21)

and « is the lattice polarizability for an empty lattice,
given by
Wit —w;?
¢=———] (22)

wlw—19) —w,?

where w.2=w.?e/ €, is the frequency of the longitudinal
phonon and 7 is the phenomenological phonon collision
frequency. In doped semiconductors, the polarization
will be affected by the presence of conduction electrons.
We shall treat the conduction electrons in the random-
phase approximation, i.e., the electrons are considered
to be noninterating particles but the response is calcu-
lated using the induced fields self-consistently. In using
Egs. (20) one must choose the “correct” electric field
which corresponds to the proper response function.
Thus, when considering the electron-lattice coupling,
i.e., Hgr, or Hgr' [see Egs. (3) and (4)], the Eexs is
polarizationlike, which induces directly only a polariza-
tion field (not an electron current). This, in turn, via
Maxwell’s equations, will produce an induced electric
field Einq. The induced electric field then drives both

¥ M. Born and K. Huang, Dynamical Theory of Crystal Lattices
(Clarendon Press, Oxford, 1954).
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polarization fluctuations and an electron current.
Therefore, the polarization field is the response to the
total electric current, but the electronic current re-
sponds only to the induced electric field. The relations
of Egs. (20) become

J =0 Eind
and (20"

P= (1/4:7!')(1 (Eind+ont) .

From Egs. (19) and (20), we can obtain the relation
between Ei,q and Ecx as

Eina=(0%/c*)D e Ecx, (23)
where
D 1= —kk— (w?/c?)(e+0). (24)
Equations (20”) and (23) yield
P=(1/4r)e- [(w¥/c*)D-a+1] Eox, (25)
and the polarizability X, now becomes
Xpi=(1/4m)Ei e [(@*/c)D-a+1]-£;. (26)

Substituting X, from Eq. (26) into Eq. (15), the scatter-
ing cross section becomes

do N\ Vo2l [ je? .
< > = — —-Imli&oz(—Da—i—I)Eil,
dwd/; 2w efo—14rx c?

27

where
Vp=VRy'/amNe.

The cross section given by Eq. (27) is the correct
expression for scattering from transverse mode. When
the longitudinal modes in III-V semiconductors are
considered, an additional contribution due to the
Frolich coupling has to be taken into account. The
Frohlich coupling includes both electron-lattice coupling
Hpgy' and electron-electron Coulomb coupling H zz. For
undoped semiconductors, one needs only consider the
contribution from H ;' and the scattering cross section
from longitudinal mode [Eq. (27) ] should be modified as

( do > re? | Vot+Ve|? 1
l

dwdQ), 2r  efo—1 dn

A w2
XIm[El-a-<—2D~a+I>-§z], (28)
c

where
Vp=iep12k/m2
and
1 Pos*ppa'pac®
prof=— > ( wre i —+five terms).
V a8 \(wpg+wi—1) (watw))we
(29)

For doped semiconductors, one has to consider also
the contribution from Coulomb coupling Hgz. To treat
the scattering due to. Coulomb coupling, one calculates
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the electron-density—density correlation function in-

stead of the polarization-polarization function. The
scattering cross section is given by

( do ) ro? [Vl 2(47re2>2
dwdQd Coulomb— 21 P —1 k

X / (o), (0)peds

7’02 IVFP

B 57_:- efo—1

/ ’ (L0, 740) et

(30)
where
Ju(t) = (4me/1k)pi(t) .

Here, the subscript / represents the longitudinal com-
ponent. To calculate the electronic-current response,
we follow a similar procedure as that used in calculating
the lattice-polarization response. The electronic-current
response function X; is defined as

J1=X;E, (31)
and the corresponding cross section is
d re? | Vp|?

( 7 ) _ 1Vl ImX, (32)
dwdQ/ conlomp 27 efv—1

Now the external electric field is chosen to be “elec-
tronic-current-like,” which can produce directly the
electronic longitudinal current (not the lattice-polariza-
tion field). The electronic current, in turn, generates an
induced electric field which will produce both electronic
current and lattice-polarization fluctuations. Thus, the
electronic current J is the response to the total electric
field, but the lattice polarization P is one response only
to the induced electric field. The relations become

J =aq- (Eind+Eext)

P=(1/4r)a-Einq.

From Egs. (19) and (20”), one can obtain the relation
between E;,q and Ecy, which is

Eina=(0¥/c®)D(dr/iw) - 0 Eoxs. 33)
Substituting Eq. (33) into Eq. (20”), one obtains

and (20")

J=0[(0?/c®)D: (47 /i) o0+1]- Eexs, (34)
and the response function X; becomes
Xr=£ o [(0¥/c)D- @r/iv)e+1]-£.  (35)

Substituting X; of Eq. (35) into the cross-section ex-
pression Eq. (32) yields

< do ) 702 | V|2
dwdQ) Coulomb 2 eﬂw_l

(0 Co (o)) o
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To calculate the total scattering cross section from
longitudinal modes, one has to consider the contribu-
tions from both the deformation potential H gy, which
induces phonon fluctuations, and the electrooptic
coefficient H g1+ H gz, which induces both phonon and
electron-density fluctuations, as well as their cross
terms. The total response function can be derived by
following a similar procedure to that used in calculating
X, and X;. The only modification is to replace Eqs.
(20) by

J= g (Eind+Eext) )

P= (1/47T)0[' (Eind+Eext) ;

for the electrooptic coefficient part. The total cross sec-
tion is now obtained in the form

do’ 7’02 1 1 .
( ) = ‘—Im{EZ'I:(VD‘I-VF)Zm
dwd)) 1 2w efo—14x

(20///)

+Vr(e—I)+ w~2(( Vo+Vr)at+Ve(e—I))-D
C

Vot Vaet VF(s—I»]-éz} e

Our final result given in Eq. (37) represents the entire
contribution to the first-order Raman scattering cross
section from Coulomb and phonon interactions (Defor-
mation or Frolich). The cross section is given in terms
of the individual processes as well as their cross terms.
In the limit of pure Deformation or Coulomb inter-
action, Eq. (37) reduces to the results given by Eqs. (27)
and (28) or Eq. (36).

ITI. SCATTERING CROSS SECTION FROM
PLASMA IN A MAGNETIC FIELD

In this section is discussed the Raman scattering cross
section in solids under various conditions. Since we are
concerned with the region %/kpr<<1, we can neglect all
k dependence in the electron dielectric tensor. First, we
consider the scattering without magnetic field. The
dielectric tensor is

e=[1—w,2/w(w—mw)]I, (38)

where w,?=4me*n/m*e,, is the plasma frequency of the
conduction electrons and » is the collision frequency.
Without loss of generality, we assume k||£. Then, from
Eq. (35), the cross section for the longitudinal mode,
i.e., &||2, can be written as

do\ r? 1 1
<dwd£2) \ 2rof—14r
[VD2a€+VF2(a+€—1>+2VDVFOl]). 39
ate

Near the resonance, i.e., e+a=0, the cross section for

XIm(
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the case of »=0 reduces to

( do ) 11
dwd),  2m efo—1 4

wp?
Vp(l — -—;)+VF

w

2 1
X Im( ) , (40)
e+

which is in agreement with the result obtained in Refs.
2, 12, and 14. The connection with Ref. 14 is obtained
by using the identity

D(q,w)=[2w1/ (w —w*) IX [/ (14-0) ].

For realistic semiconductors, the phonon collision fre-
quency 7 is of order 7=0.01w, and much smaller than
the electronic collision frequency » when w,~w; The
phonon-collision frequency for coupled electron-phonon
systems can be omitted provided the shift of the
“renormalized phonon” frequency is larger than 7,
which is certainly the situation in our case. This point
has been discussed in some detail in Ref. 14. For the
transverse mode, for example, &||f, the cross section

becomes
do 7?2 | Vp|? 1 a(c®?/w®—e)
( ) =— - — Im(—————). 41)
dwdd/; 2w efe—14m 2k wt—e—a
This is the scattering cross section from ‘“‘polariton.”
The scattered intensity from the transverse and
longitudinal modes can be, in principle, quite different
from one another. The intensity at the transverse
phonon line (or, in the general case, the polariton)
depends on Vp while the intensity at the longitudinal
phonon line depends on both Vp and V. However, the
intensity at the plasma line*!* depends mainly on Vp
in the limit of no collisions.

In the following, we consider the light scattering from
solids in the presence of a strong dc magnetic field
(assume Hj||2). Then, the -electromagnetodielectric
tensor becomes

e e O
E= | —€x € 0 y (42)
O O €1
where
e=1—{w,?/[(0—i)*—w ]} [(w—)/w],
€r= 10,20,/ (0—1)2—w]w, (43)

€= 1 _wpz/w(w_il') .

Here w, is the electron-cyclotron frequency. The lattice
polarizability « is unchanged in a magnetic field. The
scattering cross section depends on the orientation of
k and ¢ with respect to the magnetic field.

For the case of k1 Hy (assume k||£), we are interested
in either &2 (longitudinal mode) or &|§ (transverse
mode). In the presence of a magnetic field, the plasmon
mode is no longer pure longitudinal, but becomes
partially transverse. Therefore, the cross section be-
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comes more complicated. Their scattering cross sections
are given, respectively, by

( do ) w11
dwd) 27 efe—14r

XIm(| V| Xp+|Vp|Xp+|VoVre|Xpr), (44)
an
do r2 1 |Vp]|?
( ) L ImX,, (45
dwdQ)/ 1, 2w efe—1 4rx
where
c2h2
XF=|:(€-L+05_1)<€J.+01— ‘—2)+€x2:|/€T, (46)
w
c2h2
XD=a[<el+a- "——>€1+6x2:|/67’, (47)
w?
c?k?
XDF=201<61+(1_ —>/€T, (48)
w?
c*k?
Xt=a|:(€1+f¥)<€1— _2)+€><2]/€T; (49)
and ¢
- c%k?
eT=(€L+01)(€1+C¥— ~;—)+5X2. (50)
w

The dispersion relation is determined by the zeros of
er. The behavior of (do/dwd),; and (do/dwd),, will be
studied in detail. There are four branches in the disper-
sion relation which will be identified as w; (=1, 2, 3,4).
Here w; represents the lowest branch which starts as a
dressed photon at small %2 and asymptotically tends
towards the frequency of the magnetoplasmon mode.
At larger %, w, is the polariton branch, w; is the longi-
tudinal optic phonon branch, and ws is the dressed
photon branch. The scattering cross sections are pro-
portional to the residues at the poles, w;, which are
given by

c?k? Jep -1
Rz”={l:(eri-a—l)(el-!-a———)-I—ezz](——) } ,
w? dw o
c?k? dep -1
S L
w? Ow wm=wi
C2k2 (967'
el )
w? 0w /) s

The dispersion relations and the corresponding resi-
dues R;Fé, R;P% and R,P* (the cross section) are illus-
trated in Figs. 4(a)-4(c) for several different values of
w; and w,. One notes that both the longitudinal and the
transverse modes have the same dispersion relation. As
w, approaches zero (no magnetic field), for large %,
branches w; and w; become purely longitudinal and w,
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and w, are purely transverse [see Fig. 4(a)]. This
behavior is reflected in the residues R;*?, R;P? and
R/Pi, For w,=0, R,/F* and R;P? are large at 7=1, 3,
which are pure longitudinal modes, and equal to zero
for =2, 4, which are purely transverse, and vice versa
for R;2?. For finite w,, the longitudinal branches w; and
w; and the transverse branches wy and w, are coupled
together. All four branches are pertially longitudinal
and partially transverse. For small w,, the branches w;
and w; are mainly longitudinal while the branches wa
and w4 are mainly transverse [ see Fig. 4(b) for the case of

we=0.20,]. As w. increases, the coupling between
longitudinal and transverse modes becomes stronger
[see Fig. 4(c) for the case w,=0.6 w;]. One notes that
scattering cross section due to Frohlich coupling R;7* is
much larger than the cross section due to deformation
potential R;P? near the plasmon frequency (or the
magnetoplasmon frequency). This can be easily under-
stood from Eq. (40) for the case of w,=0. There, the
cross section due to the deformation potential turns out
to be proportional to (1—w,%/w?)? in the collisionless
case. This factor will reduce the scattering cross section
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F16. 5. Spectra of relative Raman scattering cross section Xr,
Xp, and X; (dimensionless) for a system of which w,/w:=0.4,
wi/wi=1.1, we/w;=0.4, and H,_ | k with finite collision frequency
v/w;=0.02, at several values of £; (a) ck/w:=0.4, (b) ck/w:=0.6,
and (c) ck/w:=0.8.

severely near the plasmon frequency. From Figs.4(a)-

4(c), one easily draws the following conclusion: In order
to observe the scattering cross section from w; and ws,
the polarization vector should be so arranged that it will
produce large longitudinal response (and vice versa for
the transverse branches ws and w,). Furthermore, in
order to measure the plasmonlike branch w;, one needs
a material having a larger Fréhlich coupling constant.
In a real solid, the collision frequency » is finite and one
has to use Eqgs. (44) and (45) to compute the cross
section. The spectrum of the scatiering cross section at
several values of k are illustrated in Fig. 5(a)-5(c), with
»=0.05w;. One easily notes the difference between the
cross section from the transverse modes (due to defor-
mation potential) and the longitudinal modes (due to
deformation potential and due to Frohlich coupling).
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In Figs. 5(a)-5(c), one sees that the resonance fre-
quencies corresponding to different branches vary with
the wave-vector transfer k and the strength at the
resonances also vary from longitudinallike to transverse-
like modes and from deformation potential to Frohlich-
coupling—caused scattering. The Frohlich-coupling—
caused scattering yields the largest cross section for the
plasmonlike branch. The reported experiment? only
measured the polaritonlike branch but failed to see the
plasmonlike branch in a magnetoplasmon-phonon sys-
tem. As we have discussed, in order to observe the
plasmonlike branch, one needs a material with large
Frohlich-coupling constant and the polarizations should
be so arranged that they produce a large scattering
from longitudinal modes.

For the case of k|[Hy|2, longitudinal modes and
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transverse modes do not couple to each other. The
longitudinal modes are not affected by the magnetic
field Ho. Therefore, we are mainly interested in the
transverse modes which can be decomposed into two
independent modes with respect to circularly polarized

coordinates (1/V2)(#+i9) and (1/V2)(£—19). The
dielectric tensor becomes
¢ 0 O
e=|{0 e O}, (52)
0 0 €1
where
e =1—w/wlw—wFu,). (53)

Here e; and e_ correspond, respectively, to the right-
hand and left-hand polarized modes. Using Eq. (41), we
obtain the scattering cross section as

do 7o [Vpl|2 1
(o),
dwd2 2w efo—1 4xr

(54)
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F16. 6. Relative Raman scattering cross section R* (in units of

@) and the dispersion relation for a system of which w,/w,=0.4,
and wi/w;=1.1 in a magnetlc field (Holk); (a) we/we=0.1,

(b) we/w:=0.98, and we/w;=1.0.

where
a(c??/w?—ey)

Xy =

(55)

kY wt—a—ey

Their dispersion relations are determined by the zeros
of the denominators in Eq. (55) which can be written
as (with »=0)

R wiP—w? Wy’
eT = — —
w? WP =2

(56)

w(wFw,) ’

The frequencies of the right-hand and the left-hand
polarized modes are denoted, respectively, by w; and
w_. There are two branches in w_, which differ only
quantitatively from the modes without magnetic field.
For the right-hand polarized modes wy, there are three
branches which are denoted by w1, w2, and ws, according
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F16. 7. Forbidden energy gap as a function of w.. The
shaded areas represent the gap.

to their energies. The frequency of w; is zero at k=0 and
approaches w, for large k. We will call it the cyclotron
mode. The second mode w, is the transverse phonon
mode, the frequency of which approaches w, at large .k
The third mode w; is the photon mode, which behavse
as a photon at large k. In the frequency region with
w~ck, all three modes interact with each other, i.e.,
they are mixtures of photon, cyclotron mode, and
transverse phonon. In the following, we will discuss w;
in detail. The scattering cross sections are proportional
to the residues at the poles, w;, which are given by

c%k? der\ !
Rii= [a<—~ bl €i><—‘> } .
w? Ow o

The dispersion relations wy and the corresponding
residues R, ? are illustrated in Figs. 6(a)-6(c) for several
values of w,. For w,=0 [see Fig. 6(a)], wy is just the
polariton, which has two forbidden energy gaps, i.e.,
from 0 to w, and w; to w. For w,<w;, a new cyclotron
mode w; appears, which pushes the polariton mode w.
upward and narrows the band width of ws, as shown in
Fig. 6(b). The intensity of w; increases as w, approaches
w:, and vanishes at w,. For w,>w, [see Fig. 6(c)], the
w1 mode becomes polaritonlike, but it starts at zero
frequency at small & instead of w,, as in the case of
w.=0. The forbidden energy gaps are severely modified
and shifted. The cyclotron mode may exist in the region
between w; and w;. In Fig. 7, we illustrated the w,-
dependent forbidden energy gap. The upper bounds of
the forbidden energy gap are determined by the values

7

SOLID-STATE PLASMAS

2187

T

T

- WD o
T

[

L

X’ Ji
~111111||11||

Xt

x
-
—_ D W bd O,

—Nwbs o
I

o
o

w/w,

F1c. 8. Spectra of relative Raman scattering cross section x*
(dimensionless) for a system of which wp/w;=0.2;, wi/w,=1.1,
v/w:=0.02, wc/w;=1.05, and H,|k, at several values of k;
ck/wi=1.0, 1.5, 2.0.

of w» and w; at £=0. The lower bounds are determined
by the values of w; and w, at &= o, which are v, and w,.
The shaded areas in Fig. 7 represent the gaps. In the
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F1c. 9. Dispersion relation for an anisotropic electron gas. The
wave-vector transfer k is in 1-2 plane and 6 is the angle between
k and axis —1. Here, cos?0=0.6, sin®9=0.4, wy1/w:=0.4, wpe/w:
=0.2, and wj/w;=1.1.
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limit of w.>w,, the system behaves as an empty lattice
for w~w, and as free electrons for w>w;. This can be
easily seen from Eq. (56). Only in the region of ck~wy,
the forbidden energy gap is severely deviated from both
the cases of free electrons and empty lattice. In Fig. 8,
we show the scattering spectra for w,~1.05w, in order
to illustrate the coupling between the transverse phonon
and the cyclotron modes. For »=0.02w;, one can easily
observe both modes up to ck/w,=2. This phenomenon
can be also studied by measuring the optical propaga-
tion and absorption coefficients, which will be presented
in a subsequent paper.

IV. RAMAN SCATTERING CROSS SECTION FROM
AN ANISOTROPIC ELECTRON GAS

In this section, we shall consider the forward Raman
scattering cross section due to phonon fluctuation from
an anisotropic electron gas. This problem has been

-treated by the authors' considering only contribution

to the scattered intensity from electron-density fluctua-
tion, which is smaller by a factor of (k/krr)? than the
intensity from phonon fluctuations. Here, we shall use
the results of Sec. IT [Eq. (35)] to an interacting system
of phonons and an anisotropic electron gas. The dielec-
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tric constant for an anisotropic electron gas (ellipsoidal 0.4
Fermi surface) has the following form:
€1 0 O RF
e= 0 €2 0 N (58)
0 0 e
h 0.3
where o (2)
e=1— ( 7, i=1,2,3. (59) .
wlw—1 3
N
The wave-vector transfer k is assumed to be in 1-2 plane & 0.2
and the angle between k and axis —1 is 6. Substituting ’
Egs. (58) and (59) into Egs. (27) and (37), we obtain RF
the cross section as
do\ r? 1 1 &
-2t :
dwdQ/; 2w efo—14x Ol ==r—==<_ -
~ @ P
XIm([ VF{ZXF—I—I VD|2XD+[ VDVF!XDI") (60) \/\//
an RN
do\ 7 1 |Vp|? 5 m_.-~ S~
dwdQ/; 2mwePo—1 Ar 0.0 0.5 1o 5
where
w/ w,

c*k?
Xp= l:- <—2— — 1>[cos20(e1+a —1)+sin?0(e2+a—1)]

w

+<el+a—1><e2+a~1>] S, ©)

ck?
Xp =al:——<~——2— —a>(C052061+Si1’12062)+61€2]/ET,
w
(

63)

C2k2
Xpp= 2a<a+61 sin20-+e; cos?0— ——;) /eT, (64)
w
c%k?
X, = l: ——(—2— —f—a)(el sin?0-+ ez cos20+-a)
w
+(61+a)(€2+a):|/ér, (65)
and
er = —(c*k?/w?) (€1 cos?0+€; sin®0+a)

+(e1+a)(eata). (66)

The dispersion relation which is determined by er=0
is shown in Fig. 9. As was pointed out in our earlier
paper,' for an anisotropic electron gas, the plasmon
mode is no longer pure longitudinal but partially
transverse and couples strongly to photon mode at
ck~w,. Here, we consider also the possibility of phonon
fluctuations which couple to both photon and plasmon
excitation modes and modify their dispersion relations.
As illustrated in Fig. 9, there are four branches in
the dispersion relation which can be labeled as

F1c. 11. Relative Raman scattering cross section R¥ and R?
(in units of w;) from an electron-phonon system as a function of
wp. The labels (1) and (2) indicate, respectively, the lower and the
higher branches.

wi(i=1,2, 3,4). Here, w1, which has the lowest energy,
is the plasmonlike branch, ws is the polaritonlike branch,
w3 is the longitudinal-phononlike branch, and w; is the
photonlike branch. The spectra of the scattering cross
section are illustrated in Figs. 10(a)-10(c) for several
values of k. The Frohlich coupling produced scattering
given by X and has the largest intensity at the plasmon-
like branch w;, while X, has large intensity at the
polaritonlike branch w,. The scattering intensity Xp is
small at w; because it is proportional to the factor
(1 —w,?/w?)2. This point has been discussed in detail in
Sec. III. In our earlier paper,'® we pointed out that the
plasmon frequency is shifted by coupling with photon,
but the intensity is small and proportional to (k/krr)?
Here, the plasmon mode can have large intensity via its
coupling to the phonons. In the following, we will
discuss the relative scattering intensity between plas-
mon and phonon modes. For simplicity, we consider
only the isotropic case which approximately gives us
the relative intensities at the phonon and the plasmon
resonant frequency. From Eq. (40), the coupled
plasmon-phonon system has two modes, w; and ws,
which are determined by e+a=0,

an at=Ho, ot F (0w’
oot —od) 1% . (67)

Here, w; represents the lower mode and w, is the higher
mode. The scattering cross sections are proportional to
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the residues at w; and we, which are given by

Jdep -1
RFi= (_) ,
0w / w—w;

) wp? 2 661' -1
Roi=(1- __) (_> .
wiz (90) w=wji

The scattering intensity R¥ and RP are illustrated in
Fig. 11. One notes that RF and R? behave quite
differently. For w,<w;, RP! is much smaller than RP?
and, for w,>w;, RP? is much smaller than RP1 That
means the scattering intensity, proportional to R?, of
the plasmonlike mode is much smaller than that of the
phonon mode. The scattering intensity proportional to
Ry for plasmonlike mode increases with w,, which has
the same order of magnitude as the phononlike mode
when ©,>0.3w;. Therefore, we can conclude that the
anisotropic effects on the plasmon mode can be observ-
able in forward scattering for systems with relatively
large-Frohlich-coupling constants.

(68)
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V. DISCUSSION

We have considered the Raman scattering cross
section for the “almost” forward direction in semicon-
ductors. We calculate the scattering cross section arising
from phonon fluctuations neglecting entirely scattering
from electronic density fluctuations, which is negligible
in our case. Our result indicates that scattering from the
electronic longitudinal modes (plasmons) is possible
provided the sample has substantial Frohlich coupling.
This might explain the result of Ref. 4 in which Patel
and Slusher have observed the polariton mode in
magnetic fields (which is mainly transverse) but could
not observe the magnetoplasmon mode (which is mainly
longitudinal). The scattering angle can be calculated,
using conservation of energy and momentum, for given
values of ki, wi, &, and w, and has been reported in
literature.!*** We estimated for a realistic experimental
situation with w;=1u, one can observe a frequency
shift of the polariton branch of the order fw, from the
transverse-phonon frequency w; at a forward scattering
angle between 0° and 2°.



