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Collapses and revivals of exciton emission in a semiconductor microcavity:
Detuning and phase-space filling effects
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We investigate exciton emission of a quantum well embedded in a semiconductor microcavity. The analyti-
cal expressions of the light intensity for the cases of the excitonic number state and the coherent state are
presented by using secular approximation. Our results show that the effective exciton-exciton interaction leads
to the appearance of collapse and revival of the light intensity. The revival time is twice compared the coherent
state case with that of the number state. The dissipation of the exciton-polariton lowers the revival amplitude
but does not alter the revival time. The influences of the detuning and the phase-space filling are studied. We
find that the effect of higher-order exciton-photon interaction can be removed by adjusting the detuning.
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[. INTRODUCTION space filling effect should be taken into acco(iht]. It is
well known that these complex nonlinear interactions lead to

With the development of crystal growth techniques,parametric amplification of an incident light from the micro-
people now can fabricate multi-dimensional confined nanocavity [12-15.
structure materials, such as quantum wells, quantum lines |n Refs. [16-1§, the authors studied the effect of the
and quantum dots. Some interesting phenomena not olnlinear interactions on the fluorescence spectrum of exci-
served in bulk material may take place within these systemsons. The deviation of high density excitons from the ideal
The optical properties of a microcavity containing semicon-hoson model was investigated by introducing the concept of
ductor quantum wells have been studied intensely in the r%_deformed excitonﬂ?]_ With the achievements of previous
cent yeard1] since the first observation of polaritons split- works mentioned above, it is natural to investigate the effects
ting in the strong-coupling regimg2]. The concept of the of the exciton-exciton interaction on the light intensity from
exciton-polariton was originally proposed by Hopfi¢8]. I the semiconductor microcavity. Our previous work shows
an infinite bulk crystals, the exciton is dressed by a photonhat the nonlinear interaction will lead to the appearance of
with the same wave vector to form a stable polariton due tollapses and revival&CR9 in the light intensity{19]. Com-
the transitional symmetry of the total system. paring the initial coherent state case with that of the number

It was shown that, for sufficiently small decay rategof  state, the revival time is twice. However, in our obtaining the
the excitons andy. of the photons, the coherent exciton- simple but interesting relationship, we ignored some impor-
photon interaction gives rise to a periodic exchange of entant effects, such as the effects of the quantum dissipation
ergy between the exciton and the photon modes. Thereforgyocesses, the higher-order exciton-photon interaction and
the emission from the microcavity will show Rabi-like oscil- the detuning between the exciton and photon modes.
lating behavior{4—7]. By regarding the excitons as a boson  |n this paper, we study further the coherent dynamics of
(i.e, harmonic approximatigrand neglecting exciton-exciton the coupled exciton-photon system in the semiconductor mi-
interaction, i.e., within the completely linear regime, theoret-crocavities. The effects not considered in our previous paper
ical calculation of the light intensity gave a good agreementyill be taken into account. We would like to answer the
with the observed time-domain emission from the microcav+ollowing two questions(1) Does the relationship of double
ity [5,8]. Other effects, such as disorder-induced inhomogerevival time still hold after the consideration of these effects?
neous broaden of the excitorfS] and the influence of (2) how can we keep the relationship? This paper is arranged
squeeze vacuum of the photdi$] were also shown to have as follows: In Sec. II, we give a general theoretical model of
a strong influence on coherent dynamics of the excitonthe interaction between a single-mode cavity field and the
photon coupling in microcavities. exctions. We present the approximate time-evolution opera-

Besides the coherent interaction between the excitons angrs by using the so-callesecular approximationin Sec. Il
the photons, nonlinear interaction between the excitons maghe time-evolution of light intensity is calculated for the case
play an indispensable role on the coupled exciton-photofhat the excitons are initially in a number state a coherent

system. In fact, the harmonic approximation is valid for thestatg and the photons are in a vacuum. Finally, a brief sum-
case that the exciton density is much lower than the Motinary and conclusion are presented in Sec. IV.

density, i.e.,nexa2X$ 1072, wheren,, is the exciton density
and a., is the two-dimensional Bohr radius. If the exciton
density becomes relatively higher, the ideal bosonic model of
the excitons is no longer adequate. In this case, some re- The system we studied is a microcavity containing a
sidual Coulomb interactions among excitons and the phaseemiconductor quantum well embedded in a high finesse

Il. THEORETICAL MODEL
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cavity. We assume that the cavity and the quantum well are p,(t) = —va(t) + ub(t),
ideal, and they are in an extremely low temperature situation.
The quantum well interacts with cavity field via exciton, p,(t) = ua(t) + vb(t) )

which is an electron-hole pair bound by the Coulomb inter-
action. The exciton and the photon modes are quantizewhereu andv are Hopfield coefficients for the exciton and
along the direction normal to the microcavity. We will con- cavity modes, respectively. We assume that the coefficients
sider the lowest-order mode in this direction. The excitonsre real and positive. The requirement of canonical transfor-
with in-plane wave vectoK may only be dressed by the mations of Eq(2) yields u?+v?=1, that is
photons with the same wave vector due to the transitional [ppl=a. forij=1,2 3)
invariance in the plane of the microcavity. Pippl=a forhy=L4.2.

To further simplify the model, in this paper we will con- The inverse transformations of E() are
sider only one mode of photons with wave vecdtor0 and

frequencyw, very close to the lowest=1s exciton energy b(t) = upy(t) +vpa(t),
level [11,2Q. In fact, at extremely low temperature, the ther-
mal momentum of the excitons is so small that the thermal- at) =upy(t) —vpy(t). (4)

ized excitons can be neglectgl7,1§. Combining the above Substituting Ea(4) into the linear parts of Hamiltoni
considerations and neglecting the spin degrees of freedo ubstituting Eq(4) | ! P litoniacd),

. : P e get
one can write an effective Hamiltonian for the coupled g
exciton-photon system 441,2Q Ho= >, wjp;rpj, (5)
i=1,2
H=Hg+ Hy = wa'a+ we,b'™b + g(a'b + b'a) + Ab’b’bb where

_R(htht iyt ,
B(b'b'ba+a'b'bbh), (1) wj:%[wex"'wc"'(_ 1IA] forj=1,2, (6)

whereb'(b) are creatior(annihilatior) operators of the exci- ~are the lower-branctj =1) and upper-branctj=2) polariton

tons with frequencyw,,, anda'(a) are the creatioriannihi-  energies, respectively, ant= w,~ w,= V& +4g? is the split-

lation) operators of the cavity field. We assume that both ofting energy of the two polaritons. The detuning between the

them obey the bosonic commutation relatiinb']=[a,a’]  cavity mode and the exciton mode ds w.- we,. In Eq. (5),

=1. The third term stands for the exciton-photon interactiorve have let

with coupling strengthy, which is larger than the nonlinear Suv = g(U2 - v?) 7)

interaction coefficient®\ and B. The fourth term describes ’

the effective exciton-exciton interaction due to Coulomb in-to cancel the nondiagonal terms k. This condition plus

teraction. The higher-order exciton-photon interaction, thehe requirement of the canonical transformationp;afspire

fifth term, represents the phase-space filling effects. Fous to define

small in-plane wave vectors of the excitons and the photons,

the nonlinear interaction constant$\26Ryexa§X/S and B

=g/(ns,S), whereRy, is the binding energy of the excitons, and tan?=-2g/ 8. Substituting Eq.(4) into the nonlinear

S the quantization area, and,=7/(167a2,) the exciton parts of Hamiltonian(1), one can obtain the effective

saturation density13,21. The ratio of the exciton-exciton polariton-polariton interaction term. Therefore, we may write

interaction constanA and the phase-space filling factBr  the total Hamiltonian(1) in terms of the polariton operators

may be determined by a degenerate four-wave mixing exas

periment[22,23. In this paper, we assume that these two

u=sinf, v =co%, (8)

parameters are real and positive. Heft= 2 P} Pj + APipip1Ps + AxoDIPIPPy
The dynamical evolution of the two-mode boson system =12
described by Eq(1) cannot be calculated in an exact way + 2A.,01PIP2P1 (9)

due to the presence of nonlinear interacttdg . Some ap-

proximations will be involved in the theoretical calculations. Where

In Refs.[17,18, the eigenvectors and eigenvalues of the to- A= U(AU+2By), An=uv3(Av - 2BU),
tal Hamiltonian(1) were solved by using first-order pertur-
bation calculations. Recently, we restudied the dynamics of A n2_ 2
the total system by using un-perturbation calculatifi@j, A12= Aoy = 2W[Aw = B =09, (10

in which, however, the effects of the phase-space fillingin Hamiltonian(9), we have neglected some terms propor-
terms ant_:l the detuning betw_een the cavity m_ode and t_heonal to plpip.p,, Pipip:P, and their Hermitian conjugate
exciton eigenmode were not included at that time. In thisterms, which describe scattering processes between the two
paper, we take into account both the terms mentioned abovgolariton branches and destroy particle-number conservation
and quantum dissipation processes due to the coupling withwithin each polariton branch. For the case of strong-coupling

continuum phonon mode. with the relatively largery, the energy gap\ between the
Note that the linear part of Hamiltonidaft) may be diago- two polariton branches becomes larger, so one may safely
nized by introducing two polariton operators: adopt the so-calledecular approximatiorf20,24 to ignore
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the particle-number-nonconservation scattering channels. lwhere(N) is the initial excitation number in the microcavity
some Refs[25,2G, the authors calculated dynamics of a and @ is defined in Eq(8). In Eq.(13), we have introduced
two-component Bose-Einstein condensate system by usingie Schwinger’s angular momentum];.:%(b’fb—aTa) and
the so-called rotating-wave approximatigRWA). Physi-  the ladder operatad,=(J )'=b'a, so

cally, the essence of RWA is the same with the secular ap- -

proximation, which is valid in the regime of weakly nonlin- p]-TpJ- =N/2 + (- 1)l 2%y e2 Ny
earity [24,19, i.e.,A,B<qg.
From Hamiltonian(9), one may find that the polariton pip,=— e 2%y e? %y, (14)

number operatorp;r(t)pj(t) of each branch are the constant

of motion, i.e.,pjT(t)pj(t):pjT(O)pj(O):const. Thus, the total whgre the total particle number operatdrcommutes with
particle number operatd¥=3; pTPj:aTa+bTb is also time-  the introduced angular momentum operatjf'=x,y,2). In

independent. The formal solutions of the Heisenberg equdn€ derivation of the final form of Eq13), we have also
tions for the polariton operatoys(t) are used a relation

, e? % exgAe 2,62 Py ]e 2 My = ex\J,].

PO =exp) —if oj=iyf2+ 22‘1 Aikplpk tre (1D After the introduction of the angular momentum operators,

- any quantum states of the coupled exciton-photon system

wherey; (y,) is the natural linewidth of the loweruppery  can be written in terms of the angular momentum states

branch of the polaritorf13]. These two parameters can be |j,m)=(b")*™(@")i=m//(j+m)! (j-m)!|0), which is a direct

measured in the reflectivity spectrum of the microcaj2yj. product of two number states witl- m excitons in the quan-

In Eqg. (1), the initial time operatorgsay, p;(0)) have been  tum well andj—m photons in the cavity, respectively.

written in the compact forngp;). From now on, unless we

specify otherwise, all the compact form operators stand for

the operators at=0. Althoughp;(t) and its Hermitian con- A. Number state case

jugate contain time-independent prOdUDiﬁlk,. the solutions If the excitons are initially in a number state(0))ey
of some measurable quantities are not trivial. In the follow-=|\)_, and the photons are initially in vacuum state, then the
ing of this paper we will devote ourselves to calculating thejnitial state of the total system can be written in terms of the
light intensity. Some novel physical results will be presentedgngylar momentum states p%0))=|j,j) with j=N/2. Sub-

IIl. COLLAPSE AND REVIVAL OF THE stituting this initial state into Eqg13) and(12) we get
EXCITON-POLARITON EMISSION N

_{ Memte—(n’f YU221(A11-A1) (N-1)t
2 2

N .

The oscillating emission from the microcavity was previ- le(t) = Esmz(za) N
ous demonstratefb,6]. By using the harmonic approxima-
tion, the theoretical calculation of the light intensity gave X [sir? 0+ cog ge? @z ArAtiN-1 4 ¢ c.}, (15)
results that are in good agreement with the observed time-
domain emission from the microcavif$]. In our previous
paper[19], we showed that the influence of the nonlinear
exciton-exciton interaction can result in collapse and revival‘<
of the light intensity. In this section we will continue our _ ‘ i \v2 S\ p\im
calculations to study the effects of detuning, phase-space fill-  dl (¢) = (- 1)1"“(, ) (cos—) (sin—) )
ing and quantum dissipation processing on the light intensity. ’ J+m 2 2

For a given initial statéy{(0)) of the system, the intensity

of the light field1.(t)=(y(0)|a’(t)a(t)|4(0)) can be obtained

where we have used the matrix elemendﬁmm,(d))
j,mlexp(-i¢J,)|j,m’) and the relations

, _ sin(d>/2)<j +m+ 1)1/2 -
as d}m(d’) - COS((ﬁ/Z) J -m d}m+1(¢))
(1) = UXplpy) + vXpipy) — U [(PL(B)P,(D) + c. d, (120 If we consider the resonant cadeO0 (i.e., =7/4), Eq.(15)

where(...)=((0)|...|#(0)). The initial state of the exciton- may be reduced as

photon system is assumed [@&0))=|4(0))ex® |O), i.€., the N

photons are initially in vacuum state. From E2), we find lo(t) = P 1-cog[2g+B(N-1)]t}

that only the last term is time-dependent so we need to cal- N

cuIate(pI(t)pz(t». With help of Eq.(11), we obtain % [m{ﬁ_\t)} e—(71+72)t/2}_ (16)
(Pl po(1)) = e 2 ParAealtg(wrmwrig-(nt72)V2 2

From Eq.(16), we find that, besides the coherent exciton-
photon oscillating term, there are two additional terms, i.e., a
= — @2 (AP (N2t (wy-wtg=(y1+y)t12 slow-varying part{cogAt/2)]N"! and an exponential decay
. . . . term. The appearance of the envelope function in @)
—2i6J A15-Aq1)J Aq15-Ar0) It S2i 6]
X (g2 hed Al e Pz had e ty), will lead to the CRs of the light intensity. To see more
(13 clearly, we plot Eq(16) in Fig. 1 forN=2 andN=11. In the

X (€A (M1Ar) pIplth p,e?(A1zA22) p;P2t>
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FIG. 1. Light intensity for the number state case as a function of  FIG. 2. Light intensity for the number state case as a function of

time t. Time is in units of 14 and light intensity is in arbitrary
units. The parameters amg=1000y, A=0.01g, B=0, and §=0.
Starting from the topia) N=2, without dissipationib) N=2, y

time t, obtained from Eq(15). Time is in units of 14 and light
intensity is in arbitrary units. Other parameters grel000y, A
=0.01g, andN=10. Starting from the top(a) 6=0.29, B=0; (b) ¢

=1; (c) N=11, without dissipation¢(d) N=11, y=1. =0.29, B=0.3A; (c) 6=0.4g, B=0.3;(d) §=0.69, B=0.3A.

figure, purely from the viewpoint of theoretical consider-
ations, we také\(B) ~ 0.01g to satisfy the requirement of the
weak-nonlinearity andy;=v,=vy~0.001g. We find that the
phenomena of CRs become more pronounced with the in-
crease of exciton number. More specially, the collapse time An excitonic coherent state as the initial state was used in
depends strongly on the initial excitation number and beRef. [5] to stimulate the linear model solutions with their
comes smaller with the increaseldf The temporal decay of experimental results and exhibited good agreement. So we
the polaritons will result in the reduction in the revival am- continue our calculations for the coherent state case. The
plitude but does not alter to the revival time, which may beconerent state is characterized py: \J’Wexp(i #) with the

determined only by the exciton-exciton interaction constant, ; —| 2 it

verage exciton numbéN) = and the initial phasep. It
A (see Ref.[19)). For the resonant case, the ph‘fjlse_SpanhouIc(‘;J be pointed out fh;t t|fe| definition of eintoni(if:5 coher-
filling factor B may only change the energy oscillation fre- P

quency[see Eq(16)]. However, what we considered here is ent state as the eigenstate of_ the annihilatic_)n operator of the
the weak-nonlinearity, that iBIB<g, so the effect ofB is e?<C|tons may V\(ork well only in the Iow exciton density re-
very small. gime [29]. This is because th_e expansion qf a coherent_ state

It should be pointed out that at present experimental conl the number state space will involVi)e, with large exci- -
dition the linewidth-to-Rabi frequency ratig/g is about 0.1  tons number, which may destroy the weakly nonlinearity
[27]. Under such conditions one cannot observe the reviva$onditionNA,NB<g for the fixedg andA. However, in the
of the light intensity within the lifetime of the polaritons. In following discussions, we restrict ourselves to the weak-
order to lower the ratio one may improve the Rabi frequencyexcitation case with smaller average exciton numkghljsso
As we known, the Rabi frequency measured in a IlI-V one can still approximately describe the quantum coherence
(GaA9 based microcavity structure can be 9.4 m@g|. natures of the exciton systems.

The influences of the detuning and the phase-space filling The initial state of the total systefg{(0))=|8)eJ0); can
are investigated in Fig. 2. For the resonant case, the lighte written as
intensity will oscillate up-and-down around the center point
N/2. However, the nonresonant coupling between the exci-
tons and the photons will lead to the whole curve becoming
lower, i.e., the center line becomes more closer to the hori-
zontal axis. Besides, the revival time becomes longer with
the increase of the detunning. Comparing Figé) 2vith
2(a), we find that for the casé+ 0, the factoB will further
increase the revival time. However, it is worth mentioning
that if 5=0, the factoB does not give any feasible change to
the revival time[see Eq.(16)]. Our conclusion is thathe  Substituting Eq(17) into Egs.(13) and(12), we get the final
revival time may be tuned by adjusting the field detuning andesult for the light intensity at time in the coherent state
the phase-space filling factor representation

B. Coherent state case

21y ,32j
[9(0)) =72, ——]j, ).

1
j=0 V(2))! (7
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' ' ‘ ' ' ‘ ing factorB can enhance the modification of time. However,
i our results show that one may remove the influencB bl
adjusting the detuning. In fact, for the resonant case, the

double that of the number state is also valid.
W v To our knowledge, the CRs of Rabi oscillation in the
atom-cavity system has been studied intensely, and it can be
. . . . described by the Jaynes-Cummings md86€.,31. When the
| single-mode cavity field is initially in a special stateay,
W ! ] coherent staje the population of the atom will exhibit CRs
- - due to the Rabi oscillations being modulated by different

2
1
0
2
1

conclusion that the revival time for the coherent state being

Intensity

1

; ; ; ; mode frequencies. The CRs of the emission from the micro-
L cavity in the linear regime was studied in RE32]. In their
mr | experiment, the origin of the CRs is due to quantum beat
b o2 02 06 o8 1 12 12 15 1s aroused from the.strong coupling of j[he heavy-hole exc;itgn
Time (17y) and light-hole exciton state to the cavity photon state. Within
o . _ these two systems mentioned above, linear interaction be-
FIG. 3. Light intensity for the coherent state case as a function, aan the matter field and the light field plays a prominent
of time t. Time is in units of 1/ and light intensity is in arbitrary . . .
. role in the appearance of the CRs. The creations of CRs in
units. Other parameters age=1000y, A=0.01g, B=0, and §=0. . . . .
From top to bottomia) (N)=2, without dissipation(b) (N)=2, y ns?;“?ﬁar Slyf.temslj] SUCE 6:5 the ?On“near ﬁlr.zcuonal coupler
=1: () (N)=11, without dissipation(d) (Ny=11, y=1. [33], the relative phase be ween two superfluids or supercon-
ductors[34], and the population imbalance of a two-mode
Bose-Einstein condensatg25,26,35-3B have been also

1

0
0
5
0
0
5
0

I.(t) = @sinz(ze) studied. Here in our paper, the emission of the high-density
2 excitons in a quantum well embedded in a single-mode cav-
(N) | sir?(26) ity is also found to exhibit CRs due to nonlinear interaction
oy Te‘Ate‘<71+72)t’2e‘(“11‘A22>(<’\‘>‘1)‘e‘<N> between the excitons.

X exf(N)e (PArz-ArrAz)t
IV. CONCLUSION AND SOME REMARKS
X (sir? 6+ cog ge? Priz Aot ] + ¢ c}, (18)
In summary, we have studied the emission of a semicon-

For the case5=0 (i.e., §=/4), Eq.(18) may be reduced as ductor microcavity. By treating the excitons as a single-mode
' ' boson, i.e., the harmonic approximation, the analytical ex-

(N) pressions for the light intensity are derived both for excitonic
le(t) = 7{1 - co$(2g+B((N) — D)t] number state and coherent state. The effects of the detuning
of the light field from the exciton mode, the high-order
X @ ANSIP AV g-(r1+7)U2) (199  exciton-photon interaction and the dissipation are taken into

o account with the help of the secular approximation. The time
where the initial(absolutg phase of the coherent stage  ayojution of the light emission is shown to be quite different
does not appear in the light intensity. We find that the envepetween the number state and the coherent state cases. For
lope function for the coherent state &2NST(AU) which  the former one, the revival periods of the oscillations are
may also lead to the CRs of the light intensity. However,27r/A. Whereas, for the excitons in a coherent state the re-
unlike the number state case, the revival time3glw/A,  vival periods are 4/A. The temporal decay of the exciton-
which is twice that of the number state cdsemparing Figs. polariton lowers the revival amplitude but does not modify
3(a) and 3c) with Figs. X&) and Xc)]. Moreover, the phe- the revival time. However, the influences of the detuning and
nomena of CRs with a small average exciton number aréghe phase-space filling may change both the time and the
more pronounced for the coherent state case than for themplitude. How can we exclude these complex modifications
number state case. In fact, the CRs can be visible even faind investigate only the quantum effect of excitonic states?
(N)<1 due to the quantum superposition properties of theDur results show that, for the resonant case, the revival time
excitonic coherent state. It is the same with the number statis very insensitive to the changes of the faddoaind the time
case, i.e., the results of Figs(b3 and 3d) show that the is determined only by the effective exciton-exciton interac-
decay term lowers the revival amplitude but does not modifytion. We expect that our theoretical study of the phenomena
the revival time. of collapses and revivals would be helpful in practical ex-

The influences of the detuning and the phase-space fillingeriments to measure quantum states of excitons.
for the coherent state case are also studied. Our results also Finally, we would like to emphasize that, in our theoreti-
confirm that the detuning will change the revival time andcal treatment, the critical requirement of the CRs is the non-
the revival amplitude. At the same time, the phase-space fillinear exciton-exciton interaction but not the single-mode
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approximation. In fact, treating the excitons as a single-mode ACKNOWLEDGMENTS
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