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The microscopic mechanism of generation of phase-conjugated light waves is presented in terms
of weak localization of polaritons. Phase-conjugated waves, which are the time-reversal propaga-
tion of probe light, are shown to be enhanced by constructive interference between elastic multiple
scattering of polaritons at impurities and time-reversed processes. This is characteristic of the
time-reversal invariance of the system. We list several characteristics of generation of phase-
conjugated waves due to the weak localization of polaritons. These observations will be applied to

check the present theory.

I. INTRODUCTION

The propagation of a wave in a dense distribution of
elastic scatterers shows many interesting phenomena.
For example, constructive interferences arise for the
backscattering in the direction opposite to the incident
one, and this explains the enhancement of the backscat-
tered intensity with respect to the classical prediction.
This phenomenon has been recognized almost indepen-
dently in two different fields. In condensed-matter phys-
ics, it is the basis of the weak-localization regime for elec-
trons in impure metals, which led to dimensional depen-
dence of Anderson localization.? In optics, since the
pioneering work by de Wolf,> the intensity of light
scattering from disordered media has been observed to
show a sharp peak centered at the backscattering direc-
tion as well as the polarization dependence of the scat-
tered light.* ° Weak localization of phonons was also
discussed.'®

The basis of the interference effect in multiple scatter-
ing is very general. Consider a sequence of n scattering
events characterized by the wave vectors k;,k,ky, . . .,
k, =k,, where k; is the wave vector after the jth scatter-
ing event and k; and k, stand for the initial and final
wave vectors. In classical transport theory, all n-order
sequences are assumed to be uncorrelated as result of the
random nature of the distribution of scatterers. Howev-
er, any given sequence and its time reverse
k;,—k,_1,—k,_3 ...,k k,, where the light is scat-
tered by the same centers but in opposite order, can inter-
fere constructively for a special choice of k, relative to
k;.!! This coherent superposition comes from the time
invariance of the present system.

On the other hand, phase conjunction is defined as the
process in which the phase of the output wave is a com-
plex conjugate to the phase of an input wave. If the
phase-conjugated output propagates in the backward
direction with respect to the corresponding input wave,
then it can be used to correct aberration due to the phase
distortion experienced by the input wave.!? This is also
one of the degenerate four-wave mixings and can be un-
derstood from the following physical picture. Under
three input waves with a common frequency o, i.e., for-
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ward (k,) and backward (—k,) pump waves and probe
wave (k;), the signal wave (k,) is possible in three direc-
tions k, =k, +2k, and k, = —k;. However, as |k,| is not,
in general, equal to wy(€,)!"?/c, the generation in the
directions k; 2k, may not be phase matched but that in
k, = —k; is always phase matched. Here €, is an optical
dielectric constant. This is the phase-conjugated wave of
the probe wave k;.

Here arises a question to microscopic understanding of
generation of the phase-conjugated wave. We will point
out in this paper that the weak localization of excitons or
polaritons plays key roles in generation of the phase-
conjugated wave for the cases of using excitons or polari-
tons as the nonlinear optical medium. The phase-
conjugated wave is the time-reversal propagation of the
probe light. We will microscopically describe formation
of the population grating from one of the pump waves
and the probe wave and reflection of the other pump
wave by the grating in terms of multiple elastic scatter-
ings of polaritons at impurities. This will be shown to be
related with elementary excitations which are precursors
of the Anderson localization and are also characteristic
of the time-reversal invariance of the material system.
These elementary excitations in metals have been called
“cooperons” and “diffusions.”'?

In Sec. II, we introduce a model of four-wave mixing
under nearly resonant pumping of excitons, and derive
the Hamiltonian of polaritons in the crystal with elastic
scatterers under external pump fields. In Sec. III, we for-
mulate the third-order optical processes in which a signal
polariton is produced in terms of Green’s functions of po-
laritons. Then we will show in Sec. IV that the vertex
part describing coherent superposition of the forward-
and backward-propagating waves induced by multiple
elastic scatterings at impurities, plays the important roles
in formation of the population gratings and reflection of
the third wave by the grating. This vertex part has singu-
larities in the difference of two input frequencies and in
the sum or difference of two wave vectors of relevant po-
laritons. We will discuss in Sec. V the conventional case
in which multiple elastic scatterings do not play any
roles. The generation of the phase-conjugated wave is
quantitatively discussed referring to the case of exciton
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polaritons in CuCl in Sec. VI and Sec. VII in terms of the
results in the preceding two sections. Section VII is de-
voted to discussion and conclusion. Particularly, several
characteristics of the phase-conjugated wave due to the
weak localization of exciton polaritons are demonstrated.
These observations will work as confirmation of the
present theory.

II. POLARITONS IN THE CRYSTAL
WITH IMPURITIES

We consider a crystal much larger than a relevant opti-
cal wavelength A=2mc /(€ )!"?w, in the medium. Here ¢
is a light velocity in vacuum, €. is an optical dielectric
constant, and w, is an angular frequency of an exciton.
An exciton (bvk,bzk) in a quantum state v for the
electron-hole relative motion and a wave-number vector
k for the center-of-mass motion, interacts with a radia-
tion field (aak,alk) with a polarization a and the same
wave-number vector k as the exciton inside the crystal.
The Hamiltonian of this system is written in the follow-
ing form:

Hy=" {#ic*kalau +E (K)blb
vk

+

—id[(agtal bl —(a,_+al by},
k ak

1

where ¢*=c /(€)' is light velocity in the crystal and
E (k) is energy of an exciton in the quantum state (v,k).
A coupling constant 4, of an exciton and a photon with
the same polarization as the exciton is written as follows:
172

E (k)P (0)

T

k fic*k

cv

with @, (0)=(maj) /2. Here, ®,(0) is a wave function
of the electron-hole relative motion at origin in the eigen-
state v, ap an exciton Bohr radius in the lowest eigenstate
v=1s for the relative motion, and u,, the transition di-
pole moment between the relevant valence and conduc-
tion bands. The exciton-photon coupling constant A4, is
much larger than other interactions in many cases, to
which we will confine ourselves in the present paper.
Therefore, we diagonalize first the Hamiltonian (1) in
terms of the hybridized modes of polaritons under the
transformation'*

(Ck17ck2’01k1’Ctk2)zc(aak’bvk’asz’bt~k)' (3)
Then we have the polariton Hamiltonian
Hy= #io,(K)CioCre » 4)
ka

where ¢, and cIa are annihilation and creation operators
of polaritons with the wave-number vector k and «
denotes both the branch (upper or lower) and the polar-
ization direction. The eigenfrequencies w,(k) of polari-
tons are obtained as solutions of the following dispersion
relation:'*

2
c*k | _ 4B
1—[#iw/Eyk)]? ’

€=

with

':u'cv|2 e2
=2E4(k)—5—F—=—
b 0 mHay m

f]s .
Here E,(k) denotes an exciton dispersion in the lowest
state v=1s, and f| is an oscillator strength for the state
v=1s. We are interested in excitation around the lowest
exciton state with the largest oscillator strength, especial-
ly in its lower branch of polaritons. Therefore, we will
skip the suffix a specifying the branch and the polariza-
tion of polaritons and we will use a unit #=1 hereafter.
The exciton is scattered elastically by the impurity po-
tential 3; V(r—r;):

V=fdr¢zxc(r)2 V(I'_l',- )¢exc(r)

=_zk V(@) expliqr)bly i ob oy - (5)
iuvkq

This scattering Hamiltonian is rewritten in terms of the
polariton operators (cku,c;:a) using Eq. (3) and we keep
only the elastic scattering on the polariton dispersion in
the lower branch. Then ¥V of Eq. (5) is simplified into the
following form:

VZE V(q)c:thck >
k.q

where V(q)=3, Vy(q)expliq-r;) and is described by
V,»(q) in Eq. (5) and transformation matrix elements C
in Eq. (3). As a result, the material system is described by
the Hamiltonian

H=H,+V

=3 o(kegey + 3 V(@) expliqer,)egiqe - (6)
k kq,i

Next we have to consider the effect of external radia-
tion fields on the material system. The ground state of a
material system |0) is a vacuum of any kind of polari-
tons. The radiation field was considered to be divided
into those in two spaces inside and outside the crystal.
The former was taken into account already in forming
the polaritons. The external radiation fields E,,, excite
the polaritons at the crystal surface. This process is de-
scribed by the interaction Hamiltonian H':

H'= 2 (Cka+clta )#a'Ej ’ @)
a,j,k

where p, is the polarization vector of the polariton (a)
and is evaluated in terms of the exciton dipole moment
and the transformation matrix elements C. External field
E; with an angular frequency w; can excite the polariton
with the same frequency w(k)=w; with the wave-number
vector k which is determined by the incident angle and
the polariton dispersion. The wave-number vector k and
K, can also be determined classically in terms of the
reflection constant (or refractive index) and the incident
frequency. The signal polaritons are produced through
nonlinear processes which will be discussed in the follow-
ing sections. These polaritons can be taken out to outside
the crystal as signal lights. This process is described also
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by Eq. (7) and can also be classically determined in terms
of the refractive index and the angle hitting the surface
from inside the crystal. Therefore, we will pursue the
generation of phase-conjugated polariton waves through
the excitations of the time-invariant collective modes in
impure crystals in the following sections.

III. THIRD-ORDER NONLINEAR
OPTICAL PROCESSES

The amplitude of the phase-conjugated wave is derived
by two steps. First, we derive third-order perturbations
of the density matrix in the polariton-external field in-
teraction H' and obtain the expression for an amplitude
of signal polariton through four-wave mixing. Second, in
terms of this expression, we take into account effects of
elastic multiple scatterings of polaritons at impurities.
Then we will be able to give microscopic expressions for
formation of population gratings due to two input polari-

tons and reflection of the third input polariton by the
J
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gratings. In this section, we will specify the expression
for the amplitude of the phase-conjugated wave among
processes of the general four-wave mixings.

The amplitude of signal polariton is expressed as

(e (@)= [ dre' Qe lp())

15,16

=7 dre"(Treg pt0))

where p(t) is a density matrix of the total system
H;=H+H’, and the double angular brackets mean tak-
ing the ensemble average over the impurity distribu-
tion as well as the quantum-mechanical average.
A state (CKSI is a Hermitian conjugate of a single-po-

lariton state cg |0). The p(t)
=exp(—iHyt)pyexp(iHt) is expanded to the third or-
der. of H’, where p, denotes the crystal ground state
|0)<0[. Then we have a familiar expression'”" '8

density matrix

© iw !5 t
Ceg (@) =(=i [ " are"™ [* dey [ 7 dr, [ 7 dr, Qe [H'(13),[H' (1), [H'(1,),0]11) . (8)

The result is independent of the value of the lower
bounds in the three integrals, as will be shown later.
Here we take — o as in Refs. 17 and 18. Here we apply
three input optical fields as external field E,,,: (1) forward
pump field (wy, Ky), (2) backward pump field (v, —K,),
and (3) probe field (w;,K;). Here, and hereafter, we con-
sider a case under nearly resonant pumping of the lowest
exciton so that a rotating-wave approximation is well
justified. Three commutators in Eq. (8) bring about eight
terms, but only four kinds of diagrams drawn in Fig. 1
contribute to the four-wave mixing under a rotating-wave

(c)

[
approximation. In the diagrams in Fig. 1, we have denot-
ed (0,,K), (0,,K,;), and (w;,K;) as polaritons generated
by input fields at times ¢, (or t,), ¢, (or ,), and t;, re-
spectively. There are six combinations of these three in-
put fields for each diagram in Fig. 1 so that we have a to-
tal of 24 contributions, as shown in Table I. Then we get
three kinds of signal polaritons (0, =w;, K, =K,;+2K,)
and (0,=20wy—w;, K;=—K,). The last wave corre-
sponds to generation of a polariton wave phase conjugat-
ed to the probe field (w;,K;) for the degenerate case
©Wy=0;=o,. As shown in Table I, the phase-conjugated

(d)

FIG. 1. Feynman diagrams describing four kinds of contributions to four-wave mixing under the rotating-wave approximation.
The leftward and rightward arrows denote the corresponding propagations of states in the density matrix. Time development in the
diagram is leftward. ,, ,, and o, represent three input fields and o, represents the signal at time ¢.
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TABLE I. Twenty-four cases contributing to four-wave mixing of w;, w,, and w; input waves. The
cases a, b, ¢, and d correspond, respectively, to the processes of the Feynman diagrams in Figs. 1(a),
1(b), 1(c), and 1(d), with the described combinations of forward- and backward-pump waves and probe
waves. o, and K; denote, respectively, the signal angular frequency and signal wave-number vector.
E; describes the polarization dependence of the signal wave on the polarizations of three input waves.

Case N w, N [N E,
a w; =w;
b _ K,=K,F2K
I c 0w, TK, o, K; w, K, o= 20—, 0 (E;"E+)E4
d K,=—-K,;
a W, = w;
b _ K,=K,F2K
1 . + s i 0 E -
I . oK, w, T K, wot K, o =0, (E,E1)E4
d K,=K,+2K,
a 0, =20y 0;
11 b w0 FK 0ot K K K.=-K, (E+E.)E
c 0 0 0—Ino i w0, =, + + i
d K,.=K, F2K,

wave is generated in cases Ic and Id, i.e., diagrams (c) and and

(d) of Fig. 1 with o,=(w,, ¥Ky), w,=(w;,K;), and

3= (wy, £Ky), and in cases IIIa and IIIb, i.e., diagrams G (t,t5,t5,,)
(a) and (b) of Fig. 1 with o, =(wg, FKg), 0, =(wg £Ky),

and w3 =(w;,K;). We will show evaluation of {cg (w,)) =) —iwgt,

=(—i)3(a)SKS|e7H( woKy)e

for case Ic as an example:
(e (DH'(Ko,13)poH " (K;, 1) H'(— Ko, 1)) Xe' " w K eV wg—Kode . (9b)

=A(G(t,t5,t5,t,)) , (9 o . .
Here the time interval (z,¢,) is divided into three parts

(t,t5), (25,,), and (z,,t;) as shown in Fig. 1. Then an
ensemble average of G over the impurity distribution for

where
A4=(0leg oK, ) {wKolck p-E(Ko)0)

X (0lcg pw-E(K;)*|lw;K;) the time interval (z,7,) is approximated by a product of
: + three ensemble averages for (¢,13), (f3,¢,), and (£,,¢,) as
X {wy—KolcL g pE(—K()[0), 92)  follows:
J
(G(t,t3,t2,t1 )> =(—i )Se -i(ZwO_mi)tein(t —13)( <505K5 |e —iH(t 713)|a);K; ) . )

i(wy—@; Nty —1,) —iH(ty—1,) Hity=ty)
e @0 @l '2((m;K;|e 0 |a){)K6)+<w,~K;|€I P P leg—Kg) )

fwy(ty — —iH(t,—t)
e 02 27N

l')<(w6K6|e [weKo? 1) -

Then a contribution of case Ic in Table I to {cg (w,)) is expressed in terms of three propagators as follows:
© j —2wytw; 5 ! —_
(e (@), =4[ drt e 20T ‘"f' dr, [ ' dtzfj dt,G,(t —13)=(t;—1,)G (1, —1,)

o (o, —2wytw )t o o ©
= A" dee™ T [ TG ryd [ “E(rydr [ TGy (r)dT (10

[
Here Go(r)=—le

o (wopKole MM weKo) s ) . (11c)
G,(13)= —ie ™ (0,K,|e A'Hﬁ]w; K.),), (la) Here we used abbreviation oK. ) (0l K|
o . =3 , . |o/K.){o,K.|, which is equal to 1. Propaga-

— _ . ilwg—w;)T, P iHt, o K¢
Elry)=—ie ({oiK;le |0oKo) + tors G (¢) describe propagation of polaritons (wy, K) and
X (K, leiHTZIa)O—K()) Yy, (w,,K;) in a crystal with elastic scatterers. It is the ver-
tex part = that represents formation of population grat-
(11b) ings of polaritons as well as generation of the conjugated
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wave (o,,K ) due to reflection of one of the pump fields
by the population grating. Suffixes + and — of the inner
brackets in Eq. (11) mean the leftward and rightward
propagations of the states in the density matrix as also
realized in Fig. 1(c).
Contribution of the diagram of Fig. 1(d) is obtained by
replacing the last propagator G,(7;) in Eq. (10) by
Gy(r)=—ie " ({wp—Kole Hw,—Ky)_) .

Contributions to {( cKS(wS)» from cases Ic and Id in

Table I with Ky and —K, exchanged are obtained from
the above results by exchanging K, and —K,. These
give the same results besides the factor 4 given by Eq.
(9a) as long as w( —Ky)=w(K).

IV. MICROSCOPIC DESCRIPTION
OF GRATING FORMATION

EIICHI HANAMURA
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ton propagates for time intervals (7,,¢,) and (7,¢3) in all
diagrams in Fig. 1. For the diagram of Fig. 1(c) with a
combination case Ic in Table I, which we discussed in
Sec. I1I, the forward pump polariton (w,,K,) propagates
for the initial interval (z,,#,) while the signal polariton
does so in the last interval (¢,¢;). For the intermediate
interval (t3,¢,), polaritons (wy, Ky), and (w;,K;) propaga-
ting, respectively, in the leftward and rightward direc-
tions in the density matrix form the population grating
with the difference wave-number vector K,—K; and os-
cillating in time with the difference frequency w;—w;.
Then the third polariton (wy, —K) is reflected by this
grating and the phase-conjugated wave
(0, =2wy—w;, K;=—K;) is generated as a signal polari-
ton. Therefore the vertex part plays the key role in gen-
eration of the phase-conjugated wave.

Integrals in time in Eq. (10) are performed using per-

turbational expansions of the propagators in the
Effects of elastic scatterings of polaritons by impurity polariton-scatterers interaction V of Eq. (6)
centers are evaluated in this section. Only a single polari-
)
; —iH t t —iH,(t—1t) —iH,t t | —iH (t—1t,) —iH (1, —t,) —IiH 4t
e Hi=e i [Tare 0T e O 4 (—i)2 [dr dtye % Ve UV TWe 0. (12a)
Jydn Jodei [
eiH’=eiH°l+z'f'dt erHO(xle;VefHOxl_Hthdt flldt o Holap, tHolty =1a)p, il =ty) (12b)
o ! o 'Jo T2 ’
[
Equations (11a) and (11c) represent a single polariton GRw,,K,)
propagation which is described by a retarded Green’s )
. © o T —iHr twrt
function =—if0 dre " {{w,Kle A0/ K!), )
R
G R(wy, Ky) - 1 (13b)

=—j fowdrem"r( (weKgle 7™ T wK,y) )

1 5. .8
wo_w(Ko)mz(Ko,wo) wOw(’) KOK{) ’

S
o — (K — 3K, o) 0,02k K.

where the self-energy 2(K,w) is evaluated to the lowest
order in the concentration n; of the elastic scattering

centers as shown by the diagram of Fig. 2(a). A Fourier
X
K—k /
K K K J A K
(a) —— = ———a—— + —q—d—;——b——<——
K K; K k K;
—-4—?—‘— ﬂ—'% -4 e
(o) rl = );( + ):( )I( + o . .
—_— e
K3 K2 K3 Kz—'K1+k Kg
K. k K, K K K,
—Q-W«- ——Orr————— e -
o X~ X -XTT
() e = < + teoso
i S I ; _ - t A : s ;
K3 K1+K3—k K2 K3 K1+K3—k KZ

FIG. 2. (a) Diagram describing the lowest-order contribution to the self-energy of polariton K. The cross and dotted lines mean a
scattering center and elastic scatterings of polariton. (b) Ladderlike scatterings of the leftward and rightward polaritons. (c) The
maximally crossed scattering mechanism of polaritons at impurity centers.
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transform of a scattering potential at a single site R; is
expressed as

i(K—K')R,
e

’

1 _ (K—K')r g — ,
QfV(r R,)e’ "dr=V,(K—K’)

(14)

where () is a volume of the crystal. The second-order
scattering shown in Fig. 2(a) gives the lowest-order con-
tribution as realized by taking the ensemble average of
products of impurity scattering potentials Eq. (14) over
uniform distribution of scatterers. Then the result is

S(K,0)= —mN(w)n,,f‘i—f:lVo(K—K')iz

=—i7N(w)n;|V(0)|?
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Here N(w) is the state density of the polariton and the
integral means an angle average over a sphere. The po-
lariton is electrically neutral and has long wavelength so
that impurity potential ¥ (r—R;) is considered to be of a
short-range and wave-vector dependence of V,(K—K')
which was neglected in Eq. (15). This constant is abbrevi-
ated as V' (0) here and hereafter.

A vertex part = of Eq. (11b) describes formation of
population grating of polaritons and generation of
phase-conjugated wave for the time interval (z,,23).
Coherent effects in the elastic multiple scatterings of po-
laritons are taken into account. It is shown that con-
structive interference between time-reversed paths of the
polariton results in enhanced generation of the phase-
conjugated wave. The vertex part is calculated in two
steps in the following. First, perturbation expansions of
Egs. (12a) and (12b) are inserted in the expression of = in

=—iy . (15) Eq. (11b):
J
E(wo_(l)i)
= [ "=E(rpdr
fo 24T
o0 ( - ) -—7 I ’ ’
=—tf0 dre" (K, e " H|wKy) 4 {0, K, e oy —Kh) _) (16a)
L= ® ilwp—; —o(Ky)+w(K,) s
=—i3 3 f dr 1o i @RI AKIN_ynim
n=0 m=0 0
t 4 Tn—1 t., f , f 1 ,
x [ld, [ Cdey - ["de, fldn [ ey [T, S0 33 3
9; 9 -1 q', q:,,71
—ifo(K )~ (Kt —1t) —ifw(q))— (K]t —1;) L —ilelq, =K, —1,)
x{e Vk.q,€ 9 ¢ Va, 1%, VK,-q:,,,,
Xei[m(q’m,l>~m(l(,)](:,’n,,—z,',,)V ’ ' v, ilo(—Kg)—o(K )] —1] »> (16b)
A —19m -2 9
_ . o * © i[og—w; —w(Ky)+a(K;)+2iy ]t
=—i3 zfod,e 02222
n=0 m=0 q 9, - q'l Q:,,fl
x(=iim [ “dr, [ Tdryo- [Tdr, [ Tdr, [ Tdry-- [ Tdr
[ an [ dn-- [ Tdn, [ Tan [ Car - [ Tar,
—i[o(K|)— oKy —iyylr, —ilo(q))—w(Ky)—iyylT, —i[m(q2)*a)(](o)*iyo]fJ .
X (e VK.q,¢ Va,a,°
—ilolq, _ ) —o(Ky—iyylr,
Xe qn*IKOVK,’q:nfl
Xei[w(q"n,ll—w(K,)-HyO]TinV , , ef[m(q,’n,2)—w<Ki)+fyo]Tjn,1 .
9 —19m -2
Xei[w(q'l)*m(l(,)-kiyo]rllV’ ’ei[w(~K('))—w(K‘)+iy0]f'l) (16¢)
q,-K,
_ _l o« 0
_—27/ S 33333 SKOAKS’K“KI
0 n=0 m=0 q, q, q’l q:"“l
1 1
X< —V 174
oK) —o(K)+iy, 5% o(Ky))—wlq))+iy, 9%
1 1
X N V K, V ’
o(Kg)—w(q, ) +iy, 170 Kitn 1 0(K;)—0(q;, ) —iv,
1 1
><Vq, a - — V. - - . (16d)
m—19m —2 o(K;)—w(q))—iy, 9 o(K;)—aw(—Kj—iy,
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Here two points are discussed. First the polariton amplitude decays with a decay rate y through surface transmission
and/or inelastic scatterl ings, e.g., by phonons. This effect is taken into account by replacing e ~ A" and e in Eq. (16a)
by e o ot , respectively, and o(K,) and o(K;) by o(Ky)+iy, and o(K;)—iy,, respectively. In-
tegration in ¢ in Eq. (16¢) gives a factor (2y,)” ' in Eq. (16d) taking into account the fact that wy=w(K,) and
o; =w(K;). This comes from the fact that our system of polaritons is a quasistationary state far from the thermal equi-
librium and that a polariton once scattered inelastically cannot contribute again to generation of phase-conjugated
wave. This is in contrast to the Anderson localization in metals in thermal equilibrium. Second, we take an ensemble
average over a uniform spatial distribution of scattering centers, so that an ensemble average of products of ¥ matrix
elements is divided into products of the ensemble average of a pair of V’s. Here note that

<qu,ka.>=<2(; V(q—q)Se

i J
=n'|V(q_q,)|28q—q' k'—k

=n;| V(0

i(q—q')-R i(k—k")-R;

TV(k— k')>

(17)

)2
|8q q.k'—k *

f

It is also easily understood from these facts that an en-
semble average of odd-number products of V’s vanishes.
First the ensemble averages of scatterings within the left-
ward propagation of a polariton (on the upper lines in all
the diagrams of Fig. 1) and within the rightward one [on
the lower lines of the diagrams of Figs. 1(c) and 1(d)] in
the density matrix are described, respectively, by the re-

described by Fig. 2(a) is taken into account in each propa-
gator in the diagrams of Figs. 2(b) and 2(c). Then the ver-
tex part Z(wy—w;) is written in terms of contributions
from the ladder diagram I'; [Fig. 2(b)] and the maximally
crossed diagram I', [Fig. 2(c)] as

—i 1

tarded and advanced Green’s functions: (@o= ;) 279 o(Kp)— (K )+i(y,+7y) o )
1 1
G wpq)= : , X : 18
o4 o(Ko)—w(q)+i(y,+y) o(K;))—o( =K —ilyy+y)
GUw,q)= 1 . The ladderlike contribution of Fig. 2(b), which is charac-
o(K;)—o(q)—i(yyty) teristic of a diffusive motion of polariton, is summed up
Diagrams of Figs. 2(b) and 2(c) are shown to have singu- as
larly dominating contributions to the vertex part =. Only U,
the terms with n =m in Eq. (16d) remain finite for the di- r= 1-UyX ’ (19
agrams of Figs. 2(b) and 2(c) after the ensemble average
with respects to impurity sites. Note that the self-energy where Uy=n;|V(0)|? and
|
X=3 GR(w,,q)G w,;,K;—Ky+q)
q
sme 1 1
(w do
0 f qf oKy —o(q)+i(yy+7) oK) —olq+ K, —Ky)—i(y,+7)
sin® 1
=2miN(wq) doe .
miN (o) [ =5 wo—; — (K, —Kg)-vy +2i(yo+7) 20
(
Here summation over q was replaced by an integral in en- Y= TN (wg) f | dz Dy — ; IK; —Kolvgz
ergy with a state densn)./ N(wy). We mtroc&xced the voty J 12 2i(yo+7) 2i(yo+7)
group velocity of the polariton at the energy w,=a, as
_ K, —K,|*vz?
vg—quq|wq:m , ——
0 8(yot7v)
and © is an angle between a group velocity v, and o N 22
K, —K, We are interested in the degenerate or nearly = TN (@) iloy—o;) — K ~Kq| Uzg
degenerate cases so that Yoty 2(yoty) 12(yo+7y)

Inserting this result into Eq. (19),
2y, tv)U,
D+DIK, —Kol?

2(yotv)>>lwy—w;| and [K;—Kglv,

Therefore, the energy denominator in Eq. (20) is expand-
ed as follows:

(K, —Ky) = @1

2y~ ilwy—w
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Here we used the fact y >>y, and a diffusion constant

2
Ug

6(yot+y)

Next we evaluate a contribution I', from the series of
maximally crossed diagrams of Fig. 2(c). This is done
very similarly to the case of I'; and is expressed as

Uiy

r=———
<TI=U,Y

where Y=§‘,qGR(a)O,q)GA(w('),KO—K(')—q). Then we

have
20yo+ 1)U,
27— ilwy—wh)+DIKy—Kp|?

.(K,—Kgj) =

Here we used the fact UyY =1 as 2(yo+7v)>> |0y~ o
and D|K,—Kj|? and denoted the backward pump polari-
ton as (wy, —Kg). As a result we can conclude that the
strongest singularity comes from the maximally crossed
diagram for small 2y, under the usual case
(wo=wg, Kig=Kj) while the ladder contribution is finite

as K;#K; for the generation of the phase-conjugated
wave. However, this can also contribute singularly to the
backscattering of polariton for a case such as the forward
and probe fields being coincident with each other, i.e.,
K,=K; and wy=w;, and a signal polariton propagates in
the direction K; = — K.

V. GRATING FORMATION
WITHOUT SINGULARITIES

In this section, we will discuss the formation of the
population grating and generation of a phase-conjugated
wave due to the processes described by the diagrams of
Figs. 1(a) and 1(b). Then it will be shown that those pro-
cesses have no singularities obtained in Sec. IV for the
processes of Figs. 1(c) and 1(d), but that these bring about
a conventional phase-conjugation amplitude without any
of the singular enhancements discussed in the last sec-
tion.

We evaluate first the signal amplitude (CKS((os)) for
the diagrams of Fig. 1(a) with a combination of input
lights given by case IIla of Table I, i.e., ®;=(w,Ky),
w,=(wy, —Ky), and w3;=(w;,K;). It is obtained by pro-
cedures similar to those in Sec. III as

0 iw f» t
(ex (@), =(=0) [T dre™ [* diy [ dn, [ dt, (cx H'(K,;,t)H'(—Ko,t;)H' (Ko, 1, )po))

=A[" a el )tfowGs(Ts)dﬁfomg'(Tz)defowa(ﬁ dr, - 22

Here A is the same as Eq. (9a), G,(7;) and G(,) are given by Egs. (11a) and (11c), respectively, but

()=

—ie X "( (0, K le HwKy) (o, K;le Hlw,—Ky) ;) .

(23a)

This vertex part describes formation of the population grating and generation of phase-conjugated polariton due to the
processes of Figs. 1(a) and 1(b). This is also expanded in the interaction V between polariton and scatterers using Eq.
(12a). Here also H is replaced by H—iy0 to take account of the effect from inelastic scatterings and leakage of the po-

lariton to outside the crystal. A product of the first-order expansions in the two propagators in Eq. (23a) shown by the
diagram of Fig. 3(a) gives the following result:

—in;|V(0)|? 1 1
2y, o(Ko)— oK) Filyy+y) ol —Ky)—o(K;)+ily,+y)

fo""z'(r2 YdT,= (23b)

Here the higher-order scatterings within each propagator were taken into account according to the diagram of Fig. 2(a)
as already introduced in Sec. III. Next we will show that the higher-order ladder [Fig. 3(b)] and mostly crossed dia-
grams [Fig. 3(c)] give negligible contribution to the generation of the phase-conjugated wave. The second-order and
higher-order ladder and maximally crossed diagrams contain the following integrals:

X=3 1 1
T oKy —ok)F+i(yy+y) o —Ky)—o(—k)+ily,+7v)
1 1
=N
(wo)fdww(xo)—w+i(yo+y) o(—Kg)—w+iye+y)
and
y—s 1 1
2 5(Kg)— (k) +i(yot+y) ol —Kg) —alk+K, —Kg)+i(yo+y)
1 1
=N d .
(@) [ oKy —o+ilyety) ol —Ko)—o—(K,—Kg) v, +ilyety)
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K K; K k K;
—Q—?—Q— —— - Qe

(a) X (b) X X SR
———— —————i—a—
K, K, K, K+K—-k K,
KS k K‘|
—p——Cr= g -
(c) KX
,>{\\ ° 3 3
—— e e

K,

K:—K,+k K,

FIG. 3. (a) The lowest-order scattering mechanism of two polaritons which are leftward propagating in the density matrix. (b)
Ladderlike scatterings of these two polaritons. (c) Maximally crossed scatterings of these two polaritons by impurities.

These integrals vanish as long as the state density of po-
lariton is approximated as a constant N (wg). This will be
justified if @, is far from the polariton bottleneck, and
will be discussed in Sec. VII. The polaritons obey Bose
statistics so that the Green’s function is

1
D(w,K) wz—w%(iiﬁ .
However, it was simplified into the form of Egs. (13a) and
(13b) under the rotating-wave approximation, neglecting
a contribution from —1/(w+wg=*id). Taking off this
approximation, we have a small contribution of the order
of (y/wy) from Figs. 3(b) and 3(c) to the vertex part.
However, we may neglect these contributions safely in
comparison to those discussed in Secs. IIT and IV. There-

fore, contributions from higher-order scatterings of Figs.
J

3(b) and 3(c) are negligible. The contribution of Fig. 1(b)
is obtained by replacing G,(7,) in Eq. (22) with G,(,).
Contributions from the cases of IIla and IIIb in Table I
with K, and —K, exchanged are also obtained by ex-
changing K, and —K,, in the above results. This gives
the same value beside the factor 4 of Eq. (19) as long as
o( —Kp)=w(K)).

VI. GENERATION OF A PHASE-CONJUGATED
WAVE

The amplitude of the signal wave (w,,K,) through the
phase-conjugation process is obtained by summing up all
contributions of Fig. 1, which were derived in the preced-
ing two sections. The sum of contributions from cases Ic
and Id in Table I are also shown as follows:

— 1
(g (@) 1+q=2mA8(0; — 200+ ; )BK()WKS)K#KB o —a(K)FilreF7)
< 1 . 1
wy—o(Ky)+ilyet+y) wg—ol—Ky)—ily,+7y)
X | =L {(r,+1,) ! ! (24)
270 | 1 0K —o(K)Filyety) oK) —ol —Ky—ilyy+y)
[
where combined with (2y,) ! and some factors of 4 and I'; and
I'., describe the formation of the population grating due
2yo+v)IU : —K! i
r,= 5 .( Yo )_T_D(OK o (24a) to K; and —Kj polaritons as
Yo Hlwyg—w; i 0 (”"El*(l)(”'E*Ké’)
2y, +1)U N, =
r,= . 7’0, Y7o — . (24b) 270
2yo—ilwyg—wy)+D(Ky—Kj) 2Ave+7)

Taking account of Dirac’s and Kronecker’s delta func-
tions describing conservation laws of energy and wave-
number vectors, the last two propagators in Eq. (24),

X e 7 -
[o(K;)—o( =Ky +(ye+7y)
On the other hand, the remaining factors of I'; and I',,
ie.,
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Uy
2y0—ilwg—w;)+D(K; —K;)?

and
Uy
27— i(wy—wy) +D(Ky—K()?

U
2y0—iQRwy—w; —w,)+D(K,+K;)? ’

describe the reflection of polaritons K, into the direction
K, due to the population grating. The factor 2y, in the
denominators in Egs. (24a) and (24b) means a cutoff fre-
quency within which the reflection works effectively. The
other contribution to the generation of the phase-
conjugated wave comes from Figs. 1(a) and 1(b) with
combinations of input waves IIla and IIIb in Table I
These are summed up into the same form as Eq. (24) but
a sum of I'; and T, is replaced by U,. Therefore, these
give the conventional expression for generation of a
phase-conjugated wave. This contribution is smaller by a
factor of (y,+7v)/7, than those of Ic and Id in Table I.

We will discuss the relative importance among these
contributions to the phase conjugation of the polariton.
For usual experimental conditions, the diagram of Figs.
1(c) and 1(d) with a combination of input polaritons Ic
and Id in Table I has the dominating contribution to the
generation of the phase-conjugated wave. Usually a
phase-conjugated wave is induced by the degenerate
four-wave mixing of (wy,Kg), (wy, —Ky), and (w;
=g, K;). Therefore, the energy denominator of Eq.
(24b) becomes 2y, for the mostly crossed diagram of
Figs. 1(c) and 1(d). Contribution from the ladderlike dia-
gram for the process of Figs. 1(c) and 1(d) has a finite
denominator as K;7#K, for observation of the phase-
conjugated wave as shown by Eq. (24a). A value of
D(K,—K,)? is usually much larger than 2y,, e.g., for ex-
citon polaritons in CuCl. The vertex part of Figs. 1(a)
and 1(b) has U, instead of I'; and I';. Therefore, these
contributions to {ck (wp)) are smaller by a factor of
Yo/(Yo+7)<<1 than those of Figs. 1(c) and 1(d), as al-
ready mentioned. Therefore, we may conclude that the
diagrams of Figs. 1(c) and 1(d) with the combinations of
input polariton Ic and Id in Table I have the dominant
contribution to generation of the phase-conjugated wave.
The expression of Eq. (24) is simplified by taking account
of the fact that wy=w(Ky)=w(—K,), o,=w(K,), and
0, =; =0y, or loy—o,l,|wg— ;| <<2y,

<CKS((DS))

=21 A0, — 2wyt ;)
1 2U,
7/0(7’04'7’)3 2y0—i(w0—m(’))+D(K0-—K6)2 .
(25)

This comes from the maximally crossed diagrams given
by Fig. 2(c) through the four-wave mixing shown in Figs.
1(c) and 1(d). Note that the maximally crossed diagram

X

represents a coherent superposition of forward- and
backward-propagating polaritons, reflecting a time-
reversal invariance of the system.

VII. DISCUSSION AND CONCLUSION

Effects of the weak localization were clearly demon-
strated in the dc resistance of thin disordered metallic
films and metal-oxide-semiconductor (MOS) inversion
layers as a function of temperature.'® 2! These linear
responses could pick up the singularity at =0 and q=0
of the time-reversal collective modes (“cooperons”).!?
The linear optical response, however, is insensitive to
these collective modes even though the exciton polaritons
suffer from weak localization. On the other hand, the
weak localization of polaritons has been shown in this pa-
per to play a key role in nonlinear optical responses, espe-
cially in generation of the phase-conjugated wave. This is
because we can control the difference of the two input
frequencies, w,—w;, and a combination of the two wave
vectors near the singular point of the collective excita-
tions, i.e., wy—w; =0 and q=K;—K;=0 as shown in
Sec. III. Generation of the phase-conjugated wave,
which is time-reversal propagation of the probe light, has
been shown to actually originate from the singularity due
to coherent superposition of the forward- and backward-
propagating waves of polaritons under elastic multiple
scatterings at impurities, reflecting the time-reversal sym-
metry of the system.

We will list some characteristics of the phase-
conjugated wave generated by the present mechanism.
Observation of these characteristics will also serve to
check the present theory. The phase-conjugated wave is
generated dominantly by the maximally crossed diagram
of Fig. 1(c). Here the vertex part I', in Eq. (24b) de-
scribes the microscopic process of phase conjugation.
Therefore, let us study first the characteristics of I'.. The
phase conjugation was observed already near the
exciton-frequency region of CuCl (Ref. 22 ) and the polar-
itons of this material have been studied very well,?} so we
will especially study the case of CuCl. The group veloci-
ty v, of the polariton ranges from #AK /M ~1.2X 10°
cm/sec to ¢ /(€,)"?=1.3x10' cm/sec. As far as the
incident frequency is limited below the upper polariton
and above the polariton bottleneck, the group velocity
changes from 0.2X10°% to 3.0X 10° cm/sec.?* The value
of #i(y,+v) depends also on the incident frequency as
well as the samples, e.g., the concentration of impurities.
This is observed as the spectrum half-width at half max-
imum of the intensity of the hyper-Raman scattering
leaving the polariton in the final state.?> It ranges from
#ily,+7)=0.05 to 2.0 meV. The inelastic scattering rate
Yo was observed as a function of temperature and y, may
almost be determined by the polariton transmission
through surfaces and nonradiative decay below 40 K.
The lifetime 7,=(2y,) ! is tentatively set to be of the or-
der of a nanosecond, i.e., fiyy~0.03 meV.2® Therefore,
Dzvgz/6(70+y) is estimated to be of the order of 1
cm?/sec so that D (K,—Kj)? is much larger than 2y, as
long as the deviation of the angle between Ky and —Kj
from 7 is larger than 2.2 X 102 rad.
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(1) The first characteristic of the present theory is the
singular dependence of {c (w,)) through I'; on wy—w;

and K,—Kj. For the degenerate four-wave mixing
wo=w; =w,, the intensity |(st(ws))|2 of the phase-
conjugated wave is very sensitive to an angle (7—6) be-
tween the two pump fields K, and —Kj. As far as
6>2.2X 1072 rad, the signal intensity is proportional to
(1—cosf) 2=40"*

(2) On the other hand, when we use nongenerate four-
wave mixing, we will be able to determine the dispersion
of the collective mode from the dependence

[Cex (0,12 e (09— ) +[276+ D(Ko— KPP} " .
(26)

(3) The diffusion constant D El)gz/6(‘}/0+‘)/) can be
varied by changing the input frequency w, over several
orders of magnitude as the group velocity v, depends sen-
sitively on the input frequency over the polariton disper-
sion. This brings about the incident frequency depen-
dence of the phase-conjugated wave intensity even for the
degenerate case with the fixed 6.

(4) The cutoff frequency 2y, in Eq. (26) is sensitive to
the lattice temperature 7> 40 K.

(5) The signal depends also on the polarizations of
three input fields as shown in Table I. This comes from
the expression A4 in Eq. (9a). These dependences were al-
ready observed by Mizutani and Nagasawa.??

As to the characteristics (3), the approximation of a
constant density of states will become poor around the
bottleneck on the polariton dispersion. Elaborate calcu-
lation is also being done taking into account the change
of the density of states to clarify the mobility edge as a
function of impurity concentration.?’” Phase conjugation
associated with two-photon excitation of an excitonic
molecule has already been observed.??> The signal ampli-
tude due to this process is calculated by the diagrams of
Figs. 1(a) and 1(b) taking account of the exciton-exciton
attractive interaction. This is skipped here as it is not
directly related to the Anderson localization of polari-
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tons. As the vertex part I'. shows, the formation of po-
lariton gratings and reflection of one pump wave into the
conjugated wave are enhanced in proportion to the
square of impurity concentration n; through 2(y,+7v)U,.
However, the intensity of the phase-conjugated wave de-
pends reversely on the impurity concentration n; for the
case of y >>y as follows:

(eg (@,))~n,? for D(K,—K{)? <<2v, (27a)

~n; ! for D(Ky—K{)?>>2y, . (27b)

This is because the propagation of the input as well as the
signal polaritons is incoherently scattered by impurities,
although the grating formation as well as the reflection
due to the grating are enhanced by the impurity scatter-
ings through I' .. Note that we cannot extrapolate the re-
sults of Eq. (27) to the limit n, —O0 as these are restricted
to the case y=wN(wyn;|V(0)]2>>y, Of course,
<ny(a’s)> vanishes in the limit of »n,;|V(0)|?> = U,—0, as

Eq. (25) shows.

The present theory has clarified microscopic mecha-
nisms of the phase-conjugation processes, in which the
weak localization of polaritons plays important roles. It
is also capable of clarifying the problem of polariton dy-
namics as observed by Kuwata and Nagasawa.?® They
observed the generation of backward-propagating polari-
tons under pumping by the forward wave, and the strong
coupling among the forward and backward polaritons.
This can also be understood?’ by the weak localization of
polaritons presented in this paper.
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