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For the low-excitation regime a self-consistent set of equations for excitons (x), exciton molecules (m),
and photons () is derived from the electron-hole-photon Hamiltonian, taking the spin explicitly into ac-
count. In this approach the creation of m occurs via the Coulombic scattering of two x’s of opposite
internal spin structure. This process is resonant due to the polariton effect. Thus, the Coulombic matrix
element for the process x +x—m governs the m formation, rather than the optical matrix element for
the process x +y—m, as is usually assumed. At the same time, the scattering process x +x —m gives
rise to a “true two-photon absorption” in the sense of Hopfield’s concept of absorption in the polariton
theory. Both for the 2y absorption and for the x-m optical Stark effect, our theory gives measurable
differences compared to the usual phenomenological approach. A Schrodinger equation for the m-wave

function is derived which includes polariton effects.

I. INTRODUCTION

The concept of the giant two-photon (2y) absorption
of the excitonic molecule (m) has been introduced by
Hanamura.' In this model the first step is the creation of
an exciton (x) with momentum p by one-photon (y) ab-
sorption and the second step is the optical conversion of
this x to the m state p+k, where k is the wave number of
the absorbed y. The second transition has been attribut-
ed to the ““giant” oscillator strength of the x-m optical
transition. The strong enhancement of the 2y absorption
arises both from the nearly resonant first step and the
large probability of the second one due to the spatial ex-
tension of m.

In this scheme, the 2y absorption is determined by the
momentum-dependent optical matrix element M, (p,k) of
the process x +y —m, which is

M (p,k)=—i(Q,./2)¥[(p—k)/2], (1

where W(/) is the m wave function which describes the
relative motion of two bound x’s. The polariton parame-
ter 1, is defined in terms of the longitudinal-transverse
(1-t) splitting w,;, or by the dimensionless parameter 3

Q2 =20,0,=47B/cy)w? . )

Here, w, is the transverse x frequency and ¢ is the back-
ground optical dielectric constant. The /-t splitting w,
determines the spectral width of the linear x-absorption
line at low temperatures. The parameter Q,>>w,
characterizes the spectral range near the x line in which
the corresponding nonlinear optical processes can be res-
onantly enhanced by the intermediate x state. This mod-
el of the 2y-m absorption can be linked quite naturally
with the polariton character of the propagation of the
electromagnetic waves inside the crystal.

Biexcitons have been observed? first in the semiconduc-
tor CuCl which has a large direct energy gap. Due to the
correspondingly small dielectric constant, the x and m
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binding energies of CuCl are very large. The concept of
the giant 2y-m absorption has been qualitatively support-
ed by further experiments (see, e.g., Ref. 3). At present
the interest in the optical properties of m’s is renewed in
connection with new high-precision techniques.*™® In
particular, experimental investigations’ of the Bose-
Einstein condensation of m’s are again under considera-
tion.® Recently, the x-m optical Stark effect has been
discovered’ in CuCl. Therefore, we reinvestigate and
refine the theory of the optical nonlinearities linked with
the 2y resonance of m.

In Sec. II, we derive for the low-excitation regime from
the e-h-y Hamiltonian a self-consistent x approximation
for the description of the y-x-m system. We show that
the usual phenomenological approach, which treats vy, x,
and m as independent unstructured bosons and intro-
duces the optical matrix element M, (p,k) for the descrip-
tion of the 2y-m absorption, is inconsistent with the basic
e-h-y picture. An important part of our theory is the
consideration of the spin structure of the optically excited
x’s. We find an attractive, resonant Coulombic coupling
of two x’s with momenta p and k and appropriate spin
structure to be responsible for the 2y (two-polariton)
creation of m with momentum p-+k. The basic equa-
tions for the x-m optical Stark effect and the 2y-m ab-
sorption of the new self-consistent approach and the phe-
nomenological one based on M are derived.

In Sec. III, we consider the low-intensity x-m optical
Stark effect on the basis of the self-consistent x approach.
The crucial feature of this treatment is the correct intro-
duction of quantum-independent x’s and m’s in the pres-
ence of the polariton pump wave. The self-consistent
description and the phenomenological one are compared.

In Sec. IV, the 2y-m absorption coefficient is derived in
the framework of the self-consistent model. It is shown
that this approach and the phenomenological one yield
different line shapes for the 2y absorption spectra.
High-resolution experiments should allow us to discrim-
inate between the different line shapes predicted by both
theories. The dependence of the 2y-m absorption on the
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geometry of the exciting beams is calculated for both
theories. Finally, we show that only the self-consistent
description of the 2y-m creation gives rise to a ‘“true ab-
sorption” in the sense of Hopfield’s polariton theory.

In Sec. V, we derive and analyze an alternative
Schrodinger equation for the m-wave function which in-
cludes polariton effects. This equation yields the inverse
radiative lifetime of an m. In order to make the descrip-
tion self-consistent this lifetime has to be put into the
2y-m absorption coefficient. It is shown that for the m
luminescence both approaches—the self-consistent and
the phenomenological —yield the same results.

S;p]+% >
p,1,q#0

5,5’

J

zﬁ wlal a,. +olbl b

Here,

#iw;=E,+p*/2m,, #wh=p>/2m, (5
are the e, i energies with the corresponding operators ay;,
and by, s is the spin projection, m, and m, are the
effective e,h masses, E is the band gap,

g
V,=4me?/(VEyq?) is the Fourier transform of the

Cgulomb potential, &, is the static dielectric constant,
and V is the crystal volume. We use s ==+1 for the e, A
spin measured in units of #/2.

The Hamiltonian H,, describes free e-h pairs, and
bound e-A complexes such as x’s and m’s. With this
Hamiltonian, one can investigate the Coulombic interac-
tions between various electronic excitations. These in-
teractions give rise to nonlinear optical properties of the
crystal.

The interaction Hamiltonian H.;., describes the inter-
band optical transitions. The conduction and valence
bands are assumed to be formed by s states and by p
states with M; =3, respectively. Then only e-h pairs
with the total spin S =0 are dipole active in optical inter-
band transitions. Photons ¥ with a given circular polar-
ization excite e-h pairs with fixed spin directions, e.g.,
with e spin up and 4 spin down. Photons with opposite
circular polarization excite e’s with spin down and A’s
with spin up. The y operators for the two circular polar-
izations o =1,2 are called Qo respectively. The second
part of the Hamiltonian (3) is

= t
Hy+tHey= 3 fiogasas,
o;p

-+ 2 [gl(p)aa;,asT;p+lbts;_p+H.c.]

o;p,l
where s =—(—1)7,
(6)
i.e., spin s =+1 for circular polarization o =1 and spin
s =—1 for c=2. The y frequency and the matrix ele-
ment of the e-h optical transition are given by
172
— 2rrtie?
wp=cp/Ves i(p)=— |=, ver(P)
(7

. #
Ve, (p)= —t—r;(uPH,CIVIu_p,v) .

II. PHOTON-EXCITON-BIEXCITON SYSTEM
IN DIRECT-GAP SEMICONDUCTORS

The optical properties of the electronic excitations of
direct-gap semiconductors can be obtained from the fol-
lowing e-h-y Hamiltonian:

Hy,=Hy+H,+Hg., . (3)

ehy

The e-h Hamiltonian H, is given by

T,1
Vq[as;pas';las';l+qas;p q+b bs Ibs I+qbs iP—q 20 bs Ibs I+q s;p— q] .

“)

lup+ 1,c and u_ , are the e and h Bloch functions, m and
e are the mass and charge of a free electron, respectively.
For optical excitation with circularly polarized light,
one has to introduce according to Eq. (6) two types of x’s,
both with total spin zero. In one x type the e spin is up,
the A spin is down; in the other type, the e and A spin
orientations are exchanged. The x operators B, are
connected with the e,2 Fermion pair operators by

1
Ba;jp=717— 21 ¢;(1)as; 1+ apb —s;—1+pp

and

as;l+apb—s;~—l+ﬁp=

—_V—g o), (8)

again with s =—(—1)°. The second relation follows
from the completeness of the pair wave function ¢;(1) of
state j in momentum space. The effective-mass ratios are
given by a=m,/M and B=m, /M, where M is the total
e-h mass M =m,+m,. The x operator fulfills boson
commutators in the low-density regime. Corrections to
the boson commutation relations are of the order
O(Na}), where N is the pair concentration and a, is the
x Bohr radius. The m operator A, is given by

> Lyp.l,q)ag 4 aprk )

_ 1
2V3/2 il

Xb s, —1+B8p+K/2)8 —s5;q+al—p+K/2)

Xbg; —q+p—p+K/2) - ©)

Here, I';(p,/,q) is m-wave function normalized to unity.
J is the complete quantum number of the internal m state
with total spin zero. The bound m state with total spin
zero can exist only if the two e’s and the two A’s have op-
posite spins, respectively. Thus the m-wave function has
to be symmetric with respect to the permutation of two
e’sor h’s:
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r,(p,1,q)=T,(—p,q,1)=T;(q—I+Bp—ap,Bq+al —2aBp,aq+BIl +2aBp)
=T,;(—q+I!—Bp+ap,Bl +aq+2afp,al +Lq—2aBp) . (10)

In order to investigate the dynamical properties of the y-x-m system, one can derive from the e-A-y Hamiltonian (3)
a closed nonlinear set of Heisenberg equations for y, x, and m. The resulting ¥ equation is

3 1
IOy =0yt ; &b 185 ,=0fa,,+ 21 ”’B iip - (11)

The polariton parameter (,; is

ch=__2 ‘/V¢](1 g1 — Bp)~2V 27— $,(R=0) . (12)

vEg

Here, $j(R) is the internal x-wave function in real space.
The Heisenberg equation for the dipole-active x’s is given by

.0 ¢(I)
’5 ojp 2 gp(l \/V %oip

+21 [w;+ap+mh—1+ﬁp]¢j( 2 VI I¢_] () \/V s;l+apb—s;—‘I+Bp

+ IZI - Vl—l’ \/v [asT’;l’—&-aqas;I’+apas';l+aqb—s;—I+Ep+bsT’;—I’+qu ~s;-l’+ﬂpas;1+apbs’;~I+ﬂq]
sq, LTl
1 ¢,(1)
2 P \/V o;q[gq ﬁp sI Bp+q%s; I+ap+gq(l+ap q)b*s —1— ap+qb—s *I+Bp] (13)

On the right-hand side, we recognize first the driving term due to the light field, next the free x motion, followed by
Coulomb scattering terms and finally phase-space filling corrections to the driving term. The fixed spin s in Egs. (11)
and (13), is, as in Eq. (8), connected with the circular polarization c =1,2 by s = —(—1).

In order to introduce the nonlinearities due to the x-x or x-m interactions on the right-hand side of Eq. (13), we limit
ourselves in lowest order to the one-e and one-h subspaces. !° The unit operator Tin Fock space is

PN 1
l:F S lqpsi;e-aqnesaie () 4 Qs 3qnssyse (h)]
* N,

9 S;
|0 e><0 e|+ 2 as q1|0;e)<0;e‘a51;q1
Spdp
:|0;h )(0§h|+ 2 bsTl;q1|O;h ><O;h|bs1;‘11 ' e
S1o9;

Here |q1,s1;...;qN;e (h)) 4 is the antisymmetric state of the crystal with N e or h. The latter approximations hold in
the x regime where Na2 <1. One has to insert this unit operator in the Coulomb scattering terms and the phase-space
filling terms of Eq. (13) to generate the x (ab) and m (abab) coupling of the e and h operators. The parts connected
with the first term |0;e (k) ) {0;e (k)| of the approximation (14) are zero for any x and m states, i.e., in the absence of un-
paired e and h. Thus these parts do not contribute to the x and m nonlinearities. The first nonvanishing contributions
to these nonlinearities come from the second terms in Eq. (14). With this procedure, the Coulomb scattering and the
phase-space filling terms of Eq. (13) are expressed uniquely in terms of e-h pair operators:

t t
[as';l’+aqas;I’+apas’;l+aqb—s;—I+Bp +bs';—I’+qu—s;—l’+ﬁpas;l+apbs’;—l+ﬁq]

_ t t t t ,
- 2 [as’;l’+aqbsl;q1bsl;qlas;1‘+apas';l+aqb—s;—I+Bp+bs’;—I'+Bqasl;q1asl;qlb—s;—I’+ﬁpas;l+apbs;—-I+Bq] ’
q;,8,

T — i il
51— pp+q@sii+ap— 2 %s;1—pp+abs;iq bs iq, %551+ ap > s
qy,5;

¥
b—s —1— ap+qb*s,—l+Bp 2 b—s —l—ap+q sl,qlas1 qlb*s;*l+/3p .
qq,8
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This procedure is valid up to order (Na?})’. The x and m coupling does not depend on the position where the unit
operator 1 is inserted. For definiteness, we use the normal order of the operators in Eq. (15).
Now the x and m operators can be introduced. Equation (13) takes the form
3 .ch

i Bosjp = @By~ iyt IS IS (16)

where 7w}, =E, e"+ﬁ2 2/2M is the x frequency of state j, and €] is the corresponding binding energy.
The term J i,‘”f, descrlbes the time development due to the repulsxve scattering between two x’s of the same spin
X, X—>m

configurations o, while J%72.7 is due to the attractive interaction between two x’s with opposite spin configuration
o#o’ which gives rise to m formation. The repulsive x-x interaction is given by

{rﬁj(lhﬁ.l D[¢; (I'=Bp+Bq)p; (I'=Bp+Bq)+ ¢} (I'+ap—aq); (I'tap—aq)]

—o;(Dg} (1) ¢7,(1—Bp+Ba)g; (I1—Bp+Ba)
+¢, (I+ap—aq)é;, (I+ap—aq)]}B B B

cr 3i3q” 03i,q 030 p
g,(1—Bp)g;(I)
ﬁV3/2

+ 2

l,q
BEL)

[4:,(1—Bp+Ba)?, (I —Bp+Ba)

+¢, (I+ap—aq ¢, (I1+ap— aq)]B a (17)

012q o;i,q7o;p *

If a coherent electromagnetic pump wave with circular polarization excites only a coherent x amplitude of the ground
state j =1 with momentum p, and if scattering into higher states j > 1 is neglected, Egs. (16) and (17) can be reduced to
1

DB, = |0l + S Vi (DD =y DIB 1) 12 | (Bt
at L7 VP ’

—2 S &p(1—Bp )¢‘_ [1=1DIP{B o1 ) P K aysp) - (18)

This equation together with Eq. (11) are the basis of the x optical Stark effect in the so-called weak-field limit.!"!> Both
dynamical x level shift due to the x-x interaction and the saturation of the x-y optical transition are contained in Eq.
(18).

The attractive x-x interaction J 52 can be written in the form

. 1 i ey S e,
-Z,’);;&C'rﬂ—_—% 2 Vz‘/"‘;[Wa,g'?’:g(.]pyllk,IZQ)ISq )+Wor,z7'?‘—‘o(l1k’]p712q,l3q )]
k,q,q'
(pt+k=q+q’)
il,iz,i3

X 3 41,1, (10T] —‘1—‘111

#az kAJp+k (19)

Here W, ,,(j1P1,j2P2:/3P3,J4P4) is the Fourier transform of the x-x interaction potential

W o 026 (J1P15J2P25J3P3:JaPa) = W4(j1P15J2P2J3P3sJaPs) — Wex (J1P1:J2P2:J3P3: JaP4) - (20)
The direct interaction potential is
Wy(j1P15J2P2J3P3JaPa) = f d3Red3th3Re’d3R,; (Re’Rh )(b]sz(R:?’R;: )
e’ 1 + 1 _ 1 _ 1
IRe—-R;l !Rh—R;ll |Re-—R;xl IRh *R:el
Lo p3(Re,R,l )<1>j4p4(RQ,R;,) . (21)

The exchange interaction potential is
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WexJ1P1:J2P2 J3P3 JaPe) = fd3Red3th3Re'd3R,:<I>* (R, R, )PT L (RE,R},)
e? 1 " 1 _ 1 _ 1
'Re_R:3| |Rh_R;z| IRe_R;tl |Rh _R;|
Xq)j3p3(R;’Rh )q)j4p4(Re,R;; ), (22)
[
which is obtained from W, by interchanging the posi- H, = 3 #w] ipB o; jpBa ip
tions of the two e’s in the last two wave functions. The a;p,j
complete x-wave function ®;,(R,,R,) of state j with +1 S W, (j1P1j2PrisPsisPs)
translation momentum p is given by 2 0,0'5D;0J; i
i t
XBU ]1P1B‘7 ]2PZB ';j3P3B‘7§j4P4 : (24)

D, (R, R,)= exp[ip-(aR,+BR}) ]¢j (R,—R,) .

\/V
(23)

In the derivation of Eq. (19), the symmetry properties
(10) of the m-wave function I';(p,l,q) plays an important
role. If the complete m-wave function is symmetric in
the spin variables, i.e., when spins of the both e’s (and A’s)
have the same directions, the function (20)
W, oxe=Wys— W, has to be replaced in Eq. (19) by
W,,=W4+ W,,. This change leads to the absence of the
bound m state with this spin structure.

According to Eq. (16), one can divide the x nonlineari-
ty with the terms J3'7 and J;%327 in a natural manner.
In a “pump-probe” experiment the first term which is re-
sponsible for the x optical Stark effect plays a role only if
the pump and probe beams have the same circular polar-
ization. For opposite circular polarizations of both
beams, the transitions to the m state as well as the x-m
optical Stark effect can be realized. The description of
these phenomena is directly connected with the term
J 55+ This result is very similar to the conclusions ob-
tained in a recent experlmental study

In the weak-excitation regime Na? << 1, one can derive
directly from the e,2 Hamiltonian a Hamiltonian for in-
teracting x’s,'%!#717 cither with the boson formalism of
Usui!® or with the much simpler unit operator technique:

|

Q.'Inl(r](pvl’q):

For the description of the x system, this Hamiltonian ap-
proximates the original e-» Hamiltonian (4) up to order
(Na?)2. The polariton effects can be incorporated in the x
representation (24) by rewriting H, +H,_, in terms of x
operators,

H,+Hgy = z‘hw aap o3p

Qy Q
+ X if ap Bojp — CJBT
o3P,

o;jp%osp
(25)

Equation (16) for the x’s also follows directly from the
boson Hamiltonian (24) and (25).

The Heisenberg equation for the m operator defined in
Eq. (9) is given by

.0 g~p+K/2(q)¢7(I)
— A x=QTc A+ =
lat JK JK AJK p%q P

r,(p,l,q)

Xy, —p+K/2Botop+K /2 -
(26)
Here Q7 is the m energy. The internal m-wave function

I';(p,1,q) is determined by the following Schrédinger
equation:

h h
[0g—ap+ak /2T Ol +aptak 2T O q—pptpr 2T O% 14 gp+px 21T (P, 1,Q)

— > Vell,(p,l,q+q)+T,(p,l+q',q)]
p

+ 2 Vq.[FJ(p—
q

q’,l+aq’,q+Bq)+T;(p—q’,I1—pq';,q—aq’)

27

—I',(p—q,l+eaq,q—aq)—T;(p—q,1—Bq’,q+Bq"')] .

The first terms on the right-hand side of Eq. (27) describe the energies of the two x’s in the m, whereas the last terms are
due to their Coulombic interaction. The m Schrédinger equation (27) can again be obtained on the basis of the x ap-
proach (24), 1516

Equations (11), (16) (in which the term J7* 2.1 is kept but the term J77% is omitted), and (26) form a closed nonlinear
set for the y-x-m system. Unfortunately, this set is rather complicated for analytical considerations. For the following
analysis we introduce therefore further simplifications.

For the investigations of two resonantly interacting polariton waves due to the 2y-m creation, one can use the x ap-
proximation which holds for (N, +N,)a?< 1. Here, N; =1,2%1;-,,, are the concentrations of the x components of two
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interacting polaritons waves (p,w) and (k,w, ) with intensities I, and I,, respectively. This assumption may be used be-
cause the m nonlmearltles (e.g., the x-m optical Stark effect and the 2y-m absorption) arise already at a lower excitation
level (N;+N,)a> <1. Here, a,, is the m radius in the ground state.

The x theory can be simplified further if one considers only x’s in the ground state. This assumption is valid in the
immediate spectral vicinity of the corresponding x absorption peak and holds, e.g., in the experimental investiga-
tions®~° of the m nonlinearity in the CuCl and to a lesser degree in CdS crystals, provided the light pulses are not too
short and therefore spectrally not too broad. Furthermore, if the m binding energy is considerably smaller than the x
binding energy, as for CuCl and CdS, one can use the following adiabatic approximation'* ¢ for the m-wave function:

T,(p,1,q)=VY,;(p)d,(1)d,(q)+¥;(—p)d(q)p,(1)
—WY,(q—1+Bp—ap)d,(
_\IIJ(

This approximation satisfies the condition (10) and allows
us to describe the m state by means of the wave function
¥, (p) for the relative motion of the two bound x’s. Such
approximations have been used in the many theoretical
investigations'®~?* of the m nonlinearity.

Thus if only the x ground state is considered, the x
Hamiltonian (24) and (25) simplifies to**%>

H=#73 |oB! B, +olal a,

@pb o;pBosp a;p
p.o
i,
+ ) aa ;pBo;p TH.c.

+% E Waa’(q)BZ;pBZ’;IBa’;Iﬁ-qBa;p—q ’ (29)

pl.q

o,0’
where B, ,=B,,,, and ngw,-i-ﬁpz/ZM. The po-

lariton parameter €, is given by Eq. (12), with j=1.
Now the potential W, ,.(q) of the x-x interaction de-
pends only on the transferred momentum q (Ref. 15) and
is assumed to be real. Although the x’s are treated here
as elementary particles, the potential W, .(q) (for expli-
cit expressions, see Ref. 15) still has the important prop-
erty that it is repulsive for two x’s with o0 =0’ and attrac-
tive for two x’s with oo’ (W, =W, <0), which leads
to m formation.

In the considered approximations, the m operator 4;x
is given by

Bq+al —2afp)é(aq+Bl+2afp)
—q+1—PBp+ap)p,(Bl+aq+2aBp)p(al +Bq—2aBp) . (28)

1
A= PYaza Z‘I’J DB .11k 2B o to;—14K 2

:‘/—?E\PJ(I)BI;I+K/2B2§—I+K/2 . (30)
I

The x Hamiltonian (29) does not explicitly contain the
m’s, i.e., the operators A;g. The complete set of m
eigenfunctions ¥, (1) for all bound and ionized states can
be found together with the corresponding m energies Qg
from the following Schrédinger equation in the momen-
tum representation:

#21?
\I}J )+2W12(1_l’)\llj(l')
I
m #K? m
QJK—Za), aM \IIJ(I)=—€J\I/J(I) . (31)

Multiplying Eq. (30) by ¥75(1), we obtain, with the com-
pleteness of {¥,(1)},

Bo;I+K/2B0’#a;—I+K/2 I_/ 2 I)AJK
J
L y*1)4 (32)
=Y K>

where the last approximation is valid only under resonant
condition for the m ground state.
In the considered case (N;+N,)a} <1, the Heisen-

berg equations for the ¥, x, and m operators are

. _ LS
zaag;p—wgamp—f—z—z—Bg;p , (33)
. 0 Q. 1 +
IEB"’P pBo p lTaU;p_’- ; ‘/—T/M;(p’l)Bcr';én;IAp+l ’ (34)
’ ’ 1
Z?t Ag = 2 [@f+knt ol ik WD+ 2 W —=1)w") TVBI;HK/sz;—HK/z
T
+ 2 M1(1+K/2 I=K/2)ag1+x2Boro;—1+k /2 (35)



1496

where the matrix element M,(p,!) is given by

M,(p,1)=A[(p—1)/2]1= 3 W,(@¥[(p—1)/2—q] .
q

(36)

The Heisenberg equations (11), (16), and (26), which have
been derived from the e-A-y Hamiltonian (3), transform
to Egs. (33)—(35) under the considered simplifications.

To understand the physical origin of the matrix ele-
ment M,, we rewrite the part of the Hamiltonian (29)
which is responsible for the x-x attraction with Eq. (32):

— T
Hint—% 2 WU,U'(q)Bj;;pBU'¢0;1BU'9&U;I+qB0;p—q
a;p,l.q
1

—‘/—_—[M;(p,l)BLPBL,#;,APHqLH.c.] .

~t 3

a;p,!

(37

Thus the matrix element M,(p,k) characterizes the
direct resonant coupling of the x’s p and k of the initial

polariton waves to form an m with p-+k. This coupling
is due to Coulomb interactions and can be resonant due

A.L.IVANOV AND H. HAUG
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to the polariton effect. In other words, the external elec-
tromagnetic waves with frequencies w;=w and w,=wy
excite the polariton waves with finite x components, even
if <o, and 0y <w, in order to allow a resonant m
creation o +w,~Qg' . Due to the polariton dispersion
the energy can be conserved in the pairing of two x’s of
the polariton waves. Without the polariton effect the
direct Coulombic x-x coupling to the m state is forbid-
den, because the total energy of two bare x’s exceeds the
m energy Qg by the corresponding m binding energy
em

Thus the term (1/V'V)M,(p,k) A p+kBka rather than
(1/V'V)M,(p,k) A ;H(B ay describes the fundamental
process of the optical creation of the m p+k. Equation
(35) for the m operator reduces to the common Eq. (31)
for the m-wave function W(I), if the last sum on the
right-hand side of Eq. (35) is neglected.

In the phenomenological approach which uses the ma-
trix element M,;,'72%26 y x, and m are treated as in-
dependent elementary bosons. The corresponding phe-
nomenological Hamiltonian H,, has been derived intui-
tively, as stated in Ref. 27. In our model with the two
different types of x’s and y’s, this Hamiltonian would
have the following form:

Q
Hy= 3 # | 03Bl B oy + 0l 0o, +OF AL Ay +i— (ol By — Bl ya,,)
o;p
1
+ 2 l?':' l(p,l)[A;+1aa;pBo;¢a;l+H.c.], . (38)
o;p,!
r
Note, however, that the last term does not follow from .0 — X _ 25_
¢ ¢ A ; i—B, ,=wpB,,—i—a,,
the basic e-h-y Hamiltonian as shown above. This a - ’ 2%
three-particle interaction is instead constructed!>?® with +
+ E—M*(p,l)ao.'?ga;lqu},l N (41)
1
vy e Eq ' B ”vq] g Ax=0RAx+ 3, _M (1+K/2,1—K/2)
X j
Bl opal 0> ’ (39) X 1+x/2Borro;—14x2 - (42)

where |0) denotes the crystal ground state. The proper
convolution of pairs of operators on the right-hand side
of Eq. (39) results in Eq. (1). The giant oscillator strength
of the x-m optical conversion is now constructed i 1n terms
of the polariton transition between the m state A7, ,]0)
and the state with an x and a ¥ BUp f,i,,klo The
closed set of the Heisenberg equations which follows
from this phenomenological approach Eq. (38) with M, is
given by

. 0
i—a

=w’a i<
ot o p“o;p 2

1 ¥
+Z_:Mf(p,l)B 'L ;IA 1>
7 ‘/V o'Fo pt+

Both Egs. (40) and (41), which describe the nonlinear
propagation of the polariton wave p, differ from the cor-
responding Eqgs. (33) and (34) and are in contradiction to
the e-h picture (3). The corresponding Egs. (11) and (16)
do not transform to Egs. (40) and (41) under the con-
sidered assumptions. As will be shown below, Hamiltoni-
ans (29) and (38) lead to observable differences for, e.g.,
the x-m optical Stark effect and the 2y m absorption.
Only the m equations (35) and (42) have the identical
form. In Sec. V, we will show that the description of the
m luminescence is the same in both approaches.

The main problem with the phenomenological ap-
proach is due to the fact that x’s and m’s are not truly in-
dependent boson fields. According to representation (30),
the degree of independence of these quasiparticles is
given by the following commutation relations:
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P~k

1
[Ap-f-k’Bl;p]:-‘/—I_—/—\I’ ) Ba’#a;k ’

(43)
[Ag, AI,]=5K,P+iV S WH()W[(K—P)/2—1]
l,o

+
XBo,—1+p/2Bo,—14+x-p/2 -

The first relation shows clearly the dependence between
the m with momentum p-+k and the x’s with p and k.
This lack of independence leads to the main objection
against the use of the matrix element M,(p,k) for the
description of the optical m creation.

III. LOW-INTENSITY EXCITON-BIEXCITON
OPTICAL STARK EFFECT

The importance of the quantum dependence between
the x’s and the m’s can be seen from the analysis of the
low-intensity x-m optical Stark effect.?*?° Here, one has
to consider the dynamical properties of the y-x-m system
in the presence of a coherent polariton wave with k and
o, in the transparency region near the x absorption line.
This intense wave will produce virtual electron-hole tran-
sitions, and therefore will drive the semiconductor to a
nonequilibrium state. The pump wave with the circular
polarization o =2 is treated classically by replacing the x

]

and y operators of the given mode k by ¢ numbers:
sz——»\/VPk exp(—iwyt), azk——>\/-I7Ek exp( —iwyt) .
(44)

Here, |P,|?«<1I, and |E,|*«<I, are the x and ¥ com-
ponents of the polariton pump wave of the intensity I,.
The resulting nonequilibrium state makes it impossible to
treat the x’s and m’s as being independent. Even in the
thermodynamic limit ¥ — « and I, =const, finite correc-
tions arise in the commutation relations (43). In our ap-
proach this difficulty is overcome by distinguishing mode
k from other modes p7#k in the definition (30) of the m
operator as well as in the initial Hamiltonian (29). This
procedure corresponds to a Glauber transformation
which removes the pump source from mode k by intro-
ducing a new vacuum state of the semiconductor in the
presence of the polariton pump. Thus, for the m opera-
tor A,y of Eq. (30), one has to use

Ay —B P Y[(p—Kk)/2]e N+, , @9

where the operator 4 p+k describes truly independent bo-
son excitation. The Hamiltonian of Eq. (29) contains the
following quadratic part of the operators of the o =1 x’s
and y’s and m’s:

H,=3+4 [mgaipalp+[w;+ IPkleWn(O)]BIpBIP +e;f;+k1p+k

P

—iopt ~

+

Q,
i—2-afp31p+A[(p—k)/2]Pke

where
e=ag~iV S (0% 14k o+ o ax ) WD @7)
l

is the average potential energy of the x-x interaction in
the m. We neglect all concentration-dependent correc-
tions of the new vacuum state and consider only the reso-
nant approximation of the m ground state. After a first
canonical transformation with

S=exp [iopt 3 (@} a,,+Bl B0 ], (48)

o,p

which removes the explicit time dependence of H, in Eq.
(46), the Hamiltonian can be diagonalized with a second

canonical transformation introducing new elementary ex-
citations aj,p, B, and Ay

’
alp ay

P
Bi, |=(c;)| By |- (49)
A;)+k ‘Zp-H(

In this approximation, the transformation to the diagonal
form treats both the x-y and the x-x interactions exactly.

Al B, +H.c.

’ ) (46)

[

The resulting frequency eigenvalues are

VIV — | M, (p, k)P |2V — 10, Q27" =0, (50)
where
c2p?
=52 _ 2 V=wp+8;—w,

€
(51)

~m

m m J— —_—
vi=Q +k+8p+k W Wy .

The nonresonant dynamical shifts 85 and 83, of the x
and m levels are determined by

&=I|P VW ,(0), (52)

8y =Py > | VW ,(0)+ VIW,,(0)

+ 3 W) |*Wy[—1+(p—k)/2] | .
1

This dispersion Eq. (50) describes the splitting of the po-
lariton and m frequencies caused by the polariton pump
wave. The new dispersion is plotted in Fig. 1(b) and com-
pared with the unperturbed polariton and m dispersions
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W-0, (meV)

p (10%cm’)

FIG. 1. Dispersion curves of the x-y-m system of the semi-
conductor in the presence of the polariton pump wave (b) and
unperturbed polariton and m dispersions (a). Real part of the
wave number p (solid lines), imaginary part (dotted lines). The
unperturbed m frequency Q=Q, is shifted by the pump fre-
quency @,. The following CdS parameters have been used:
©,=2.552 eV, Q¢_,=5.100 eV, w,=1.9 meV, €=28.87,
M =0.9m,, |¥(0)|>*=2X10""% cm?, and A(0)=—5 meV. For
the pump beam, I,=1 MW/cm? and #w,=2.547 meV have
been used.

[Fig. 1(a)]. With the same procedure, one can derive the
dispersion Eq. (50) directly from the Heisenberg Egs.
(33)-(35).

The weak polariton wave with p, o, and o =1 acts as
“probe wave” which tests the effective dynamical shift S;
of the x level, which is given by

[M,(p,k)P,|?

X __
p m m —
Qp+k+8p+k Wy —w

8,=8 = . (53)
P
The dynamical shift of the x level has two contributions.
The first, 85 [Eq. (52)], is the shift due to the renormaliza-
tion of the vacuum state by the pump wave. It stems
from nonresonant Coulombic attraction of the probe x
with p,oc=1 and the x with k,0 =2 of the pump wave.
The more important second term in Eq. (53) for the low-
intensity x-m optical Stark effect is due to the resonant
x-x interaction resulting in virtual m formation with
momentum p+k from probe p,oc=1 and pump k,o0 =2
x’s. The efficiency of this process is determined by the
matrix element M,(p,k). As a result, the new length pa-
rameter a,, appears naturally. The second term in Eq.
(53) dominates because of the resonant denominator and
results in a redshift of the x level for the most interesting
frequency range oy +wp < Qg .

First, theoretical studies of the dynamical x-y-m spec-
tra renormalization within the phenomenological ap-
proach have been given in Refs. 23 and 24. Subsequent
similar results have been obtained in connection with the
dynamical x-m Stark effect.?” The corresponding disper-
sion equation can be obtained from Egs. (40)-(42) or
from the treatment of the phenomenological Hamiltonian
(38):
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yPhotyexym — 26 | M (p, k)P, | v
— M (p,K)E, |V — 16 Q20" =0,  (54)

where

V= ¥ —

p— @ V'=Q  —o— o . (55)

In this case, the x-m optical Stark effect is determined by
the matrix element M,(p,k). The same definition of the
strength of the x-m optical conversion in terms of M,
has been used in the analysis of the optical Stark effect in
Refs. 30 and 31.

The derivation of Eq. (54) from the phenomenological
Hamiltonian (38) is inconsistent, because the c-number
substitution (44) is used only for the x and y operators,
but not for the m operators which are considered to be
independent. The same objection against the use of the
matrix element M ,(p,k) can be obtained directly from its
definition in Eq. (39). For a coherent polaritons pump
wave, the m state A4 LLk |0) and the x-y state Ba{pa;rk|0>
are not independent, orthogonal states, as can be seen
from the definition of A in Eq. (30). We conclude that
the matrix element M (p, k) of Eq. (39) for transitions be-
tween two dependent quantum states does not describe a
real m creation process correctly.

For the derivation of both dispersions, Eqgs. (50) and
(54), the nonresonant part of the x-y interaction has been
taken into account in the corresponding y equations. In
other words, instead of Egs. (33) and (40) the correspond-
ing Maxwell equations have been used. This procedure
ensures the correct limit for all dispersion branches
o=w;(p) for p —0.

In conclusion, we state that the described self-
consistent theory of the x-m optical Stark effect considers
Xx’s without internal structure. However, the main results
will be preserved, even if one uses the exact e-h picture
instead of the x approximation. This theory has been
developed in Ref. 24. In this theory both x’s and m’s
have been treated as two- and four-particle e-h complexes
in accordance with Egs. (8) and (9). The new vacuum
state and the m’s are introduced self-consistently in the
presence of a coherent polariton pump wave. The result-
ing dispersion Eq. (50) describes the x-m optical Stark.
The crucial matrix element M,(p,k) has been expressed
explicitly in terms of the x- and m-wave functions ¢(/)
and I';(p,l,q), respectively. For a weakly bound m, M,
is given by the simple form of Eq. (36).

IV. TWO-PHOTON BIEXCITON ABSORPTION

The 2y absorption due to m excitation can be calculat-
ed directly from the derived dispersion, i.e., Eq. (50) for
the self-consistent theory, or Eq. (54) for the phenomeno-
logical one. In order to get a more realistic description
we introduce the inverse x and m lifetimes y* and y™ by
substituting in these dispersion relations: wp—wp—iy™
and Qp —Qp  —iy™. Now a natural threshold for the
existence of the x-m optical Stark effect arises. For
|o—w,| = w,,, this threshold is determined by the condi-
tion
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oy |M,(p, k)P, |2
)2

Zymy*. (56)

(00—,
Below this threshold for the pump x amplitude and the
corresponding pump intensity I, ., the dissipative rather
than dispersive part of the corresponding nonlinear pro-
cess dominates. Thus in this low-intensity limit one can
study the 2y m absorption.

The absorption coefficient of the probe beam with
0=1 and p,0=Q7,,—wy is given by twice the imagi-
nary part of the wave number p, e,
a(w)=2Imp (w,w,1,,y*,¥™). Thus a(w) can be ob-
tained from Egs. (50) or (54) (see also Fig. 1) for a
sufficiently small pump wave intensity I, —0, to be below
the threshold of the x-m optical Stark effect. More accu-
rately, one has to define the pure m absorption coefficient
K ?(w,w,) by subtracting the usual linear x absorption:

KD w,0,)=2Imp(w,wy,1, <I, ., v5y™
—2Imp(w, 0,1, <I, ., v*y™"—0) . (57)

Already, within the framework of the initial Heisen-
berg Egs. (33)-(35) or (40)-(42), one sees the different
mechanisms for the two-y absorption in the self-

consistent and phenomenological model, respectively.
]

2) € |Al(p—k)/2]%Q¢ 172
Km (co,cok)=—7 3
¢’ 8filoy—o, ) (0—w,

I,

(4]

I,

(071

)2

while the dispersion of the phenomenological theory Eq.
(54) yields

& |[Y[(p—k)/2]1°0¢
c? 8wy, —w,) o—o,)

X [0y —o,)?+(o—w,)?*]

I?,(,,Z)(co,wk)z

2

172 1/2
S LN R L
[9] Cl)k
m
Y ) (60)

(Q;,"+k~a)k—w)2+(}/m)2

Both spectra K2’ [Eq. (59)] and K\* [Eq. (60)] have
been derived for the conditions Q.= |0 —w,|=w; and

Q. > oy —,| = o»,, where the parameter Q. deter-
mines the boundary of the frequency range for which a
single intermediate resonant x level (n =1) for 2y m ab-
sorption can be considered. Small corrections which are

proportional to

_2y* [OR o~ o —ay

<1, (61)
" o, — o=l

Ni=1,2

have been neglected in both results, i.e., in Egs. (59) and
(60).

In the derivation of the 2y absorption coefficients
K2(w,0,) and K?(w,o,), the polariton character of the
propagation of the both electromagnetic waves has been
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According to Egs. (33) and (34) the nonlinear polariton
absorption is governed by the third term on the right-
hand side of Eq. (34). This term is responsible for the x-x
interaction. In turn, Egs. (40) and (41) describe the 2y
absorption in the phenomenological theory due to the
matrix element M,(p,l). The appearance of the non-
linear term in Eq. (40) for ¥ is unphysical. The proper
nonlinear term responsible for the 2y absorption should
appear only in the x equation. This statement follows
from the fact that in the considered resonant m optical
nonlinearity only the interaction between polarizations is
important and formally can be proved easily from the
comparison of Eq. (40) with Eq. (11), which follows
directly from the basic e-k-y Hamiltonian of Eq. (3).
Instead of absorption coefficient a, we define the
coefficient K *(w,w, ) of the m 2y absorption as usual by

5;10 =—K0,0, VIV, , (58)
where I, are the intensities of the two circularly polar-
ized light beams, with o,-;=w0 and ®,-,=wy, which
penetrate the crystal through a surface and which are ab-
sorbed under the condition w+w~Q7 . From Eq.
(50), the self-consistent theory yields, for the 2y absorp-
tion coefficient,

172 m
J Y (59)

(Qr  —o—wl+(y™?’

[
explicitly taken into account, in contrast to the phenome-

nological approach.! The main corrections arising from
the polariton effect are connected with the composite x-y
structure of a polariton wave, as well as with large
difference between the polariton group velocity and the
“background velocity” ¢ / Vv €,- As already stated above,
both of these corrections are important in the frequency
intervals |0, —,| <Q, and lo—o0,| £ Q,.

In order to identify the origin of the main differences
between the two results K2 and K\?, we return to the
analysis of the basic elementary processes of the 2y ab-
sorption due to m formation. The schematic representa-
tions of two different models of this process are given in
Figs. 2 and 3. In these graphs, the solid and wavy lines
refer to an x and y propagation, respectively, the bold
dot symbolizes an x-y (polariton) transition, whereas the
box I represents the m state. According to the tradition-
al phenomenological concept (see Fig. 2), a 2y m absorp-
tion K'?' is determined by the matrix element M, (p,k) of
Eq. (39). As already discussed, one immediately finds Eq.
(1) for the matrix element M, (p,k) from the convolution
of the pairs of operators on the right-hand side of Eq.
(39). This procedure implies that the two x’s in the creat-
ed m have the same wave vectors p and k as initial y’s.
According to the well-known Hopfield concept, this
momentum conservation does not hold for true absorp-
tion. For true absorption (and not only virtual excita-
tion), a real scattering process has to occur. This scatter-
ing breaks the quantum coherence and makes the excita-
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tion process irreversible. In our approach the Coulombic
scattering of the two x’s which form the m is in combina-
tion with the polariton dispersion responsible for the real
2y absorption (see Fig. 3).

The conservation of the initial momenta p and k of the
two x’s in the phenomenological picture is a manifesta-
tion of the nonorthogonality of the states A:,H( |0) and
B]‘,z;pa; 1:x/0). In the self-consistent approach the interi-
or structure of the m is treated explicitly. The scattering
process which is responsible for a 2y absorption K 2) jg
introduced by taking into account the whole set of the
ladder diagrams (see Fig. 3). Here, the dashed lines refer
to the Coulombic potential W,(q). According to Eq.
(59), one obtains the true m pole in the corresponding
scattering amplitude of the x’s.

The 2y absorption coefficients K\*(w,,) and
I?,(,f)(co,cok) both have the proper symmetry with respect
to the frequencies @ and w,. The frequency band of the
2y absorption due to m formation represents the usual
Lorentz resonance denominator with the central frequen-
cy Q=Q7 \=w+two, The frequency width is deter-
mined by the m scattering parameter y™. This scattering
parameter ¥ in our model is given by the inverse m radi-
ative lifetime. In Sec. V, it is calculated from first princi-
ples with the Hamiltonian of Eq. (29).

From the definition of the matrix element A and the m
Schrédinger equation [Eq. (31)], one obtains

Al(p—k)/2]=[—€e"—#(p—k)?/4AM|¥[(p—Kk)/2] .
(62)

Because the polariton wave numbers p and k refer to 2y
absorption to the optical range, the second term in the
square brackets of Eq. (62) can be neglected in the first
approximation. The main difference between the self-
consistent and the phenomenological 2y absorption spec-
tra of Egs. (59) and (60), respectively, is their frequency
dependence via the factors (0, —,)* and (0 —w,)*. The
ratio R (w,y) of two spectra has the simple form

K (w,04) oy, P+ (o—w,)?

K\ (w,0,) (em)?

R(w,0,)= (63)

The phenomenological 2y absorption K ,(HZ)(w,a)k) is
determined by the process
vy+y—->x+y—-m,

while the self-consistent 2y absorption K ?(w,w, ) follows
the scheme

Yyt+y—ox+tx—om .

Of course, in a polariton representation, both approaches

p
beam 1 {3~
beam 2 () p ——

FIG. 2. A schematic representation of the phenomenological
model of a 2y m absorption.

p
beam 1 A\ —

beam 2 C«/\k/\a—

FIG. 3. A schematic representation of the self-consistent
model of a 2y m absorption.

are described as
v +vy —polariton+ polariton—m .

However, the efficiencies of the 2y absorption, i.e, the
corresponding matrix elements of the conversion of the
two polaritons to an m, are different for the two ap-
proaches.

The role of real scattering processes in the Hopfield
concept of true absorption is a more delicate question for
the 2y absorption of the m than for the linear absorption
of the x. In the latter case the scattering system, i.e., im-
purities or phonons, represents an “external system” for
the scattered polariton k. If, after the first optical transi-
tion ¥ p—Xx p, the created x p is scattered before the in-
verse optical transition x p—y p takes place, the usual
semiclassical approach to the x absorption is valid. In
such a case the integrated x absorption coefficient
fda) a,(w) is proportional to Q2, i.e., is determined only
by the strength of the x-y optical transition. By chang-
ing the temperature or the impurity concentration, one
can move from this regime to the polariton regime in
which even the integrated x absorption coefficient de-
pends both on the x-y matrix element €}, and on the x
scattering parameter y~.

For a 2y absorption of the m, the situation is different,
because the created m p+Kk itself represents an “internal
scattering system” for the initial polaritons p and k. So
the question about the balance between a polariton effect
and an interior scattering process arises naturally, as both
processes are resonant. According to the phenomenolog-
ical approach the two constituent x’s p and k of the opti-
cally created m p+k automatically scatter each other be-
fore the inverse optical transition x p(k)—y p(k) occurs.
The relation of Eq. (63) shows that this statement is
correct only if one of the frequencies w or w, approaches
the x energy o, (e.g., if v—w,—0 and 0, —w,—€™). In
this case R (w,w,)— 1, so that both results K\ (w,w,)
and K *(w,w,) yield the same limit in spite of the fact
that they have been derived for the frequency range
lo—w,| = v, |0, —o,| = w;,. The polariton wave p with
the frequency w—w, represents a pure x wave with a
small “mechanical” group velocity. One can compare
the x’s of this wave with impurities and the m state with
an impurity-bound x state. In this limit (0 —w,—0),
both approaches give the same result in agreement with
the Rashba theory (see, e.g., Ref. 32) of the giant oscilla-
tor strength of the shallow impurity-bound states. Using
methods of the scattering theory, Hopfield** showed that
an x p resonantly bound to an impurity always has to be
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scattered before the reemission of a y with the same
momentum p occurs.

The different dependencies of the absorption
coefficients K \2(w,wy) and K\?(w,w,) on the frequencies
» and w, can be distinguished experimentally. CuBr and
CuCl semiconductors are best suited for such studies.
The calculated spectra of the integrated 2y absorption
coefficients K (0)= [do K\ (0,0,) and K (o) are
shown in Fig. 4. The two curves [solid line, K, (®);
dashed line, K, ()] deviate most strongly in the degen-
eracy region o =w,=4Qg_, and for the absorption in
the spectral wing o <o, —€™(w, > o, ).

The degenerate absorption corresponds to a minimum
of the both curves (points O and O’, respectively) at the
range 0 =w, —w =<€™. According to Eq. (59), one can ob-
tain the following approximation in the spectral vicinity
of the degenerate absorption:

Kin(0)=KQ[1+8(A/e™)?], (64)

whereas the phenomenological approach of Eq. (60)
yields

R (@)=KQ[1+12(Aw/e™)?] . (65)

Here, K2 and K0! are the integrated absorption
coefficients for the degenerate case, Aw=1Q¢_(—w. If
one knows the m binding energy sufficiently well, the
differences between Eqgs. (64) and (65) can be tested exper-
imentally. In the low-frequency tail w <w, —€", Eq. (60)
strongly overestimates the m absorption. Interesting pre-
liminary experimental investigations of CuCl by
Nagasawa and Hasuo>* do not yet allow for a final de-
cision between the self-consistent and the phenomenolog-
ical 2y absorption spectrum of m.

Another important difference between K'?(w,w,) and
K (w,w,) is connected with their dependencies on the
2y absorption geometry, i.e., on the angle 0 between vec-
tors p and k. Although such a dependence appears only

10.0 +

Kint (W) (arb. units)

0.0

Wi~ w (meV)

FIG. 4. The frequency dependence of the integral 2y m ab-
sorption coefficient K; ()= f do K2 (w,0,). Self-consistent
model Eq. (59) (solid line), phenomenological model Eq. (60)
(dashed line) for the CuCl parameter o, =3.2022 eV, w;,=5.7
meV, and €”"=34 meV.

as a small correction to K;?(w,w,) it is in principle
different in the two spectra. For example, one can con-
sider the potential W,(I —1’) of the x-x attraction as a
Coulomb potential and approximate the m ground-state
wave function by W(/)=8V/ma} /(1+a2I??. With this
approximation one finds, for the degenerate case,

K (@,0)=K»(1—6a2 k’sin?0/2) (66)
and
K (w,0)=K*(1—2a2 k?sin0/2) . 67)

Here, K ’(lz) and K {12) are the m absorption coefficients for
two copropagating polaritons, i.e., when p=k. The angle
dependence of K ,(,,2 A w,w) reaches about 1% for CuCl and
about 10% for CdS crystal.

For real experiments, corrections for the intensities I,
of the electromagnetic waves inside the crystal are neces-
sary. For normal incidence of both waves on the surface
of the crystal, the external intensities I, , are connected
with intensities I, by the relation

4n

lo= oo (68)

where the corresponding polariton refractive index n, is
given by

o=V €1 +w, /0, —0,)]1=V ¢ , (69)

and @, = = ©, ®y.

To summarize, the phenomenological theory is inaccu-
rate because it neglects an important quantum depen-
dence of x’s and m’s. This failure leads to the incorrect
introduction of the matrix element M,(p,k) and the cor-
responding picture of the optical creation of m. The phe-
nomenological approach yields the correct results for the
2y absorption of m and the x-m optical Stark effect only
if one of the frequencies ® or w, of the polariton waves
tends to the x level position w,. Concerning the general
characteristic of the matrix element M,(p,k) and the cor-
responding scenario for the optical excitation of an m,
another comment may be helpful. In the self-consistent
approach this matrix element also characterizes the giant
oscillator strength of the optical conversion of the two
polaritons to an m in the usual sense.?®32 Our results
deal with the efficiency of the nonlinear optical processes.
All results concerning the spectral characteristics, i.e., the
spectral positions of the signals in hyper-Raman scatter-
ing via m’s, the spectral position of the 2y absorption m
peak, etc., evidently are the same in both formulations.

V. LUMINESCENCE OF BIEXCITONS

One of the main conclusions of the general scattering
theory is the close formal relation between the total reso-
nant cross section and the lifetime of the corresponding
bound metastable state.>> For our problems, the reso-
nant x-x scattering causes the 2y m absorption. Thus
the 2y m absorption and the inverse process, the m
luminescence, are different manifestations of the same
basic scattering process. In the framework of our dynam-



1502

ical model, the parameter y™ in Egs. (59) and (60) for the
2y m absorption corresponds to the inverse m radiative
lifetime. In order to make the description of the 2y ab-
sorption completely self-consistent, one has to find this
inverse radiative lifetime vy, of the m p+k through the
parameters of the initial Hamiltonian (29).

The radiative lifetime of an m state can be determined
directly within the dynamic Egs. (33)-(35). Here, the
third nonlinear term on the right-hand side of Eq. (34)
can be neglected. Expressing the y operators a,., in
terms of the x operators B, by means of Egs. (33) and
(34), and substituting these expressions in the right-hand
side of Eq. (35), one obtains a Schrodinger equation for
the m-wave function W(I) which includes polariton
effects. Diagram techniques allow a still shorter deriva-
tion of this equation. Both sets of Egs. (33)-(35) and
(40)—-(42) lead to an identical description of the lumines-
cence process.

Following Ref. 36, one studies the poles of the vertex
function which describes the x-x four-particle interaction
for the description of an m bound state. The correspond-
ing homogeneous Bethe-Salpeter equation for the vertex
function I'(/,1"’;r) can be written in the form

(L1 K)=3 W,(I=1I)G(I',K/2)T(I",I";K) . (70)
=

Here, | ={l,0} and I"”’={1",0"} are the reduced relative

momenta and frequencies of two x’s before and after the

interaction act. K ={K,Q} describes the conserved total

momentum and energy. The 2x Green’s function
G(Il',K /2) is given by the convolution

GU\K/2)=—" [do'G(~I'"+K /)G I'+K /2)
27

(71)

where G(x!'+K /2)is the x Green’s function. With the
property of the vertex function

G(LK/2)G(I",—K /2)T(LI";K) =¥ (¥ , (72)

one gets, for K =(K=0,Q=QF_,),
J
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G P, LOR_)¥(p)— 3 Wi, (p—p)¥(p')=0. (73)
<

Equation (73) is the m-wave equation which describes the
relative motion in the bound state of two x’s with mo-
menta p and k= —p.

In order to evaluate Eq. (71), we express the x Green’s
function G (/) in terms of the x and y free-particle
Green’s functions

1 1
Go(p,0)=——F7, Dy(p,0)=——F (74)
OO o —airis O o ortis
by the relation
D; l(p,0)
G(p,0)=—=7 ° »F 2
G, (p,w)Dg (p,w)—1Q7
—_¢"(po) ¢ (po) 75)
o—of +id  o—o, +is’
where
» o " No—o))
¢ Ap,0)=—r T - (76)
oloy " '—ao,)
Here, co;,t are the frequencies of the upper (+) and the

lower (—) polariton branches, respectively, i.e., the roots
of the polariton dispersion

2.2 02
L =1+ — < S a7
€ow w;t+Hw,p /M —o

In the final expression we include the nonresonant part of
the x-y interaction. The functions ¢ ™~ (p,w) satisfy to
the following conditions:

¢+(Py(0;—)20’ ¢_(p’w;)20 ’
" (p,o) ) +é7 (pwy )=1.

These functions characterize the distribution of the x
component between the two polariton dispersion
branches. Thus Eq. (78) is the “sum rule” for the x.

With the x-polariton Green’s function (75), one finds

(78)

G(p,10gp_o)=— i [do'G(—p,— '+ 10p_))G(p,0’ + 105 _)

)

P

_ ¢+(P,w;)¢+(‘P,ﬁz=o”w:) + ¢+(p’w;— )¢—(_P’ﬁ1'z=o—w+

om .ttt :
Qg—o— 0, —0-,+id

am
Q’K=O [0)

+_ - .
N a)_p+18

+

om Y — .t :
Qg—g—w, —0Z,+id

Thus Eq. (73) with function G(p,1Q¥_,) given by Eq.
(79) is the final general form of an m Schrodinger equa-
tion which describes m with the translation momentum
K=0. The generalization of this result for an arbitrary
total momentum K is obtained by replacing in Eqgs. (73)
and (79) all momenta p by p+K/2 and —p by
—p+K /2 as well as QF_, by QF.

¢ (p,0y 87 (=P, OR_o—0p) | 67 (R0y )6 (P, 0K —a;)

QR _o—0, —0”,+i8

[

In comparison with the usual m-wave equation (31),
the derived Eq. (73) contains all polariton effects explicit-
ly. This corresponds to the substitution of the x lines
modified by the polariton effect instead of the unper-
turbed x lines (see Fig. 3). In the limit p >>1/ €, /c, Eq.
(73) reduces to Eq. (31). A natural correction of the ab-
sorption spectra of Egs. (59) and (60) is thus the replace-
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FIG. 5. Illustration of the optical decay of an m (see text).

ment of the unperturbed wave function W(I) by ¥(I),
which includes polariton effects. For the 2y m absorp-
tion such a correction cannot be treated by means of per-
turbation theory. Strong polariton modifications of the
m-wave function ¥(I) occur at small momenta #/ which
belong to the optical range. In turn, for polaritons with
momenta #ip and 7k of this range, an optical 2y m forma-
tion takes place.

The analysis of Eq. (73) is a complex problem. At
present we give only some comments. If only the lower
polariton branch is taken into account, the initial Eq. (73)
can be reduced to

(0, +0Z,—20,)¥(p)+¢~ (p,w, )¢~ (—p,0y)
XS Wi,(p—p)¥(p)=(0¢_o—20,)¥(p) . (80
<

The proper nonstationary solution ¥ represents an outgo-
ing spherical wave and corresponds to the radiative decay
of an m state, i.e., QF o =QF_o—iy¥_, This value of
the inverse lifetime of the m K =0 has to be used in Egs.
(59) and (60) in order to get a self-consistent description
of the absorption of two y’s with p and k= —p with the
initial Hamiltonian Eq. (29) or (38).

The radiative decay can be understood easily from Eq.
(80) and is illustrated in Fig. 5. When the constituent x
of the m acquires a small momentum within the optical
range (the sectors 4, A, and BB, in Fig. 5), the corre-
sponding m undergoes a radiative annihilation. In other
words, the linear part of the lower polariton branch cor-
responds to the case without a bound m state. An m can
exist as a well-defined excitation, if the optical range
p=w,V €;/c is much smaller than the inverse m radius
a, !, ie., if €">>yg_, The radiative decay of an m is
thus due to the polariton dispersion of its constituent x’s.
The decay is not a tunneling processes out of a metastable
state. 3’

Both sets of Egs. (33)-(35) and (40)—(42) formally give
the same final equations for m luminescence, but give
different results for m optical creation. We believe that
this asymmetry is due to inconsistencies with respect to
the internal x structure of the m in the phenomenological
approach.

VI. CONCLUSIONS

In this work we have developed a self-consistent theory
of the optical nonlinearities connected with the m state
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and compared it with the often-used phenomenological
theory. The self-consistent approach is derived directly
from the basic e-h-y picture, taking as important in-
gredients the spin of the excitations as well as the proper
quantum dependence of m on x explicitly into account.
We have applied this concept to the description of the
x-m optical Stark effect, to the 2y m absorption, and to
the m luminescence. For all these effects, the results of
our self-consistent approach and the conventional one
have been compared. The main conclusions are as fol-
lows.

(i) Instead of the phenomenological scenario of the 2y
creation of m (y+y—x +y—m), the self-consistent
description of the m absorption follows the scheme
(y+y—x +x—>m). In the phenomenological picture
the m formation is described by the optical matrix ele-
ment M, (p,k) related to the conversion of an x and a y
to an m. Here the two x’s of the optically created m have
the same momenta as the absorbed y’s. According to the
Hopfield concept of polariton absorption, this does not
describe true absorption. In the self-consistent approach
the m is created by the Coulombic x-x scattering
M,(p,k) of two x’s with opposite internal spin structure.
This process ensures a change of the initial ¥ momenta
and breaks the quantum coherence between the y’s and
the m. Even in the polariton representation these two ap-
proaches lead to the different results, both for the x-m
optical Stark effect and for the 2y m absorption.

(ii) The resonant 2y m absorption coeflicients
K?(w,0,) and K{*(w,w,) have been derived for the two
approaches by taking into account the polariton charac-
ter of the propagation of the two absorbed electromag-
netic waves with frequencies w;=w and w,=w, and op-
posite circular polarizations. The absorption spectra of
the self-consistent and the phenomenological theories
coincide only if one of the frequencies w; is in exact reso-
nance with the x line position o,, i.e., if w;;)—®, and
Wy —w,—€™. The differences between the self-
consistent and the phenomenological approaches are
large both around the degenerate 2y absorption, where
o, =w,=1Qg_o, and for strongly nondegenerate absorp-
tion, where w;,) <w,—€" and w,,,>w,. The self-
consistent description of the m optical excitation in the
direct-gap semiconductors can be tested experimentally.

(iii) A Schrodinger equation for the m-wave function
W¥(1,t) has been derived within a self-consistent approach
which takes polariton effects into account explicitly. This
equation allows us to describe the luminescence of an m.
For a quantitative analysis of the 2y absorption, the true
m-wave function ¥(I) which contains polariton effects
has to be used.
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