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Semiconductor-cavity QED in high-Q regimes: Detuning effect

Yu-xi Liu,* N. Imoto 23S, K. Ozdemir}? Guang-ri Jirt and C. P. Suh
The Graduate University for Advanced Studies (SOKEN), Hayama, Kanagawa 240-0193, Japan
2CREST Research Team for Interacting Carrier Electronics,
Hayama, Kanagawa 240-0193, Japan
SNTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi, Kanagawa 243-0198, Japan
YInstitute of Theoretical Physics, The Chinese Academy of Sciences, P.O. Box 2735, Beijing 100080, China
(Received 6 June 2001; revised manuscript received 3 August 2001; published 4 January 2002

The nonresonant interaction between the high-density excitons in a quantum well and a single-mode cavity
field is investigated. An analytical expression for the physical spectrum of the excitons is obtained. The spectral
properties of the excitons, which are initially prepared in the number states or the superposed states of the two
different number states by the resonant femtosecond pulse pumping experiment, are studied. A numerical study
of the physical spectrum is carried out and a discussion of the detuning effect is presented.
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[. INTRODUCTION It is known that the interaction between the light and these
microsystems occurs via the excitd®,7] which is an
The optical properties of the semiconductor structureglectron-hole pair bound by the Coulomb attraction. The ra-
have been the subject of intensive experimental and theorefiation of the exciton exhibits the super-radiant character.
ical investigations during recent years. Technical progress ifhe initial theoretical[12] and experimenta[13] studies

the semiconductor crystal growth has made it possible tyvere focused on the super-radiance of the Wannier excitons

. . . . in semiconductor microcrystallites. Then, the super-radiance
control semiconductor structures in all three spatial dimen- y P

) ; - : of the Frenkel excitons was observedJimggregates at low
sions. Experimentally, physicists can fabricate the quamu"t]emperature[l4,13. In 1995, the super-radiance of high-

wells, in. which a thin .semi(.:onducto'r film is sandwiched be'density Frenkel excitons in a R-PhycoerythtR-PB single
tween different materials via heterojunctions so that the Mgy qtaj was observed at room temperature for the first time
tion of carriers is confined in th_e two-d|men_3|0nal_thln-fl_lm [16]. We have studied the spontaneous radiation of the Fren-
plane. This confinement of carriers to two dimensions givege| excitons in a crystal slab under the condition of low
rise to new quantum effect not observed in bulk materialsexcitation with an exactly solvable model and show its su-
for example, an electric-field-induced energy shift of theperradiance naturd17]. We have also discussed the
resonance, which is called the quantum-confined Stark effe¢uantum-statistical properties of the output field and the
[1]. Multidimensional quantum-confined structures, such asemiconductor QED for the high-density excitons in a semi-
quantum wires and quantum dots, are expected to furthetonductor microcavity{18,19. In the former works, our
improve the quantum effect of the optical devices. Experi-main interest was the resonant interaction between the exci-
ments have shown that the confinement of carriers in thes@ns and the cavity field. But we know that the detuning
low-dimensional semiconductor structur@SS's) can re- between the cavity field and the exciton always affects the
sult in novel optical-electronic effects, which may lead toradiation properties of the exciton in the quantum \j20].
fabrication of new optical components. Some new fascinatSo in this paper we will discuss a general model of the in-
ing achievements in the areas, such as semiconductor micrégraction between the high-density excitons in a quantum
cavity (SMC) quantum electrodynamicéQED), quantum-  Well and a single-mode cavity field. _
dot microlaser and turnstile devide], quantum computer " Sec. Il, we give a general theoretical model of the
with quantum dof3,4], and semiconductor random lagi nonresonant interaction between a smg!e—mode cavity field
etc., encourage the study of optical-electronic properties o?nd the excitons. By virtue of Schwinger’s representation Of
these microstructures. the angular momentum using two_boson modes, we approxi-
The present trend toward smaller-scale nanostructures a ately obtain the analytical solution of the system. In Sec.

the continuous development of new and improved materials ’ the_ stationary physical spectrum of the excitons, which

have started a steady progress towards fabrication of mol& € |n_|t|aIIy in the number state or the superposed state of
ideal optical microcavities. If an LDSS is placed in an SMC,tWO different nu'mber states, is presented. A comparison of
the optical mode structure of the SMC will change aroundthese re_sults W|th_those of the resonant cases will be also
the LDSS. Using this effect, many interesting phenomena_g'ven' Finally, a brief summary and conclusion are presented
such as tailoring the spontaneous-radiation pattern and ratd Sec. IV.
[8—10], the coupled exciton-photon mode splitting in a semi-
conductor quantum microcavityl1l], have been demon-

strated. Therefore, the investigation of optical properties of
an LDSS placed in a semiconductor cavity is very important In this section, we present a theoretical model to study the
and necessary for theoretical and experimental physicists. interaction between a quantum well and a single-mode cavity

Il. THEORETICAL MODEL AND ANALYTICAL
SOLUTION
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field. We assume that the cavity and the quantum well ar@ising the ladder operatoes’, a of the cavity field and the

ideal, and they are in an extremely low-temperature circuMexciton operators!, b. It is obvious thalN is the constant of
stance. The quantum well interacts with the cavity field viamotion with respect to the Hamiltoniail). Then the total
the eXCiton, which is an electron-hole pair bound by the COUangu|ar-momentum Operator can bhe expressed as

lomb attraction. At extremely low temperatures, the thermal

momentum of the excitons is so small that the thermalized

excitons can be neglected. Then there are only excitons with s . o N
zero in-plane momentum. It is well known that when the F=hry+d=5
density of the excitons becomes high, the ideal bosonic

model of the excitons is no longer adequétethe case of a ) ) )
GaAs quantum well, the ideal bosonic model becomes inadEOr any fixed total particle numbeY, the common eigen-
equate when the density of the excitons exceeds 1.5tates ofJ? andJ, are

x10°cm~? [21]) for a theoretical study. However, we can

N-1—1
2

: 4

describe exciton operators as hypothetical bosonic operators. (ahi+mptyi-m
In order to deal with the deviation of the exciton operators ljim)=— _ |0), (5)
from the ideal bosonic operators, we introduce an effective v +m)E(j—m)!

nonlinear interaction between these hypothetical ideal

bosons to correct the high excitons density effe22,23.  \.ith the eigenvalueg=A72, andm=A72,...\72, whereljm)

These cqnsiderations Ieaq to .the.following Hamiltonian aftery o the Fock states with+m photons in the cavity ang
the rotating-wave approximation is maf9,22:

—m excitons in the quantum well, respectively. Although
+m must be integerg,andm can both be integers or both be
H=Ho+H’ (1) half-odd integers. If we define

with
Q=301+ ®y), A=3(w1—w)), (6)
Ho=Aw,a’a+%w,b’b+hg(a’b+b'a), (2a)
then Eq.(2a) can be simplified to
H'=%Ab'b'bb—%v(a’b’bb+b'bTab),  (2b)

— ; R —i63,1 ifd
whereb®(b) are the creatiortannihilation operators of the Ho=AON+AG(sIN0J,+c0s0J;) =AN+AGe e (7y)
excitons with frequencw,, anda'(a) are the creatiottan-
nihilation) operators of the cavity field with frequeney; . _ R
We assume that both of them obey the bosonic commutatioim terms of an SC8B) rotation €' > of ZQN+#G(sin 6,
relation [b,b"]=[a,a']=1. g stands for the interaction +cos6l,) with G=A%+4g? and tans=2g/A. The eigen-
strength between the cavity field and the excitohsepre-  functions and eigenvalues of Hamiltonidi) are, respec-
sents an effective interaction constant between the excitonsively,

Ais assumed as a positive-real number, which means that the

biexcitons are not stable in this system of the quantum well. © . ©

So, it is reasonable to consider that only excitons are present [¥im)y=e"""Yjm),  Ejn=A(NQ+mG). 8
in the quantum well.v is a positive real number that de-
scribes the phase-space filling factor. The ratio of the phas
space filling factor to the interaction constant of the exciton
is abouty/A=0.3 [24]. For the sake of simplicity, we as-
sume that the parametefsand v are of the same order, or
A?< . In that case, it is convenient to give the solution of
Eq. (28 using Schwinger’s representation of the angular mo-
mentum for two-mode bosonic operatofg5]. Angular-

8 is clear that eigenfunctiohwj(%)) represents a dressed ex-
%iton state or a polariton state. Based on EB), using per-
turbation theory and keepin§ and v parameters up to their
first order, we obtain the eigenvalues of the Hamiltonian

momentum operators can be constructed as Eim=E|m +(im|e'™H’e™""%|jm), (CE)
Lot T Lo T and
Jy=3(a'b+b a),Jy=E(a b—b'a),
_liata—p! (W IH iRy
3=H(ala-bb), 33 =l 2, g L) o

and total number operator as

R In order to obtairg;, and| ¥jk), we first calculate the matrix
N=a'a+b'b, (3b) elements of the perturbation term as follows:

023805-2



SEMICONDUCTOR-CAVITY QED IN HIGHQ . .. PHYSICAL REVIEW A65 023805

2

(PRH [ dy=h (j—m—=2)(j —m) &, m+A[A(siNG)2— v sin 26](j2—mM?) 6 m

A / 4+ ing /
cos; | +vsing) cosy

2+ v )
E(sme)

5 > (=mGFm) (= m+ 1) 8y m-1

[ 2
0
+h A( cos—) sinfd—v cose( COSz

(A v
+h| 7 (sin 0)%— ZzSin20 NG+m)(G+m=—D)V(j—m+1)(j—m+2)8, m_2

2
— v Ccosé

2+V ing)2
2(sm)

0
cos;

> NG=m)(j+m+1)(j—m=1)8, m+1

+#|Asin 0( cosi

. 5 VG m(G=me D+ m=1) 6 m 1

[ _6\? 6\ v 5
+#A|Asinf| sinz| —vcosd| sins —E(sma)

14

> (sinf)?

[ 6\? 6\?
+#|Asin 6( sin—) —vcos&( sin—)

2 2 \/(j_m)(j+m+l)(j+m)5n,m+l

VG+m+1)(+m+2)V(—m)(j—m—1)8, ;s 2

1|2 singy?— Lsin20
_Z(sm ) —Zsm
2

> (G+m(+m=1)6ym, (10

et [ 6
+#|A|lsinz| —vsing smz

and then write the eigenvalues of the Hamiltoniadhas t t _
S(w)=27f dtlf dtexd —(y—iw)(t—tp)]
Ejm=AQN+AGm+h[A(sin6)— v sin 20](j*—m?) 0 0

4 0 2 XeX[{—('y+|w)(t—t1)]G(tl,t2), (13)
+h| A cosE +vsin6(cos§) (j—=m=1)(j—m) _ _ _
where vy is the half-bandwidth of the spectrometer, anid
9\4 0\2 the time length of the excitation in the cavitg(t,,t,) rep-
+h A(sinz) —vsin 6( sinz) (j+m)(j+m-—1). resents the dipole correlation function of the excitons and is
defined as
11

G(ty,t2)=(¢(0)|B(t2)B(ty)|#(0) (14
All the eigenfunctions of the Hamiltoniafl) can be easily 12 = | 2 ol )
obtained using E¢(9b) and Eqs(8) and(10). Then the time  with the initial state|4(0)) of the system, andB'=b'

evolution operators of the system can be written as —vb'b™d (B=b—vb'bb), where the second term comes
© from the correction of the phase-space filling eff¢28].
_ —it(E Taking into account the fact tha(t)=UT(t)bU(t), we can
_ o (UA)HE_ it(Eim /A /. ] g
U=e ,2::0 m;j e " P im){( Yiml- obtain the correlatioi(t,,t,) as

12

L _ G(t1,t2) =(4(0)[UT(t2)BTU(t) UT(t) BU(ty) | 4(0))
Consequently, for any initial stateéy(0)), the time-

dependent wave function can be obtained [agt)) _ ptt ) )
=U(t)|(0)). j‘k;m’n (Wi B [them) el Bl ) 9(0) [ 1)
X<¢jn|¢(O)>ei“’j|‘kmt2e_iwjn,kmtl (15)

Ill. RADIATION SPECTRUM OF EXCITONS

Under the condition of ideal cavity, ideal quantum well, With wj; ym= (Eji — Exm)/% and oj, xm= (Ejn—Exm)/fi. Itis
and extremely low temperature, both the excitons and thevident thaf is determined only by the initial state/(0)).
cavity field have zero linewidth. The assumption of idealThen the stationary physical spectrum can be written as
guantum well is important to eliminate the linewidth of ex-

citons that may be caused by the fluctuations of the quantum 2y
well. So the only broadening mechanism comes from the S(w):,- gm Yo+ (0= o) km)”
detecting spectrometer for which the physical spectrum can o I

be defined a§26,27 X IO | 2 1B ey |2 (16)
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. . . FIG. 2. S(w) are plotted as a function of the frequeney- Q)
FIG. 1. 1000 times the difference between the heights of twop g=5meV, Alg=0.6, y=0.01meV when(a) »=0 (dashed

peaks(dotted ling, and the difference petween positic(ss_lid line) line), and(b) »/A=0.3 (solid line).
of two peaks are plotted as a function of the detunindor y
=0.01,g=6 meV. 0= w—0=—-G/2 andw,= o —Q=G/2. . .

9TBMmeV. o= e andw,=e difference between them become larger due to the detuning
In order to fulfill the condition(m’j’|BT|jm>¢0 both j’ effect. With the increase df, the height of the peak locating

—j+1andm’=m- % must be satisfied. According to the at O+ (G/2) reduces gradually, whereas the height of the

; - peak at() — (G/2) increases. From E@L8) and the condition
above selection rule, EqL6) can be rewritten as tanfd=2g/A, it can be derived that i\ and the coupling
2y constantg satisfy the conditiomA>2g, then 6~0, which
S(w)= E > 5 means the physical spectrum has approximately one peak. It
iTm ¥+ (0= o) - (12m

is seen in Fig. 1 that whea=10g, the difference between
N2 BT 2 the heights of the peaks becomes constant. A further analysis
Ol BT wam) % (A7) will reveal that at those values df, the height of the peak
The eigenvalues determine the position of the spectral condocated at() +(G/2) becomes very close to zero, therefore
ponent and|(¢(0)| ;|2 (w;|B'|#;_yam|? determines the the spectrum can be interpreted as having a single peak.
intensity of the spectral lines. The above spectral formula is With the increase of the pumping power, the emission
similar to that of Ref[19]. spectrum of the system becomes complex. The simplest non-
In the following, we will consider that the system is ini- trivial example, for which the nonlinear terms play a role in
tially prepared in the bare-exciton state using the resonarthe physical spectrum, is obtained when the quantum well
femtosecond pulse pumping methi@9]. For simplicity, we  has initially two excitons and there is no photon in the cavity.
assume tha = 1, so that all frequency quantities have a unitIn that case, the physical spectrum fro¥fi=2 to N=1 be-
of energy. Moreover, we impose that initially there are nhocomes
photons in the cavity. Then for a system, which is initially

prepared in the single-exciton state, the physical spectrum 2y

from AN'=1 to A’=0 can be simplified to S(w):LEm m|<¢(0)|l//1|>|2|<¢1||BT|¢//1/2m>|2
6\ 64 (19
2'y( sin—) Zy( COS;
S(w) 2 ,+ 2 , With w;m=wq 1om. We know that there are three and two

dressed exciton states faf=2 and A= 1, respectively. Ac-
cording to the selection rule, there should be six peaks in the
(18) physical spectrunil9).

Figure 2, which is drawn using Eq19), depicts the ra-
which has double peaks located &+ (G/2) and () diation spectrunS(w) of the excitons as a function of the
—(G/2). ltis clear that the phase-space filling factor and thefrequency differencew—{) under the resonant condition
interaction between the excitons, which are the results of thavith or without considering the phase-space filling factor. In
multiexciton presence, do not affect the physical spectrum obrder to give a clear picture, the natural logarithm of the
this system. physical spectrum is plotted in Fig. @ Figs. 3 and 6, as

Figure 1 depicts the effect of the detuningon the rela-  well). It is understood that the phase-filling factor does not
tive heights and the positions of the two peaks in the specaffect the line profile of the spectrum, but changes the
trum of the system described by E(l8). The difference heights and the positions of the peaks. So in the following
between the heights of the two peaks in the physical speaumerical results, we have neglected the phase-space filling
trum is zero whem\ =0 (resonance cageThis profile line is  effect.
observed for two-level atomic systems, too. In the nonreso- Figure 3 clarifies that the detuning between the cavity
nant case, peaks have different heights and the frequendield and the excitons changes not only the positions of the

y2+ w—Q+§

w—Q—g) 'yz+
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FIG. 4. Positions of peaks are plotted as a function of the de-
tuning A for y=0.01 meV,g=>5 meV, A/g=0.6. Curves, from top
to bottom, correspond, respectively, to the positions of the peaks
labeledp4, p2, P3, P4, Ps, andpg in Fig. 3a).

solved. Peakp; andpg, respectively, shift to more positive
and negative sides of the spectrum. The positiong,0énd
ps are interchanged with increasidy and after this inter-
change their relative positions are kept the same.

It is also observed that when the half-bandwidth of the
spectrometety and the coupling constant between the cavity
field and the excitons are of the same order, the number of
peaks in the physical spectruf@9 becomes two. This is
because the spectrometer cannot resolve the position of some
of the peaks. Figure 5 shows that under the conditions of the
weak interaction between the excitons, the heights of the
peaks in spectrum are equal if the cavity field resonates with
the excitons. However, for the nonresonant case, the heights
of the two peaks are not equal due to the detuning between
the frequencies of the cavity field and that of the excitons
even if there is weak interaction between the excitons.

Superposition of two different exciton states is yet another
interesting case to investigate. If we consider the excitons are
initially in the state (2(|1)+|2)) and the cavity field is in
the vacuum statf®), then the physical spectrum can be writ-
ten as

1

-22 : : : 2y
=400 -200 0 200 400 )=
o-Q (meV) S j=§(1:/2) % Y+ (0= ) - 12m°
FIG. 3. S(w) is plotted as a function of the frequenay- Q for X (O | 2 [T - ). (20)
a set of parameterg=5 meV, A/g=0.6, y=0.01 meV(a), A=2
(b), A=100(c), A=200 meV. 0.3

peaks, but also reduces their heights. The larger the detuning -
is, the stronger its effect on the physical spectrum is. As it is L>.\
seen in Fig. 3A=2 meV only slightly changes the position D
and heights of the peaks keeping their number constant. é
However, with increasing detuning up =200 meV, the
number of the peaks in the spectrum gradually decreases =01}
becausdi) the heights of some peaks become so small when 8
compared to the main peak that they can be neglected, and 2
(i) some peaks are shifted so close to each other that they »
cannot be resolved. N . 95 10 0 10 20
The variation of the positions of the six pedkabeled as 0-Q (meV)
Pi, P2.---, Pg IN the spectrum of Fig. @] of Eq. (19) is
plotted as a function of the detuninyin Fig. 4. It is seen FIG. 5. S(w) is plotted as a function of the frequenay-Q for
that with the increase in the detuning, the difference betweeg=5 meV, A/g=0.001,y=3 meV when(a) A =0 (solid line), and
p, and p; becomes almost zero so that they cannot be retb) A=2 meV (dashed ling
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5 ; ; ; state or the superposed state of the two different number
states, is presented. It is observed that for a system having a
single exciton state initially, the resonant interaction between
the cavity field and the excitons gives the results similar to
those of the two-level atomic system for which the two peaks
in the physical spectrum have equal heights. However, non-
resonant interaction results in the detuning which will
change both the amplitudes of peaks and the frequency dif-
ference between them.

It is understood that the phase-space filling effect does not
affect the line profile of the physical spectrum, but it adjusts
-15 ; s ) the heights and positions of the physical spectrum. It is also

-20 10 Q 0 Vv 10 shown that the number of the peaks in the physical spectrum
®- (meV) is reduced with increase in either the detuning quantity or the
half-bandwidth of the spectrometer. Under the conditions of
low-exciton density and the resonant interaction between the
cavity field and the excitons, if the half-bandwidth of the
spectrometer has the same order as the coupling constant
etween the cavity field and excitons, then spectrum has two
peaks of equal height. But in the case of higher exciton den-
sity or the nonresonant interaction, even if the half-
bandwidth of the spectrometer has the same order as the
simple sum of one- and two-exciton spectra. At first sight itcouphng constant between the cavity field and excitons, the
: ' two peaks have different heights due to the interaction be-

seems that it is a normal and expected result. However, if th{a ; . .
. . ween the excitons or the detuning effect. When the system is
half-bandwidth of the spectrometer increases gradually the

eaks of the physical spectrum given by E20) reduces ihitially in the superposed state of a single-exciton state and
ll‘orom eight to é)ng P 9 y two-exciton state, the resultant physical spectrum is a simple

sum of the spectra of the components of the superposition
states.

FIG. 6. S(w) is plotted as a function of the frequenay- () for
g=5meV, A/g=0.6, andy=0.01 meV.

from which it can be found that there are eight peaks in th
emission spectrum of the excitons. Figure 6 depicts the lin
profile of the physical spectrurB(w) as a function of the
frequency differencen — () under the resonant condition.

It is seen from Fig. 6 that the physical spectrum is a

IV. CONCLUSIONS
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