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Abstract : The quantum dynamics of an excit on dressed by acoustic p honons in an op tically driven quantum dot2
semiconduct or microcavity at f inite temperatures is investigated t heoretically by quantum op tics met hods . It is

shown t hat t he temperature dep endence of t he vacuum Rabi split ting is 2 2 g ×exp [ - ∑
q
λq ( N q + 1/ 2) ] , w here

N q = 1/ [ exp (ωq / kB T) - 1 ] is t he p honon p op ulation , g is t he single2p hot on Rabi f requency , andλq cor resp onds

t o exciton2p honon coupling.

Key words : semiconduct or microcavity ; quantum dot ; excit on ; Vacuum Rabi split ting

EEACC : 0220

CLC number : TN301. 1 　　　Document code : A 　　　Article ID : 025324177 (2006) 0320489205

1 　Introduction

Quant um comp utation has been shown to per2
form certain tasks much faster t han classical com2
p uters. The most important role to t his speedup is
t he entanglement due to the superposition of states
in quant um bit s ( qubit s ) [1～3 ] . But t he requisite
quant um coherence is very f ragile , and can be de2
st royed by interactions wit h t he environment or
ot her noise sources. Therefore qubit s must be suf2
ficiently isolated f rom t he environment so t hat t hey
can maintain t heir coherence t hroughout comp uta2
tion. But for quant um comp utations based on sol2
id2state qubit s , it is impossible to isolate t he qubit s
f rom lattice vibrations , even at zero temperature.
Overcoming t he obstacle arising f rom decoherence
caused by t he interaction of t he elect rons wit h the
lat tice vibrations ( p honons) and cont rolling this
decoherence have become very important . Mean2
while , in recent years a semiconductor quant um
dot (QD) embedded in a semiconductor microcavi2
ty has become a novel basic system for quantum in2
formation processing[4～8 ] . In such systems , excit2

ons in t he quant um dot s constit ute an alternative
two2level system instead of t he usual two2level a2
tomic systems. In general , t hese small quant um
dot s are characterized by st rong exciton2p honon in2
teractions[9～12 ] . Thus t he effect s of exciton2p honon
interactions and exciton2exciton interactions play
an important role in t his quant um dot2cavity sys2
tem and also make a nat ural difference f rom that in
t he usual two2level atom2cavity system. How t he
quant um decoherence due to t he exciton2p honon in2
teractions and exciton2exciton interactions affect
t he quantum information processing based on t he
QD cavity2Q ED is one of t he hottest research sub2
ject s in current quantum information science. Wil2
son2Rae and Imamoglu[ 13 ] have shown t hat for su2
per2ohmic spect ral f unctions , t he main role of ex2
citon2p honon interactions is t he reduction of t he
quant um dot2cavity coupling st rengt h. On t he ot her
hand , excitonic Rabi o scillations in single quant um
dot s have been observed in recent experi2
ment s[14～16 ] . Zrenner et al . [17 ] have demonst rated
t hat such excitonic coherent oscillations in a quan2
t um dot two2level system can be converted into de2
terministic p hotocurrent s and found t hat this can
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f unction as an optically t riggered single2elect ron
t urnstile device. The observation of such nonclas2
sical oscillations would be a first step towards
quant um information processing in semiconductor
nanost ruct ures. More recently , t hree group s have
demonst rated vacuum Rabi split tings for a single
quant um dot inserted into an optical microcavi2
ty[18～20 ] . In t his paper , we will f urther st udy the
influence of st rong exciton2p honon interactions on
excitonic Rabi oscillations in such quant um dot2
cavity systems at finite temperat ures. We find t hat
t he quant um Rabi oscillations of exciton dressed by
p honons still persist wit h a new single2photon Rabi
frequency g ×exp [ - ∑

q
λq ×( N q + 1/ 2) ] i n w hich

N q = 1/ [ exp (ωq / k B T) - 1 ] is t he p honon p op ula2
t ion , g is t he si ngle2p hot on Ra bi f reque ncy wit h2
out excit on2p honon i nte raction , a nd λq cor re2
sp onds t o excit on2p honon coup ling.

2 　Theory and analytical results

In what follows , we assume a simple two2level
model for a semiconductor quant um dot which con2
sist s of t he elect ronic ground state | 1〉and the
lowest2energy elect ron2hole ( exciton ) state | 2〉.
Such a quant um dot is placed inside a high2Q single
mode cavity. We consider t hat t his quant um dot
via t he exciton interact s wit h a single mode of a ra2
diation field of f requencyωs a nd is cohe re ntly driv2
e n by a qua ntized cont rol f ield of f reque ncy
ωc . As usual t his two2level syste m ca n be cha rac2
te rized by t he pseudosp i n21/ 2 op erat ors S ± a nd

S z , a nd t he cavity f ield ( t he cont rol f ield ) is

cha racte rize d by t he a nni hilation a nd crea tion op2
e ra t ors as ( ac ) a nd a +

s ( a +
c ) wit h t he B ose com2

mutation relation [ as , a +
s ] = 1 ( [ a c , a +

c ] = 1) . I n

t his model , we no longe r conside r t he excit on2
p honon i nte raction as a p e rt urbation , but t a ke i n2
t o account t he new eige nstates resulting f rom t he

st rong coup li ng of t he excit on wit h t he bulk a2
coustic p honons . The t otal Ha milt onia n f or t his

coup le d p hot on2excit on2p honon syste m is w rit te n

as ( Ü= 1) [ 13 ]

H = ωex ( S z + 1/ 2) +ωs a +
s as +ωc a +

c a c +

gs ( S+ as + S - a +
s ) +

gc ( S+ ac + S - a +
c ) +

∑
q

ωq b +
q b q + ( S z + 1/ 2) ∑

q

M q ( b +
q + b q ) (1)

w here ωex is t he excit on f reque ncy , g s is t he cou2
p li ng consta nt of t he excit on2cavit y p hot on , a nd

g c is t he coup li ng consta nt of t he excit on a nd t he

cont rol f ield p hot on . b +
q ( b q ) is t he c reation (a n2

ni hilation) op e rat or of t he p honon (wit h mome n2
t um q a nd f reque ncyωq ) . The last te r m is t he ex2
cit on2p honon inte raction c ha racte rized by t he ma2
t rix ele me nts M q . For si mp licit y , we also assume

t hat t he of f2diagonal excit on2p honon i nte ractions

a re negligible [ 12 ,13 ] .

We f i rst app ly a ca nonical t ra nsf ormation t o

t he Ha milt onia n Eq. (1) [ 21 ]

H′= exp ( S) Hexp ( - S) (2)

w here t he ge ne ra t or S is

S = ( S z + 1/ 2) ∑
q

M q

ωq
( b+

q - b q ) (3)

The t ra nsf or med Ha milt onia n is give n by

H′= (ωex - Δ) ( S z + 1/ 2) +

ωs a +
s as + ωc a +

c a c + ∑
q

ωq b +
q b q +

gs ( S+ X+ as + S - Xa +
s ) +

gc ( S+ X+ a c + S - Xa +
c ) = H′0 + H′I (4)

w here

H′0 = (ωex - Δ) ( S z + 1/ 2) +

ωs a +
s as + ωc a +

c ac + ∑
q

ωq b+
q b q

H′I = gs ( S+ X+ as + S - Xa +
s ) +

gc ( S+ X+ a c + S - Xa +
c ) (5)

w here Δ= ∑
q

M2
q /ωq a nd

X = exp [ - ∑
q

M q

ωq
( b+

q - b q ) ] , 　X+ = X - 1

(6)

As i n t he t reat me nt of a s mall p ola ron [ 21 ,22 ] a nd

qua nt um t ra nsp ort t h rough a si ngle2molecule t ra n2
sist or [ 23 ] , he re it is reasona ble t o rep lace t he op e r2
at or X wit h its exp ectation value a t t he r mal equi2
librium , < X > = exp [ - ∑

q
λq ( N q + 1/ 2) ] , w here

N q = 1/ [ exp (ωq / kB T) - 1 ] is def ined as t he

p op ula tion of p honons at te mp erat ure T , a nd λq

= ( M q /ωq ) 2 cor resp onds t o excit on2p honon cou2
p li ng. It s hould be noted t hat t his is a n imp orta nt

app roxi mation ma de i n t he p rese nt p ap e r , w hich

is valid only w he n t he single p hot on Ra bi f re2
que ncy is s mall i n comp a rison t o t he excit on2p ho2
non coup li ng st re ngt h .

In w hat f ollows , it is conve nie nt t o work i n

t he inte raction p ict ure wit h H′0 . The Ha milt oni2
a n is t he give n by

H″= e i H0′t H′I e - i H′0 t

= gs exp [ - ∑
q

λq ( N q + 1/ 2) ] ×

[ S+ as e iδs t + S - a +
s e - iδs t ] +

094
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gc exp [ - ∑
q

λq ( N q + 1/ 2) ] ×

[ S+ ac e iδc t + S - a +
c e - iδc t ] (7)

w hereδs =ωex - Δ- ωs , δc =ωex - Δ- ωc .

I n orde r t o understa nd t he basic p hysical f ea2
t ures of t he qua nt um dot wit h st rong excit on2p ho2
non coup li ngs a nd st rong excit on2p hot on cou2
p li ngs , we only conside r t he case of exact reso2
na nce , i . e . ωex - Δ=ωs a nd ωex - Δ=ωc w hic h cor2
resp ond t o t he case i n w hich t he cont rol f ield a nd

t he cavit y f ield a re all on resona nce wit h t he ze ro2
p honon li ne . For a nalytical si mplicity , we also

assume gs = gc = g[ 24 ,25 ] . The ref ore t he Ha milt oni2
a n Eq . (7) becomes

H″= gexp [ - ∑
q

λq ( N q + 1/ 2) ] ×

[ S+( as + ac ) + S - ( a +
s + a +

c ) ]

(8)

It is usef ul t o def i ne t he nor mal2mode op era t ors

by [ 25 ]

A =
1

2
( ac + as ) (9)

B =
1

2
( ac - as ) (10)

These a re a nni hilation op era t ors just li ke a s a nd

a c a nd obey t he B ose com mutation relations ,

[ A , A + ] = 1 , 　[ B , B + ] = 1 (11)

Moreove r , t he nor mal2mode op e rat ors com mute

wit h eac h ot he r ,

[ A , B ] = 0 , 　[ A , B + ] = 0 (12)

In te r ms of t hese op e ra t ors , t he Ha milt onia n

Eq. (8) becomes i ndep e nde nt of t he a ntisym met2
ric normal2mode com bi nation a nd is give n by

Heff =

2 gexp [ - ∑
q

λq ( N q + 1/ 2) ] [ S+ A + S - A + ]

(13)

Next we p rocee d t o solve t he equation of motion

f or |ψ( t ) 〉, i . e .

i
d

d t
| ψ( t ) 〉= Heff | ψ( t ) 〉 (14)

In ge ne ral , t he state vect or | ψ( t ) 〉is a linea r

combi nation of t he states | 1 , m〉| p h〉a nd | 2 , m〉
| p h〉. He re | 2 , m〉is t he state i n w hich t he qua n2
t um dot is i n t he excite d state | 2 〉(i . e . , wit h t he

p rese nce of t he excit on) a nd t he sym met ric nor2
mal mode of t he f ield has excit a tion num ber m
( A + A| m〉= m | m〉) . A simila r descrip tion exists

f or t he state | 1 , m〉. | p h〉is t he p honon state . As

we a re usi ng t he inte raction p icture , we use t he

slowly va ryi ng p roba bilit y a mplit udes c1 , m , p h ( t )

a nd c2 , m , p h ( t ) . The sta te vect or is t he ref ore [ 26 ]

| ψ( t ) 〉= ∑
m

[ c1 , m , p h ( t ) | 1 , m〉| p h〉+

c2 , m , p h ( t ) | 2 , m〉| p h〉] (15)

The interaction Hamiltonian Eq. (13) can only cause

t ransitions between the states | 1 , m + 1〉| p h〉and

| 2 , m〉| p h〉. We theref ore consider the evolution of

the amplitudes c1 , m + 1 , ph ( t ) and c2 , m , ph ( t ) . The e2
quations of motion f or t he p roba bility a mp lit udes

c2 , m , p h ( t ) a nd c1 , m + 1 , ph ( t ) a re obtained by f i rst

substit uti ng f or | ψ( t ) 〉a nd Heff f rom Eqs . ( 15)

a nd (13) i n Eq. (14) a nd t he n p rojecti ng t he re2
sulti ng equations ont o〈p h |〈 m , 2| a nd〈p h |〈 m

+ 1 ,1| , resp ectively. We t he n obtai n

d
d t

c2 , m , p h ( t ) = - i 2 g ×

exp [ - ∑
q

λq ( N q + 1/ 2) ] c1 , m + 1 , p h ( t ) (16)

d
d t

c1 , m + 1 , p h ( t ) = - i 2 g ×

exp [ - ∑
q

λq ( N q + 1/ 2) ] c2 , m , p h ( t ) (17)

The a bove coup led set of equations ca n be solved

exactly subject t o ce rtai n i nitial conditions . If ini2
t ially t he qua ntum dot is i n t he excite d sta te | 2〉
( i . e . , wit h t he p rese nce of t he excit on ) t he n

c2 , m , p h (0) = 1 a nd c1 , m + 1 , p h (0) = 0 . We t he n ob2
t ai n

c2 , m , p h ( t ) = cos ( 2 g ×

exp [ - ∑
q

λq ( N q + 1/ 2) ] m + 1 t) (18)

c1 , m + 1 , p h ( t) = - isin ( 2 g ×

exp [ - ∑
q

λq ( N q + 1/ 2) ] m + 1 t) (19)

Thus t he p roba bilit y | c2 , m , p h ( t ) | 2 of f i ndi ng t he

qua nt um dot i n t he excited state | 2〉( i . e . , wit h

t he p rese nce of t he excit on) a nd t he cavit y f ield

i n t he | m〉state a nd t he p honon i n t he | p h〉
state , a nd t he p roba bility | c1 , m + 1 , p h ( t ) | 2 of f i nd2
i ng t he qua nt um dot i n t he ground state | 1〉a nd

t he cavit y f ield in t he | m + 1〉sta te a nd t he p ho2
non i n t he | p h〉state oscilla te accordi ng t o

| c2 , m , p h ( t ) | 2 =

cos2 [ 2 gexp [ - ∑
q

λq ( N q + 1/ 2) ] m + 1 t ]

(20)

| c1 , m + 1 , p h ( t ) | 2 =

si n2 [ 2 gexp [ - ∑
q

λq ( N q + 1/ 2) ] m + 1 t ]

(21)

W he n t he i nitial cavity f ield is in t he vacuum state

194
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( m = 0 ) , t he cohe re nt Ra bi oscilla tions a re

dressed by p honons , a nd t he excit onic vacuum

Ra bi sp lit ti ng is 2 2 g ×exp [ - ∑
q
λq ( N q + 1/ 2) ] .

This a nalytical result indicates t hat t he eff ect of

st rong excit on2p honon coup li ng on t he excit onic

Ra bi oscilla tions is just a n a dde d f act or of

exp [ - ∑
q
λq ( N q + 1/ 2) ] t o t he excit on2p hot on

coup li ng consta nt g , but t he cohe re nt oscilla tions

ca n still p e rsist li ke t hose in t he tw o2level a t om2
cavit y syste ms . For ze ro te mp erat ure , N q = 0 ,

t he vacuum Ra bi sp lit ti ng is reduced t o our p revi2
ous result [ 27 ] . The result f urt he r i mplies t ha t i n

t he app roxi mation ma de i n t he p rese nt p ap e r , t he

decohe re nce due t o t he excit on2p honon i nte rac2
t ions will not dest roy t he qua nt um i nf or mation

p rocessi ng based on qua ntum dot cavit y2Q ED , but

will supp ress t he qua nt um dot2cavit y coup li ng

st re ngt h .

3 　Conclusion

In summary , we have investigated t he effect
of st rong exciton2p honon interactions and tempera2
t ure dependence on excitonic Rabi oscillations in a
coherently driven quant um dot2cavity system at fi2
nite temperatures. It is found t hat t he temperat ure
dependence of t he vacuum Rabi split ting is p ropor2
tional to g ×exp [ - ∑

q
λq ( N q + 1/ 2) ] . Our results

i ndicate t hat t he decohe re nce due t o acoustic p ho2
nons will not dest roy t he qua nt um i nf or mation

p rocessi ng based on se miconduct or na nost ruct ures

i n t he app roxi mation ma de i n t he p rese nt p ap e r ,

but will signif ica ntly supp ress t he qua nt um dot2
cavit y coup li ng st re ngt h .
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半导体微腔中单量子点的真空拉比分裂的温度效应 3

朱卡的1 , 　李惠生2

(1 上海交通大学物理系 , 上海　200030)

(2 香港理工大学电子信息与资讯工程系 , 香港)

摘要 : 采用量子光学和极化子正则变换的方法研究了有限温度下半导体微腔中单量子点的激子动力学行为 ,并解
析得到了激子真空拉比分裂随温度变化的函数关系.
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