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Under intense excitation by an electromagnetic wave near the exciton resonance, the exciton-
polariton spectrum around the frequencies of the Stokes and anti-Stokes scattered polaritons will be
modified by certain phonons via the exciton-phonon interaction, producing new elementary excita-
tions called “phonoritons” (A. L. Ivanov and L. V. Keldysh, Zh. Eksp. Teor. Fiz. 84, 404 (1982)
[Sov. Phys.—JETP 57, 234 (1983)]). The construction, condition for existence, dispersion, and oth-
er properties of the phonoriton are discussed here, based on a simplified model. The relation be-
tween creation of phonoritons and inverse Raman scattering is also discussed in this paper. A new
nonlinear resonant Brillouin scattering experiment is quantitatively analyzed. For CdS and GaAs
the changes in scattering cross section, line shift, and linewidth are calculated: these values should
be measurable. A nonlinear modulation-reflection experiment is also analyzed for CdS and GaAs; it
gives a measurable change in reflection due to phonoriton reconstruction of the spectrum. We sug-
gest using pulsed irradiation in these experiments. These intensity-dependent effects could directly

confirm the existence of phonoritons.

I. INTRODUCTION

The properties of excited states of solids are usually de-
scribed in terms of various kinds of elementary excita-
tions. The spectra of elementary excitations and the oc-
cupation numbers of these quasiparticles determine the
physical states of the system. Initially, elementary excita-
tions are well defined only when occupation numbers are
small; and so the spectra of various elementary excita-
tions (i.e., various energy levels) are determined by the
material itself and are fixed. Actually, these levels also
depend on the external perturbations: for example, in op-
tical studies, the probe and pumping electromagnetic ra-
diation. Therefore the spectra can change with increas-
ing occupation number. In nonlinear optics, these
changes are manifested through shifts of the energy lev-
els, are often treated by using a phenomenological theory,
and are not related to the change of the spectrum. In re-
cent years, the changes of the exciton spectra in bulk and
microstructure semiconductors under intense coherent
laser pump have attracted great attention because of both
theoretical and practical interest.' ”’ Such phenomena
are generally attributed to ‘‘dynamical,” “optical,” or “ac
Stark effect,” by analogy with similar phenomena in
atomic physics, and are also treated by using the methods
originating in atomic physics: for example, excitons in
semiconductors are only treated as the two-level system,
and only the shift of the levels are discussed.

In fact, it is well known that an exciton in a semicon-
ductor is not just an energy level, but also a movable ele-
mentary excitation. More importantly, excitons in semi-
conductors interact with photons all the time and form
exciton polaritons. The dispersion relations of the bare
exciton and photon are greatly changed near the exciton
resonance. This change is not only a renormalization but
a drastic change or “reconstruction.” A correct theory of
the optical spectrum of the exciton must include the exci-
ton effects. And the so-called “optical Stark effect” must

42

also be established on the basis of the theory of exciton
polaritons. Actually, under intense coherent laser pump,
the dispersion of the exciton could be reconstructed
again, and some new elementary excitations may form.
These new “‘elementary excitations” are different from in-
dependent elementary excitations, since their existence
and properties depend not only on the intrinsic properties
of the material, but also on the external “pump.” The
“phonoriton” is one such new excitation that will be dis-
cussed in this paper.

The term “‘phonoriton” was coined by Ivanov and Kel-
dysh® in 1982. When a bulk semiconductor with direct
gap is illuminated by high-intensity electromagnetic radi-
ation near the exciton resonance, the occupation number
for the polariton mode, with frequency equal to that of
the incident field, will be very high, and the exciton-
phonon interaction, which causes Stokes and anti-Stokes
scattering, becomes effectively an intensity-dependent
coupling between the scattering polariton modes (final
states of Stokes or anti-Stokes scattering) and corre-
sponding phonons. This coupling leads to the formation
of a new elementary excitation, the phonoriton, which is
a mixture of polariton (photon plus exciton) and phonon.
Ivanov, Keldysh, Gippius, and Tikhodeev published a
series of papers® !° and analyzed some very interesting
aspects of the problem, such as nonlinear light absorp-
tion, threshold behavior of anti-Stokes scattering, coher-
ence, etc.

The physics of this problem concerns a many-body sys-
tem far from thermal equilibrium, and the very dense for-
malism of the closed-time-path Green’s function
(CTPGF)'® was used in most papers by the Keldysh
group. But, in fact, in order to understand the essential
physical picture and many of the basic properties of the
phenomenon, much of the formalism is unnecessary. In
this paper we will use a simple two-level model to explain
the origin of phonoriton “reconstruction” and discuss its
properties. Elsewhere, we will report on certain thresh-
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old behavior that we investigated using the CTPGF
method.

The previous literature, which gives the basic
theory of the phonoriton, is mainly at the level of formal
theory and is not well related to realistic physical situa-
tions. There has been little experimental response, except
for two experimental papers'”'® by Soviet scientists
claiming that they found indirect evidence of the ex-
istence of phonoritons via photoluminescence studies.
There are also several other experiments*° related impli-
citly to this phenomena, but clear evidence of the phe-
nomena is still not available. Thus, in addition to giving
a simple and clear physical picture of the phonoriton, it is
also important to design and implement realizable experi-
mental methods to determine the phonoriton and exam-
ine its dispersion relations. We have elsewhere proposed
two experiments (nonlinear resonant Brillouin scattering
(NLRBS) and nonlinear modulation reflection (NLMR)
spectrum to determine the properties of the phonoriton,
and we gave a brief report of these studies in a short com-
munication.'” In this paper we will give a detailed
description of the theory of the phonoriton and will ana-
lyze the NLRBS and nonlinear reflection experiments.
We believe these two experiments can give clear evidence
of phonoriton reconstruction, and we hope our specific
predictions will stimulate further such experiments. We
will also discuss the relation of the phonoriton formalism
and inverse Raman scattering (IRS).

The organization of the paper is as follows. In Sec. II
we will discuss the physical origin of phonoriton recon-
struction and give the simplified two-level model. In Sec.
III we will discuss the existence condition for the phonor-
iton and analyze its realization in experiments. In Sec.
IV we will discuss the relation between phonoriton for-
malism and an existing phenomenological macroscopic
theory of inverse Raman scattering. Then, Sec. V will be
devoted to summarizing the published experiments relat-
ed to phonoriton, the analysis of our proposed nonlinear
resonance Brillouin scattering and nonlinear modulated
reflection experiment, and give the results of the calcula-
tion for CdS and GaAs. Section VI is a brief summary.
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II. TWO-LEVEL-SYSTEM APPROXIMATION

First, let us describe physically how an intense light
wave can cause the reconstruction of the spectrum. It is
well known that when light with near bandgap frequency
enters a semiconductor, the wave propagating inside is
not purely electromagnetic but a mixture of photon and
exciton, i.e., the exciton polariton. When the frequency
is near resonance, the exciton component is rather large,
and the polariton will suffer scattering because of the
exciton-phonon interaction (e.g., Frohlich interaction
with LO phonon, deformation interaction with LA pho-
non, and piezoelectric interaction with TA phonon).
Since the interaction between exciton and phonon is
smaller than that between exciton and photon by several
orders of magnitude, usually this only causes Raman or
Brillouin scattering. These processes are shown in dia-
gram (a) of Fig. 1. If we consider, as in Fig. 1, the self-
energy diagram for a polariton (b) or for a phonon (c), the
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FIG. 1. (a) Polariton-phonon interaction and the self-energy
diagram for (b) polariton and (c) phonon.

resulting correction is negligibly small: Only the imagi-
nary part of the self-energy, i.e., the real scattering pro-
cess, is important. Hence it is usual to consider only the
scattering process (a) and not include the rescattering.

On the contrary, when the strength of the incident or
pump polariton wave is very large, the mode correspond-
ing to the pump frequency can be macroscopically occu-
pied; thus the ratio N,/V is finite and not infinitesimally
small, where N, is the occupation number, and V is the
volume. In this case the pumped mode is like a Bose-
condensed source, so that anomalous vertex and the
Green’s function must be included. In the simplest case,
the self-energy diagram in Fig. 2 appears. In effect, the
result of this diagram is that the macroscopic occupation
number of mode k, enhances the interaction strength in
the vertex in diagrams in Fig. 1. Thus the effect of in-
creasing the incident-light strength is that rescattering
processes become important. It is these processes that
cause the spectrum reconstruction.

We will not go into details of the exact Green’s func-
tion theory in this paper, but will only give a two-level
approximation.

Following Ivanov and Keldysh,® the Hamiltonian
describing the system of interacting photon, exciton, and
longitudinal phonon is

QL‘
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where a, b c and ap,bp,c are creation and annihila-
tion operators for excitons, photons, and phonons, re-
spectively, o, is the energy of the photon: w,=c|pl/#,
and % is the energy of the exciton with momentum p:
W, =, +p /2m*. Here, o, is the exciton frequency at
p =0, m* is the eﬁ'ective mass of exciton, Qp is the fre-
quency of the phonon, and )  denotes the photon-
exciton interaction, ), =w;"\/47rB, where S is the oscilla-

tor strength of the exciton, and M (p —gq) is the matrix
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FIG. 2. (a) and (b) Anomalous vertex and (c) self-energy.
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element of the exciton-phonon interaction. We can esti-
mate the needed values: For CdS,M is of the order of
107% cm™! per mode, but Q, is 821 cm ™!, so that the
latter is much stronger. An estimate for GaAs (given
below) gives the same conclusion.

The first line of (1) can be diagonalized to give polari-
tons (two branches), and the whole Hamiltonian can be
written as

H= prolp)B,pB +Ehﬂp 5>C

+ 3 [zM,jp q)B,p iq
L1Pg

X(e, gte_,—g)tcc], )

where BT is the creation operator of the ith branch po-
lariton w1th wave vector p. The M/, are renormalized
polariton-phonon matrix elements:

M ;(p —@)=[¥ PV ()] °M, ;(p —q) . (3)

W is the weight of the exciton in the ith branch polari-
ton:

1F b @
[(w;x_wp)Z_*_Qg]l/Z :

T2p)=7

Equation (1) contains only a truncated exciton-photon
interaction. It is different from the standard Hopfield
model,?° which includes additional terms for exciton-
photon interaction. The first line of Eq. (1) should then

be replaced by
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if we use the Hopfield model. In such a case, this part of
Hamiltonian can also be diagonalized to the form shown
in Eq. (3), but we should change the dispersion of polari-
ton w,,(p) and the renormalization of the polariton-
phonon interaction. The dispersion of the polariton de-
rived from the full Hamiltonian is

ck? —1+ Qg/eb

€, (02—

a )
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while that derived from the truncated Hamiltonian can
be written as

ck Q0 /e,
(l)(fb)l/z
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Near the resonance, w=~w®, these two equation have
only a very small quantitative difference. On the other
hand, the renormalized polariton-phonon interaction
takes the form
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is the so-called exciton strength function A4;(p) and corre-
sponds to the exciton weight factor W§* in the truncated
Hamiltonian. Because both A4;(p) and ¥{* are near unity,
we will use the simple truncated Hamiltonian to explain
the phonoriton reconstruction. For the numerical calcu-
lations in Sec. V we will use the results from the standard
Hopfield model.

Now, suppose a beam of light with frequency w, enters
the system and creates a polariton wave. For the sake of
simplicity, we restrict ourselves to one branch of polari-
ton corresponding to the frequency w, and denote this
branch by /. We denote this wave as wy=w,,(kq), where
@p0i(Kk) is the dispersion of the polariton. When the inten-
sity of the beam is high, the polariton mode k =k, will be
“macroscopically occupied.” But for all other modes, the
occupation number is near zero. Thus the interaction
terms related to mode k, should be treated separately.
On the other hand since, the polariton-phonon interac-
tion not related to the mode k, is rather weak; this mere-
ly contributes to a nonzero imaginary part of the polari-
ton energy. Therefore, we drop these terms. Then we
divide the system into three parts: incident polariton,
phonon, and scattered polariton. We concentrate on the
scattered polaritons and phonons. They are coupled by
the polariton-phonon interaction MBk and MBk If the

incident laser light is coherent and the intensity high
enough, to a good approximation we can replace the
operators B,\ or Bk in the interaction term by their c-
number expectatlon values (Bk ) and (Bk ), respective-
ly:
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where v, is the group velocity of the polariton, Py is the
macroscopic polarization amplitude, and €, is the dielec-
tric constant of the background. Actually, these two
numbers a*(¢) and a(t) come from the “eigenvalues” of
the annihilation operator Bko acting on a coherent state

of the polariton mode k,, which occurs because of the
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high intensity of pumping. After eliminating the time-
—lw, t

0

depenglent factor e via a unitary transformation

uok BkBk . .
e , we obtain the Hamiltonian:
= 3 #lw,,—wy )By B, + zm
p,i
+Hg+H,s, (12)
where
Hyg=i 3 #M'(p—K)ay (Bycp i —Bycpi,) » (13)
P
and
Hg=i 3i#iM'(p—kay (Bye, _,—Blel _,)  (14)
P

are anti-Stokes and Stokes scattering Hamiltonians, re-
spectively. Here

M ;(p —@=[¥ VX)) *M, (p —q) (15)

is the matrix element between polariton and phonon, and
Pe* is the weight of the exciton in the ith branch polari-
ton.

Since the “interaction” between the spectra at anti-
Stokes and Stokes frequencies is essentially a high-order
effect, we may study the spectra around anti-Stokes and
Stokes frequencies individually. If we only consider H ,g,
we are, in effect, describing a simple two-level system.
The scattered-polariton mode (wp, i T, ), i.e., the energy
with respect to incident light, and phonon Q,n(p—ko) are
coupled through the interaction V/N,M; J(p ky), and
this interaction is proportional to the square root of the
strength of the incident macroscopically filled polariton
mode. From now on, we will concentrate on a specific
branch and drop the subscript i or ij of B and M. If we
introduce a linear combination of the annihilation opera-
tors of the polariton and phonon,

D=va+ucp_k0 , (16)

and demand that

[D,H]=—%wD , 17
we find the secular equation, giving eigenvalues
wl,z(P):%[a’(P)+9k0—p”‘a’ko]
%{[‘0 Qp—ko_wk0]2+‘l’ex(P)Q2] 2,
(18)
Q=a,M(p—k)=(VNy)'"*M(p—k) , (19)

where N is the occupation number of the incident polar-
iton. Note that near the exciton resonance W{*(k) there is
practically unity. Equation (19) gives the reconstructed
spectrum of the new excitation, or phonoriton: see
the illustration in Fig. 3(c). A new gap,
{[olp)—Q, —ky T 0k, 1?4+ W, (p)Q?}/? appears, general-
izing the gap w;o—wyo of the polariton. The new gap
not only depends on the properties of the material, but is
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See (b)/
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(a)

FIG. 3. The dispersion of the anti-Stokes phonoriton related
to LO phonon. The pump frequency is at wg, and the optical
phonon Q,, is assumed dispersionless: (a) General illustration;
(b) detailed behavior at anti-Stokes frequency; (c) detailed be-
havior at Stokes frequency.

also proportional to the square root of the intensity of the
pump light. This is a salient feature of the phenomena.
For the case of Stokes scattering, we can introduce

_ +
D =xB, +yck0_p .

The basic equation is the same as for the anti-Stokes
scattering case, but with some changes of the signs.

We can also include lifetime effects and combine the re-
sulting expressions for both Stokes and anti-Stokes scat-
tered phonoritons as follows:

(1)1 2(p —[w +Qk Ap—a)k +1F]

+(—=) 1 {[o(p )+Qk_p+a)k+z7/]2

pIQ*}'?, (20)
with
=Yt 7o 5 (21)
and
Y=Yph ™ Vpol » (22)

where v, and v, are the inverse lifetimes of phonon
and polariton, respectively. The * sign in Eq. (20) is for
Stokes (+) and anti-Stokes (—) scattering, while +(—) is
for the two branches in each case. This expression for
phonoriton dispersion given by the two-level model is
equivalent to the 7 approximation in CTPGF theory'? of
Keldysh and Tikhodeev.

Figure 3 illustrates the dispersion of the phonoriton de-
scribed by Eq. (20). Note that we consider only the opti-
cal phonon scattering and only in the back-scattering
geometry; the reason for this will be explained in Sec. III.
The drawing is only schematic and assumes that y;, and
Ypol are both zero. Note that there are two important
changes in the dispersion of the parent polariton in back
scattering. First, a new gap appears in the dispersion at
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the location of the anti-Stokes scattered polariton.
Second, there is no real gap, but an “imaginary” gap ap-
pears in the case of Stokes scattering.

The latter should be given special attention. Note that
the sign before the “interaction” term under the square
root is negative. Thus it would not give rise to repulsion
and anticrossing of two original levels and create a new
gap. On the contrary, two levels will attract each other
and give rise to an “‘imaginary gap.” In fact, both v, and
¥ pol are not zero; therefore under certain conditions, the
imaginary part of the energy of one branch of the pho-
noriton will change its sign, and this will invalidate the
approximation here. The situation corresponds to stimu-
lated Stokes scattering. In the remaining part of this pa-
per, we will concentrate on anti-Stokes scattering and the
new gap. The threshold problem for stimulated scatter-
ing will be discussed elsewhere.

Now let us explain the physical origin of the new cou-
pling caused by the pump light. What we should note is
that the spectrum under consideration is not the spec-
trum of the original crystal itself, but a new system: the
crystal with the strong pump polariton (ky,»,) propaga-
ting in it. The presence of this wave makes any polariton
with wave vector k interact with a phonon with wave
vector k+k, and frequency w(k)tw, The nonlinear
phonon-polariton interaction in the “old system” (crystal
only) becomes an effective linear coupling between polari-
ton and phonon. In the new system (crystal plus existing
strong waves), it plays the role of new periodic ‘“poten-
tial” or diffraction ‘‘grating,” with spatial periodicity
2m/k, for polaritons and phonons that satisfy the
scattering conditions. Of course, this potential is
different from the ordinary potential, because it acts be-
tween two different elementary excitations, it is also
dynamical not static, and it depends on the external laser
field. It is this “Bragg-like” diffraction that couples the
polariton and phonon that satisfy the ‘“‘scattering” condi-
tion and thus produces the spectrum reconstruction.

III. PHONORITON EXISTENCE CONDITIONS:
CALCULATION FOR CdS AND GaAs

A. General consideration

The conditions for existence of a phonoriton were dis-
cussed in previous work on the phonoriton® and then
clarified later by Ivanov.'® In this section we will discuss
the physical meaning of these conditions and then give
some concrete estimations for CdS and GaAs.

From the discussion in Secs. II and III, it is clear that,
in order to form a phonoriton, we first should have a po-
lariton wave propagating inside the substance, and this
wave should propagate a sufficient distance to be able to
interact with phonons. Therefore, we need

Re(k)>Im(k) , (23)
From the dispersion [Eq. (7)], this condition can be
satisfied if the frequency w, is in the range of

2
|, — > (o), Hro, )1/2_%50/1 ’

where o, is the difference between longitudinal and
transverse bare excitons, and y is the inverse lifetime of
the polariton. Although this condition arose from the
truncated Hamiltonian, it should not be greatly different
from that obtained from the full Hamiltonian.

Second, in order to interact with phonons, this wave
should be excitonlike, i.e., the exciton weight factor
We*(k,) should near 1. According to (4),

lo, —wyl <Q, .

Because a high occupation number should be achieved,
at given linewidth of the source and scattering mecha-
nism, the density of states near the frequency w, should
be low. Thus the pump light should be in the lower po-
lariton branch, and the combined requirement can be
written as

Q, >0, —0y> (Lol +y0,) " —Lo, . (24)
Needless to say, only photon-exciton interaction in
direct-gap semiconductors is considered here.

It is clear from Eq. (19) that, when the intensity of the
pump light increases from zero, the change of the spec-
trum also increases. But if the real part of the splitting is
smaller than the imaginary part, the splitting and the
spectrum reconstruction cannot manifest themselves.
This condition can be expressed as

Ao >y o1+ Y pn - (25)

Aw could be obtained from Eq. (16). Physically, we can
understand this as following: If the lifetime of the pho-
non and polariton is shorter than the inverse of the
scattering and rescattering rate, then the scattered polari-
ton and phonon cannot be correlated coherently; thus the
only physical consequence is the real scattering process,
not the spectrum anticrossing.

Ivanov has summarized the conditions for phonoriton
existence as the following:'°

Q. >Qp —ky), (26a)
[2A(p —ko)QUp —k)1' 2 Zy(p)+y,nlp —ko) (26b)
Alp —ko) >y palk) . (26¢)

Actually, (26a) is satisfied by most direct-gap semicon-
ductors; but even for the direct-gap materials, in which
(26a) is not valid, Q. still is of the same order of magni-
tude as Qp —k,). As for (26b) and (26¢c), when (25) is
valid, they are also satisfied automatically.

Now we discuss the strength of different kinds of
phonon-polariton interactions and give some numerical
estimates to determine which of these channels could be
the most probable candidate for phonoriton reconstruc-
tion. For more details of these interactions, see, e.g., Ref.
21.

The matrix elements we will discuss below are restrict-
ed to the case when only two ls excitons are involved,
ie.,

M(q)=(k—q,ls,nq+I\Hex_ph|nq,ls,k) . (27

The exciton can interact with longitudinal acoustic



9614

phonons through the deformation-potential interaction.
In this case,
172

h lq|'*(p,D, +p,D;,) , (28)

M(q)= —ZVPCLA

where V is the volume of the crystal, p is the density of
the material, ¢, is the velocity of the longitudinal acous-
tic wave, D, and D, are the deformation potential of
electron and hole, respectively; p, and p, are two factors
defined as the following:

mpy qa i
h B
=|1+—2— | 2L , 29
Pe my+m) | 2 (29)
m} qa -
= 1+—- |22 (30)
Pr mri+mr | 2

Here, m} and m; are the effective masses of electron and
hole, respectively. ap is the Bohr radius of the 1s exciton.
These two factors can be called form factors. They de-
scribe the effect of the distribution of the electron and
hole in the exciton on the interaction of the exciton as a
whole in a field with wave vector q. If the wave vector of
phonon g is zero, or if the electron and hole are in the
same place (az =0), they become unity. If gag = o, they
become zero. In our case, gap <1, even <<1, so that the
factor (p, —p,) can be expanded to obtain the following
expression:
gag <<1mj—m} (qap)

(p. —py) . (31)
Pe =P mf+mr 2

The matrix elements of the Frolich interaction between
two ls exciton states can be expressed as

172
2rho,e?

Vq 2

172

! ! (pe—pn) » (32)

€x €

M(q)=

where o, is the frequency of the LO phonon, e is the
charge of the electron, and €, and ¢, are the high-
frequency and static dielectric constants, respectively.

An optical phonon can also interact with the exciton
through optical deformation interaction and is additive
to the polar interaction; but, since it is generally much
weaker than polar (Frohlich) interaction, we can neglect
it here.

There is another interaction in noncentrosymmetric
materials, namely, the piezoelectric interaction, coupling
the exciton with TA phonons. In contrast to the defor-
mation and polar interaction, which are isotropic in cubic
crystals, the piezoelectric interaction is highly anisotrop-
ic, even in cubic materials. For GaAs, when the phonon
wave vector q is along [110] direction the matrix element
is

#i
qapcrta

172 47T€€15

(Po—D4) > (33)
6Oql/Z

M(q)=

where e s is the piezoelectric constant, cp, is the velocity
of the TA acoustic waves, €, is the dielectric constant of
the background.

BING SHEN WANG AND JOSEPH L. BIRMAN 42

For CdS, when wave vector q is along the z axis, e
should be replaced by e ;.

Therefore, in all three cases, the interaction increases
when the transfer of momentum |q| increases, in the
range of gag < 1. Thus the greatest splitting will occur in
the back-scattering geometry.

B. Numerical estimations for CdS and GaAs

Let us take CdS and GaAs as examples to estimate the
value VM? for different scattering mechanisms. The pa-
rameters and calculated results are shown in Table I.

This calculation indicates that the Frohlich interaction
is much stronger than other interactions. Thus we focus
our attention on the phonoriton constructed from
exciton-polariton and LO phonon. Even in this case, the
power density needed to produce a noticeable gap is still
very high.

For example, in order to detect the appearance of the
gap, the splitting should be greater than 107 * eV, and N,
should be at least 10'*"!'7 cm 3. The power density is
§ =Ngv ho, where v, is the group velocity of the polari-
ton. The value of v, could vary greatly near the crossing
or near the bottleneck for the polariton. Of course, the
value of S can also be small, if the frequency is above the
bottleneck. But in this case, the nearby density of states
is large and the scattering lifetime is also reduced, which
could lead to more absorption, severe heating effects, and
also line broadening. Thus a most probable choice of
pump frequency is below the bottleneck, and this also
simplifies the analysis.

If we choose the pump energy below the bottleneck by
approximately a LO phonon energy, the complexity
caused by exciton-biexciton transition under high-
intensity excitation will be greatly alleviated, since the
binding energy of the biexciton, 2w, — Q. 1S much
smaller than o, and the change of the spectrum caused
by exciton-biexciton transition is also much smaller than
0L0.57

Thus we can chose a pump frequency, at 0 —w;o. In
this case, the estimated power density for GaAs is 10’
W/cm, and for CdS, ~10® w/cm.

It should be noted also that although CdS is more po-
lar than GaAs, the power needed for generating the same
gap is smaller in GaAs. This is because the Bohr radius
of the exciton in GaAs in much larger than that in CdS,
because the overall interaction is proportional to the
fourth power of ag, and also because the difference be-
tween the effective masses of electrons and holes in GaAs
is bigger. But the exciton-photon coupling Q. (or the L-
T splitting of exciton) in GaAs is small, thus the polari-
ton can only manifest itself in a narrow range, and the ex-
citon strength function is very small outside this range.
On the other hand, for CdS, the exciton radius ap is
smaller, which makes the exciton-phonon interaction
weaker; however, the (), is bigger, and in wider frequen-
cy range, the polariton effect is strong, and the scattering,
via larger wave-vector transfer q, can also be achieved.
So both materials could be chosen for the experiment to
detect phonoritons.

In any case, the phonoriton reconstruction is a
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TABLE I. The parameters and calculated results for CdS and GaAs. Asterisk denotes Ref. 22. All other data for CdS are adopted
from Ref. 23. For GaAs, Ref. 24. Double asterisk denotes es. Triple asterisk denotes E. — E, .

CdsS GaAs

Exciton energy E,, eV 2.553 1.515
L-T splitting E,, meV 1.9 0.08
Effective mass of electrons mr,mg 0.198 0.0667
Effective mass of hole my,mg 0.138 (lh)
Effective mass of exciton MX ,m, 0.98 0.6+0.1
Background dielectric constant € 9.38 12.55
Bohr radius of exciton ag A 28 138
Conduction-band deformation potential E., eV +4.5 9.2 ***
Valence-band deformation potential E,, eV —2.9
Density p, g/cm’ 4.84 5.36
Velocity of the longitudinal acoustic wave Cyra, 10° cm/sec 4.25 5.24
Velocity of the transverse acoustic wave Cra, 10° cm/sec 1.76 3.36
Piezoelectric constant ey, C/m? —0.21 0.16%*
Static dielectric constant & 9.53* 12.90*
High-frequency dielectric constant (A 5.61* 10.90*
Frequency of LO phonon at T w10, €V 38* 36.9*
Wave number of phonon used in calculation g, 10° cm™! 7.9 5.4
Form factor of electron P, 0.998788 0.8084
Form factor of hole P, 0.985266 0.9853

(P,—P,)* 1.828x107* 3.65X 1072
Matrix elements of exciton-LA phonon interaction IM'|? eViem™* 5.12Xx10728 9.32x107%
Matrix elements of exciton-TA phonon interaction IM'|?, eViem™* 9.15Xx107% 5.47X10°%°
Matrix elements of exciton-LO phonon interaction IM'|%, eViem ™ 7.34%X10™% 5.83%X107%
Exciton strength function at E;—w; o A, 0.64 0.044
Matrix elements of polariton-LO phonon interaction IM'|%, eVZem ™ 4.69X107% 2.57X10™%#

phenomenon occurring only under very strong irradia-
tion. Thus, in our view, the possible realizations of the
related experiment should be under pulse condition.
Thus we need to know the lifetime of phonoriton. From
Eq. (16), we can also obtain a simple relation:

Imo, +Imo, =y 1 +vpor - (34)

In the case of anti-Stokes scattering, if the splitting (the
real part of Aw) is much larger than the linewidth, the
lifetime of the phonoriton is of the same order of magni-
tude as that of the polariton and related phonon.

We can also examine the incident mode and others
nearby. They are also coupled via the phonons, and the
“coupling constant” is proportional to the density of
scattered polariton modes. Therefore, these polariton
modes are also changed, although the change is not as
prominent as for the scattered polaritons. If we treat the
problem more exactly, the initial polariton, scattered po-
lariton, and related phonon are all coupled to form the
phonoriton. Actually, the scattering, rescattering, and
spectrum reconstruction results in nonlinear absorption
of the pump light.?

It should be noted that the discussion above uses a
rather strong approximation—replacing the operators of
the pump mode by ¢ numbers. This is true only when the
polariton wave is coherent, and, of course, the treatment
is similar to the classical one. The limitation of this ap-
proximation is that it cannot be used to treat some quan-
tum aspects of the problem, such as coherence, noise, and
dynamical behavior, which will be discussed elsewhere.

On the other hand, this model gives the basic physical
picture in the problem and enables us to relate the topic
to some existing phenomenological theories of nonlinear
phenomena.

IV. PHONORITON: RELATION TO INVERSE
RAMAN SCATTERING

The physical situation of phonoriton reconstruction via
a LA or TA phonon is very similar to the case of reso-
nant Brillouin scattering (RBS) of an exciton polariton
proposed by Brenig, Zeyher, and Birman,? except that
the intensity of the pump light is high, and we focus on
the spectrum around the scattered frequency. For the
most probable case of reconstruction with the LO pho-
non, it corresponds to resonant Raman scattering. In the
traditional theory of the Raman and Brillouin scattering,
the energy levels are fixed. Even in the case of intense ex-
citation, work focused on stimulated Raman and Bril-
louin scattering, and not on the change of the energy lev-
els, due to the fact that the change of the spectrum is
very small. However, if the spectrum were measured, the
change of the energy levels still can be detected. This is
the case of the variation of dielectric function in inverse
Raman spectroscopy (IRS).

IRS was first proposed and experimentally confirmed
by Jones and Stoicheff.? They pointed out that accord-
ing to the basic theory of incoherent light scattering, the
emission and absorption of light at Stokes and anti-Stokes
frequencies are both allowed. Actually, this is the conse-
quence of the time-reversal invariance of the interaction
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Hamiltonian. Thus, not only stimulated emission, but
also “‘stimulated” absorption should be possible. Pump
light can induce absorption at the Stokes and anti-Stokes
mode and change the dielectric function, which forms the
basis of IRS. In this sense, IRS is really the inverse pro-
cess of stimulated Raman scattering, (SRS) so that the ab-
sorption line shape should be the inverse of that of the
gain profile in SRS measurement. But the experiments
afterwards gave more complex absorption line shapes,
and this has to be explained theoretically. In 1985,
Saikan et al.?’ developed a theory of IRS. They analyzed
the dependence of the third-order nonlinear susceptibility
on the initial values of the density matrix and pointed out
that the line shape of IRS is not exactly the inverse of the
gain spectrum of SRS because of this. More important,
they obtained an expression more general than that ob-
tained using third-order perturbation theory for the non-
linear susceptibility. Recall that the definition of the
third-order nonlinear polarizability y,;, under irradiation
by a strong pump light beam, with frequency » and am-
plitude E. The polarization P(w’), induced by a probe
field E’ at frequency o', is

P(o")=Y"(«")E'+xw',0)E'|E|* . (35)

More generally, we can take this as a Taylor expansion
of a general polarizability (o', E), so that
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FIG. 4. (a) Three-level configuration, (b) the stimulated Ra-
man gain spectroscopy, and (c) the inverse Raman spectroscopy.

P(o'") =o' ,0,E)E" . (36)

By using the so-called ladder approximation,? they ob-
tained the expression for such a susceptibility for a
three-level model, which is illustrated schematically in
Fig. 4. The transition frequency between the levels are
denoted as w,.,w,,w,,, and the corresponding transition
matrix elements and linewidth as p’s and y’s. Under in-
tense irradiation of light of frequency « near the reso-
nance with the transition w,,, the polarizability at o
near the transition w,. can be written as

%[1+6/(82+B2)]/2]

wp —8+(87+ B! *+ o' =iy,

) (37

It should be emphasized that it is not the IRS effect
which itself corresponds to the phonoriton reconstruc-
tion, but the change of the energy spectrum induced by a
strong dynamical perturbation can be manifested in the

g
lise W — 0 to—iy,
x(w')= . : .
h (0 =@+ 0= iy o Ny =@ =iV g)— o/l
 ppe1? 11-56/(82+B4"?
B |0y —8—(82+BY) 2+ 0'—iT,,
[
where
8:%[wga_w+i(}’ac_rbc)] s (38)
B2=|u,E () /h]* . (39)

The results can be understood as the following: Under
the interaction of Ee T8, the energy level E, shifts and
splits into two, as shown in Fig. 4(b), and the weights of
the oscillator strength of the two components are
1[1—8(8°+B"?] and 1[1+6/(8*+B*)'/?]. Obviously,
this is a kind of dynamical Stark effect, because the per-
turbation field is time dependent. If we take the detuning
w(,;a —w equal to zero, i.e., at resonance, and compare the
denominators with the reconstructed spectrum of the
phonoriton [Eq. (16)], the structure is the same.

However, the ‘“reconstruction” in the denominator
does not exactly correspond to the phonoriton. First, it
is related to an electronic process through the perturba-
tion on the occupation numbers of the levels, while the
phonoriton reconstruction depends on electron-phonon
interaction enhanced by strong pump waves. Second,
despite formal resemblance, the reconstruction in the
denominator only corresponds to the coupling between
exciton and phonon, which does not include the polariton
effects.

IRS experiment. The most important difference is the
following. In the theory of the dielectric function used in
IRS, only the change of dielectric function was con-
sidered, and this is due to the nonlinear susceptibility.
The changes of the spectrum of the phonon and the (scat-
tered) polariton were not included; in other words, the
perturbation or probe field is assumed to exist. Contrary
to this, the phonoriton reconstruction emphasizes the
change of the spectrum, and the mixed mode of phonon
and polariton becomes an intrinsic property of the system
under intense excitation whether or not the probe field is
present. This new renormalized elementary excitation
could be detected by any probe that can interact with it
(e.g., the RBS experiment that we will discuss later in this
paper), while the IRS theory could not predict such an
effect. Besides, since the phonoriton theory starts from a
microscopic level, it can give the microscopic origin and
can be used to study the quantum aspects of the problem,
such as coherence and noise. Therefore, although the
phonoriton has some apparent similarity to the entity al-
ready studied in IRS, it is actually different in content.
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In order to clarify the phonoriton-IRS relationship still
further, let us write down the macroscopic equations for
the electric field E, exciton polarization amplitude P, and
phonon amplitude U. One gets

& @ & 4r &
e O p O p=4T O p 40
c? ot 3z’ c or? @0
3 fiwy 32
2t |9 e P

=47 2 [ piUuPPdr+aE, (1)

c 8P ) ’

2 y-uu== [DUPP4r “2)
at? e U T '

For simplicity, the phonon is assumed to be dispersion-
less. Note that D is a third-order tensor and depends on
the frequencies and wave vectors of three different waves
U, P, and P. When the frequency and wave vector satisfy

,_ c?k|?

€p

o [0 — 0l ()][(0—wp) —why(k—ko)]—

and the dielectric function,

Araw?

draw?

[(0— o) —wpn(k—ko)]—
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the conservation condition, its value becomes large, and
this nonlinear term cannot be neglected.

Equations (40)—(42) are difficult to solve because of the
presence of nonlinear terms. In our case, we can first
make an approximation that the component of exciton
polarization amplitude P at frequency «, if incident light
has already been obtained,

i@yt -*ko-r)

P, =Pge , (43)
and then concentrate on the components of electric field
E and P around the Stokes wg and anti-Stokes frequency
s, and the lattice vibration U. We search for the solu-
tions of the form e‘“' ¥ Remember that we should
only include the nonlinear term between the intense com-

. . (iwnt — k1) .
onent of polarization P, =Py,e ° ° and polariza-
2% 0 p

tion P(k,w), and vibration U(k —kgy, 0 —w,) (anti-Stokes
case) or U(k—kg,wy—w) (Stokes case). We can get the
eigenvalue equation,

C2|k|2

0)2_——

|DP,12=0, (44)
€p

elw,k)=¢,+

[0*— 0% (K)]+[|DPy|* /(0 —wy)? —wl(k—ko)]

(45)

If we equate €(w,k) to c*k?/w?, then this eighth-order equation for » could give, at most, eight solutions for a given
k, corresponding to the positive and negative frequency of the four branches of the phonoriton from two parent
branches of the polariton.

Here D is a phenomenological parameter, it depends on the frequency, and it should be obtained from microscopic
theory. Thus we prefer to get the dielectric function from the microscopic picture directly. If we start with the stan-
dard Hopfield Hamiltonian for polariton and add exciton-phonon Hamiltonian, once we take the operators of the mac-
roscopic occupied mode as a ¢ number, the calculation of dielectric function is routine (see, e.g., Mahan?®). The result is

Araw?

elw,k)=¢,+

It should be remembered here that o, is the frequency of
the intense pump mode and the k, polariton, and N is
the occupation number of this mode.

The most prominent feature of the new dielectric func-
tion is its dependence on the external perturbation field,
and, in particular, it has additional poles, the position of
which depends on the perturbation. This gives the possi-
bility of controlling the light by light.

Of course, one can use a simple truncated Hamiltonian
and only take the positive frequency, obtaining the results
similar to (37). However, the difference between (37) and
(46) is very small and, in practice, of no significant impor-
tance.

V. EXPERIMENTAL DETECTION
OF THE PHONORITON

In this section we will discuss several published experi-
ments related to the phonoriton problem and discuss two

(46)

[0 =02 (k)+ {[No|M (k—ko)|*1* /(0 —wy)* — 0l (k—ko)}

new experiments we proposed elsewhere:'° NLRBS and
nonlinear modulation reflection (NLMR), which could
give clear and convicting evidence of the phonoriton
reconstruction.

From the previous discussion, we know that the most
probable case for phonoriton reconstruction is the
scattering through the LO phonon in polar semiconduc-
tors. Therefore, we will only consider the situation relat-
ed to LO phonon and only anti-Stokes scattering, since
experimental confirmation of the new and intensity-
dependent gap is the most desirable goal. Because the
IRS is phenomenologically related to phonoriton recon-
struction, we also discuss its relation to the IRS experi-
ment on exciton polariton in semiconductors.

The first paper claiming to find evidence in favor of
phonoriton reconstruction appeared in 1985. Vyskovskii
et al.'” measured the transmission spectra of CdS crys-
tals in the presence of an intense pump light. With the
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pump frequency 50 meV below the exciton energy and
the pump intensity of 50 Mw/cm?, they did find that the
transmission coefficient K at @ =w,,mp+38 meV (LO
phonon) increased greatly when the pump is on. But they
could not determine the details of the spectrum since the
estimated new gap was about 0.3 meV, and the limit of
spectral resolution of their apparatus was 0.5 meV.

Brodin, Kadan, and Matskosov'® performed a set of
three photoluminescence (PL) experiments on Hgl, crys-
tals. The first experiment was to measure the PL spec-
trum of a crystal excited in the region of the excitonic ab-
sorption by a dye laser (1), in the presence of radiation
from another laser (2) in the transparent region below the
exciton band. They found that dip appears clearly when
the laser 2 is turned on, i.e., presumably in the presence
of the macropopulated polaritons. The dip shifts with
the tuning of laser 2 and keeps a constant distance to the
laser 2 frequency of 14.5 meV, which is the energy of the
LO phonon in Hgl, with symmetry 4,,. This clearly
gives evidence of the formation of a new gap at the anti-
Stokes frequency. In the second experiment, only laser 2
was used, and it was hoped that the Raman scattering it-
self would create the phonoritons. But the gap was not
detected, although the anti-Stokes line existed. These au-
thors attributed this also to the limitation of their ap-
paratus. (Note that, at present our opinion is that this
phenomenon is not only due to the limitation on resolu-
tion of the apparatus. At low temperature, the number of
LO phonons is exponentially small. So the real anti-
Stokes scattering is also extremely weak. Brodin ob-
served light by increasing the intensity, thus the intensity
of Stokes scattering is also increasing, and even could be-
come stimulated scattering. The emitted phonon could
be absorbed in anti-Stokes scattering, and the conserva-
tion relation cannot be satisfied by two branches of anti-
Stokes scattering; thus the gap cannot be detected. Clas-
sically, this corresponds to simulated anti-Stokes scatter-
ing through Stokes-—anti-Stokes coupling. We plan to
discuss elsewhere the stimulated anti-Stokes scattering).

The third experiment of Brodin, Kadan, and Matsko-
sov, concerned the dynamical equilibrium between pump
and scattered polaritons and nonequilibrium bose con-
densation problem. That is, there is a tendency for pho-
noritons to macroscopically condense to a few modes.
We will not discuss this problem here.

As for IRS, most experiments carried out were related
to liquids or solutions. Ishihara® measured the IRS spec-
trum for an A4, phonon in red-Hgl, and 2H-Pbl, single
crystals. However, his main result was the presence of
the inverse Raman effect: No evidence of a dynamical
Stark effect was found, and the data were treated using
the theory of third-order nonlinear susceptibility. It was
mentioned in the paper that the linewidth of the exciton
absorption in red-Hgl, was 1.9 meV; thus we suppose
that the reason why reconstruction was not observed is
because of the insufficient intensity of the pump and poor
quality of the sample.

Greene et al.* observed the hole-burning effect on the
exciton line in a quasi-one-dimensional semiconductor
and correctly attributed this to the exciton-phonon in-
teraction. This is also a phonoriton effect.
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FIG. 5. The calculated Brillouin shifts of Stokes and anti-
Stokes NLRBS for a phonoriton in GaAs. For pump condition,
etc., see text. The continuous dotted curve is for the parent po-
lariton.

As far as we know, the experimental evidence up to
now for the phonoriton reconstruction is not very con-
vincing and only gives a hint of possible existence of the
new gap, not the basic features of elementary
excitation—its dispersion relation, including the lifetime.
It is therefore desirable to have more direct experimental
methods to detect the phonoriton spectrum.

We now propose two modified nonlinear experiments,
i.e., the RBS and the reflection spectrum; these have been
proved?!3%3! to give very accurate information in the
linear regime about the dispersion of the parent polari-
ton, so that they can be used in the nonlinear regime. A
brief report!® was already given.

A. Proposed nonlinear RBS experiment: NLRBS

The proposed modification of usual RBS for the polari-
ton is the presence of the second pump laser beam, which
provides the macropopulated polariton mode needed to
produce the phonoriton reconstruction. From the previ-
ous discussion, we know that the frequency of this beam
should be on the lower branch below w, in order to satis-
fy the requirement of (26). In order to simplify and clari-
fy the problem, we suggest choosing w,<w, —w;g, SO
that only the lower branch of the polariton will be recon-
structed. In the presence of the macropopulated polari-
ton mode wy, kg, the dispersion and the expected experi-
mental results are shown in Fig. 5. Theoretically, the
only difference between the two cases (with and without
pump beam) is the reconstruction of the final states.
Since the basic scheme is the same, we can use the results
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of the theory of RBS for polariton originated by Brenig,
Zeyher, and Birman, and adopted by Matsushita and co-
workers’?3? and Tilley** with only a few modifications.

According to the RBS theory,? the integrated scatter-
ing cross section can be expressed as follows:

Gl S )
xt = 3 2Ti(w1)Tj(wX)
90 (2m)(he)

o} |ID(K [P Ay (K k)|

vgi(of )‘UGj(ws )|Kiljl

1+nph((l.)1—a)s)
(47)

where n ., (w) is the Bose-Einstein distribution of pho-
nons. The upper line in the curved bracket is for Stokes
scattering, the lower for anti-Stokes. The subscript s
stands for scattered, I for incident, and i and j denote the
polariton branch under investigation. The quantity S
represents the area of illumination. T,(w;) is the
transmissivity of the incident light (from vacuum to the
sample), T(w,) is the transmissivity of the back-
scattering wave (from the sample to vacuum). These two
quantities depend on the Maxwell boundary conditions,
as well as the additional boundary conditions (ABC), and
were extensively discussed. Here, we mention the neces-
sary changes related to the phonoriton.

The ABC problem may be simplified since we are only
concerned with a phonoriton constructed by mixing with
LO phonon, which is nearly dispersionless. If we ignore
the damping, there will be only one branch of the pho-
noriton at given frequency. If the frequency w, is lower
than the frequency of longitudinal exciton w,;(0), the
boundary condition is the same as in local optics; if
o, >w;(0), then an additional boundary condition is
needed. Of course, in each case the value of the wave
vector of the phonoriton branch should be taken accord-
ing to its dispersion relation.

The transmissivity T;(w;) should not change. But in
calculating the transmissivity 7(w,), there are two points
that need special attention. First, while the outgoing
scattering wave is a phonoriton, the ingoing wave with
same frequency remains basically a polariton (since the
momentum transfer in the forward-scattering case is
much smaller than that of the back-scattering case, the
spectrum reconstruction in the former case is very small
and can be neglected). Since the wave vectors of this pair
of waves have different values, the reflection symmetry is
lifted by the pump light. Second, in determining the sus-
ceptibility, the spectrum reconstruction should be includ-
ed, i.e., the exciton strength function can be viewed as the
product of that function of polariton and the weight of
the polariton in phonoriton ®,;, so that

ylo;(k)—wy(k)]

Q= ,
k @, (k) + o, (k) + (k)]

1
j 2

1+

(48)

where w, (k) is the frequency of the kth branch of pho-
noriton, while o j(k) and coph(k) are the dispersion of the
polariton and phonon (here, the LO phonon).
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[o(Kj;) in Eq. (19) is the matrix element of the
exciton-phonon interaction; here it refers to LA (defor-
mation potential interaction) and TA (piezoelectric in-
teraction). Here the prime on the wave vector stands for
the real part and double for the imaginary part. The ar-
gument K is the momentum transfer K;;=K;—K;/. K;;
is the uncertainty of the phonon, K;; =K;"+K . It also
represents the linewidth of scattered light. vg;(w,) is the
energy velocity of the mode-i polariton at frequency wy,
vg; and (wy;) is the group velocity of the scattered wave
(polariton or phonoriton). They can be calculated with
standard methods.

Finally, we discuss the factor A4,;. It originates from
the transformation from exciton to polariton and the
correction D of the final states which, we add, is the
weight factor of the polariton in the phonoriton in the
final state.

We calculated the Brillouin shifts, the linewidths, and
the scattering cross sections of LA RBS for CdS and
GaAs, with and without an intense pump frequency of
about a LO phonon energy below the exciton resonances
®,. The results for CdS were published earlier.!® The
material parameters that we adopted are those listed in
Table I. For GaAs, we choose the pump light frequency
at 11950 cm ! and take exciton and phonon lifetime cor-
responding t0 ¥ =¥, =1.0 cm”!. The new gap at the
anti-Stokes frequency is assumed to be 1 cm ™!, and the
corresponding pump power density is 10 MW/cm?. The
calculated results for Stokes and anti-Stokes cases are
shown in Figs. 5-7, respectively. The Brillouin shifts for
both GaAs and CdS give a clear picture of the spectrum
reconstruction. However, the profile of the scattering
cross sections versus frequency for GaAs is different from
that for CdS, i.e., there is a lump at the photonlike part of
the lower branch of the phonoriton. The reason for this
is mainly the smallness of the oscillator strength of the 1s
exciton in GaAs (w;, is only 0.08 meV), so that the reso-
nance occurs at a very small frequency range and is
steeper (also, the assumed new gap is slightly larger than
;,.) It is the resonant behavior of the exciton, the
change of the group velocity, and the other factors, such
as the transmission coefficients (which depend on ABC
and change greatly at the resonance) that all together
give the profile of the scattering cross section and
linewidth. The appearance of the lump could make the
determination of the phonoriton easier.

Since the intensity of the pump is high, probably the
only possible way to perform the experiment is under the
pulse condition. The lifetime of the polariton is present-
ed in Sec. III. On the other hand, in order to avoid the
signal from the scattering of the pump, the probe should
probably also use the synchronous modulation technique.

B. Proposed nonlinear reflection experiment: NLRM

The second experiment we suggest is a reflection mea-
surement. Assume that the pump condition is the same
as that in the last experiment. In fact, Ivanov and
Vygovskii'> have calculated the splitting and the
modification of the exciton reflection in the presence of
intense polariton waves interaction with phonon. But in
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their calculation the intensity is too large, and the fre-
quency they chose caused the spectrum change in both
the upper and lower branches of the polariton, which be-
came very complex. We choose here the pump condition,
where only the lower polariton is involved, so that the
analysis will be simpler. We also should emphasize the
geometry of the setup: In order to get the information
about the backscattering branch, the probe beam should
be in the opposite direction, as shown in the upper corner
of Fig. 6. Reflection can then be determined by the stan-
dard formula for reflectivity R as follows:
a,(1—n,)—a,(1—n,) |

= . 4
R a(1+n,)—a,(1+n,) “9)

Here, the coefficients a are given by specific ABC: We
use the Pekar ABC for simplicity. Some results for CdS
were published earlier.!” For GaAs the results are given
in Fig. 8. We chose a different pump frequency, and the
reconstruction occurred at 12210 cm~!. We also
changed the lifetime parameters and the gap (we took
both as 0.1 cm™!). In this case, the change of reflectivity
R (w) is still very prominent. Owing to the strong change
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rameters used are given in text. For the dashed curve, see Fig.
6. Note the double values for one-incident frequency. The ar-
row in (a) points to the curve corresponding to the phononlike
part of the lower branch of the phonoriton.
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FIG. 8. Reflection spectrum of phonoriton in CdS. The solid
curve is for the case Po=1 MW/cm?. The reflection is mea-
sured in probe side (see Ref. 19). For the dashed curve, see Fig.
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of reflectivity R (w) when a phonoriton is present, it may
be that a nonlinear modulation spectroscopy experiment
will be most appropriate to detect the effect. As men-
tioned before, regarding NLRBS, we suggest that in
NLMR, the pulsed pump and the modulation technique
should also be used.

VI. SUMMARY

We have discussed the basic concepts of the phonori-
ton and some of the physical consequences related to this
problem. The most distinguishing feature of the phonori-
ton problem is that the spectrum of the quasi-particles
depends on the pump level. More precisely speaking, the
spectrum and occupation distribution of the quasiparti-
cles are interrelated, as must be true in an interacting
many-body system. In the ordinary low-excitation condi-
tions, the spectrum is supposed to be fixed; then the exci-
tation is treated as perturbation on it. In many cases,
such as SRS and SBS, this approximation is also used for
high-intensity excitations. The phonoriton problem,
however, shows that the dynamical aspects of the spec-
trum cannot be neglected in high-intensity excitation,

nonlinear phenomena. More generally, the phonoriton is
one kind of optical Stark effect that is currently under
study. Owing to the existence of the resonant level (pho-
non plus polariton), the effect is easier to detect, since it
needs smaller pump power than ordinary optical Stark
effect. The phonoriton itself is also related to some other
interesting questions, such as threshold behavior, Bose
condensation, and ‘‘squeezing,” because the polariton it-
self is intrinsically squeezed.*® These problems deserve
more attention, both theoretically and experimentally,
and we will discuss them elsewhere.
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