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Abdgtract : The quantum dynamics of an exciton dressed by acoustic phonons in an optically driven quantum dot-
semiconductor microcavity at finite temperatures is investigated theoretically by quantum optics methods. It is

shown that the temperature dependence of the vacuum Rabi splittingis 2 2gXexp|[ - Z?\ a(Ng+21/2)],where
q

Ng=1/[exp 4/ ksT) - 1] is the phonon population, gis the singlephoton Rabi frequency, andA ¢ corresponds

to excitorrphonon coupling.
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1 Introduction

Quantum computation has been shown to per-
form certain tasks much faster than classcal com-
puters. The most important role to this speedup is
the entanglement due to the superposition of states
in gquantum bits (qubits)!* *. But the requisite
quantum coherence is very fragile, and can be de-
stroyed by interactions with the environment or
other noise sources. Therefore qubits must be suf-
ficiently isolated from the environment so that they
can maintain their coherence throughout computar
tion. But for quantum computations based on sol-
id-state qubits, it isimpossble to isolate the qubits
from lattice vibrations, even at zero temperature.
Overcoming the obstacle arising from decoherence
caused by the interaction of the electrons with the
lattice vibrations (phonons) and controlling this
decoherence have become very important. Mean-
while, in recent years a semiconductor quantum
dot (QD) embedded in a semiconductor microcavi-
ty has become a novel basic systemfor quantum in-

formation processng *. In such systems, excit-
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onsin the quantum dots constitute an alternative
two-level system instead of the usual two-level a
tomic systems. In general , these small quantum
dots are characterized by strong exciton-phonon in-
teractions® . Thusthe efectsof exciton-phonon
interactions and excitorrexciton interactions play
an important role in this quantum dot-cavity sys
tem and al 0 make a natura differencefrom that in
the usua two-level atomrcavity system. How the
quantum decoherence due to the exciton-phononin-
teractions and excitonrexciton interactions affect
the quantum information processng based on the
QD cavity-QED isone of the hottest research sub-
jectsin current quantum information science. Wil-
son-Rae and Imamoglu™® have shown that for su-
per-ohmic spectral functions, the main role of ex-
citon-phonon interactions is the reduction of the
quantum dot-cavity coupling strength. On the other
hand , excitonic Rabi oscillationsin sngle quantum
dots have been observed in recent experi-
ments'™ **1. Zrenner et al.™™ have demonstrated
that such excitonic coherent oscillationsin a quan-
tum dot two-level system can be converted into de-
terministic photocurrents and found that this can
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function as an optically triggered single-electron
turnstile device. The observation of such nonclas
dcal oscillations would be a first step towards
quantum information processing in semiconductor
nanostructures. More recently, three groups have
demonstrated vacuum Rabi splittings for a sngle
quantum dot inserted into an optical microcavi-
ty"™ ®_ In this paper , we will further study the
influence of strong exciton-phonon interactions on
excitonic Rabi oscillations in such quantum dot-
cavity systems at finite temperatures. Wefind that
the quantum Rabi oscillations of exciton dressed by
phonons still persst with a new snglephoton Rabi
frequency gxexp [ - Z\q x (Ng +1/2)] in which
Ng =1/ [exp @q/ ks T) - 1] is the phonon popula-
tion, gis the singlephoton Rabi frequency with-
out exciton-phonon interaction, and A4 corre-
sponds to exciton-phonon coupling.

2 Theory and analytical results

In what follows, we assume a smple two-leve
model for a semiconductor quantum dot which con-
sists of the electronic ground state |1 and the
lowest-energy electrom-hole (exciton) state |2 .
Such a quantum dot isplaced insde a high-Q sngle
mode cavity. We consider that this quantum dot
via the exciton interacts with a sngle mode of ara
diation field of frequency ws and is coherently driv-
en by a quantized control field of frequency
W:. As usual this two-level system can be charac-
terized by the pseudospin-1/2 operators S* and
S*, and the cavity field (the control field) is
characterized by the annihilation and creation op-
erators as(a) and a' (a’) with the Bose com-
mutation relation [a,a’ ] =1 ([a,a ] =1). In
this model, we no longer consider the exciton
phonon interaction as a perturbation, but take in-
to account the new eigenstates resulting from the
strong coupling of the exciton with the bulk a-
coustic phonons. The total Hamiltonian for this
coupled photon-exciton-phonon system is written
as (h= 1)

H =W (S +1/2) +Wsas as +W: as a: +

g(S'a +Sa) +
g(S'a + Sa’) +
qubabq + (8" +1/2) ZMq(ba + bq) (1)

whereWe is the exciton frequency, gsis the cou-
pling constant of the exciton-cavity photon, and

gc is the coupling constant of the exciton and the
control field photon. bg (bg) is the creation (an-
nihilation) operator of the phonon (with momen-
tum g and frequency W) . The last term is the ex-
citon-phonon interaction characterized by the ma-
trix elements Mq4. For simplicity, we also assume
that the off-diagonal exciton-phonon interactions
are negligible'**

We first apply a canonical transformation to
the Hamiltonian Eq. (1) "

H = exp(S) Hexp(- 9) (2)

where the generator Sis

S= (S +1/2) Z(':)"q“(ba- b (3

The transformed Hamiltonian is given by
H = ((A)ex - A) (SZ + 1/2) +
Wsad as + W ar ac + qubabq +
(S X"as + S Xas) +
g(S'X'a + S Xa') = Ho + H, (4)
where
H'O = (mex - A) (SZ + 1/2) +
Ws as as + W ar ac + Z(,oqubq
Hi = g(S'X"a + S Xa') +
g (S X a + S Xa’) (5)
where A = YM%/W, and
q

_ _ Mﬂ, +_ + _ -1
X = exp][ qu(bq ba)], X = X

(6)
As in the treatment of a small polaron and
guantum transport through a single-molecule tran-
sistor'™® | hereit is reasonable to replace the oper-
ator X with its expectation value at thermal equi-
librium, < X> =exp] - 2\ a(Ng+1/2)], where
Ng = U/ [exp (Wq/ ke T) - 1] is defined as the
population of phonons at temperature T, andA 4
=( Mq/(;oq)2 corresponds to exciton-phonon cou-
pling. It should be noted that thisis an important
approximation made in the present paper, which
is valid only when the single photon Rabi fre-
quency is small in comparison to the exciton-pho-
non coupling strength.

In what follows, it is convenient to work in
the interaction picture with Ho. The Hamiltoni-
an is the given by

H' = e™'H e™
= gexpl - ZM(Nq +1/2)] %

[Sae’' + S ale '] +

[21,22]

ot
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geexp| - Z)\q(Nq +1/2)] %

[STae’' + Sale '] (7
whereds =Wex - A - W5, O =Wex - A - 0.

In order to understand the basic physical fea-
tures of the quantum dot with strong exciton-pho-
non couplings and strong exciton-photon cou-
plings, we only consider the case of exact reso-
nance, i.e. We - A =W and We - A =W, which cor-
respond to the case in which the control field and
the cavity field are all on resonance with the zero-
phonon line. For analytical simplicity, we also
assume ¢ = g = g*® . Therefore the Hamiltoni-
an Eqg. (7) becomes

H' = gexp[- ZAQ(Nq +1/2)] x

[S'(a + a) + S(a + a’)]
(8)
It is useful to define the normal-mode operators
by!?’

A:-z(amas) (9)

B

1
- 0
Jz_(ac as) (10)

These are annihilation operators just like as and
a:. and obey the Bose commutation relations,

[A,A"] =1, [B,B'] =1 (12)
Moreover, the normal-mode operators commute
with each other,

[A,B] =0, [A,B'] =0 (12)
In terms of these operators, the Hamiltonian
Eq. (8) becomes independent of the antisymmet-
ric normal-mode combination and is given by

Hett =

2 gexpl - Z\Q(Nq +1/2)][SA+SA"]

(13)
Next we proceed to solve the equation of motion

for |[P(t) ,i.e.
e = Ha W (14)

In general, the state vector |[W (t) is a linear
combination of thestates|1, m | ph and |2, m

| ph . Here|2, m isthestatein which the quan-
tum dot isin the excited state |2 (i.e., with the
presence of the exciton) and the symmetric nor-
mal mode of the field has excitation number m
(A"Al m =m| m). A similar description exists
for thestate |1, m .| ph isthe phonon state. As
we are using the interaction picture, we use the

slowly varying probability amplitudes ci,m.pn (1)
and cz2 m.pn (t). The state vector is theref ore!®

[W(t) = z[cl,m,ph(t)|1,m | ph +

Coompn () | 2, m | ph ] (15)
The interaction Hamiltonian Eq. (13) can only cause
transitions between the states |1, m + 1 | ph and
|2, m | ph . We therefore consider the evolution of
the amplitudes ci, m+1,pn (t) and cz.m.pn (t). The e
qguations of motion for the probability amplitudes
C2,m,pnh (t) and ci,m+1,pn (t) are obtained by first
substituting for |W (t) and He« from Egs. (15)
and (13) in Eq. (14) and then projecting the re-
sulting equations onto ph| m, 2| and ph| m
+1,1] , respectively. We then obtain

ddtCZ,m,ph(t) =-j ng

eXp[' Z)\ q(Nq +1/2)]Cl,m+1,ph(t) (16)

ddtC1,m+1,ph(t) =-j Zg X

exp[ - Z)‘Q(Nq +1/2) ] c2,mpn (1) (17)

The above coupled set of equations can be solved
exactly subject to certain initial conditions. If ini-
tially the quantum dot is in the excited state | 2
(i. e., with the presence of the exciton) then
C2.mph (0) = 1 and ci,m+1.pn (0) =0. We then ob-
tain
Co.m,pn(t) = cos(JZ_g X
epl- PhalNo+1/2)] Jm+11) (18)

Ci,m+1,ph (1) - isin(/2_gx
exp| - Z)\q(Nq+1/2)] ym+1t)  (19)

Thus the probability | cz,m.pn (t) |® of finding the
guantum dot in the excited state | 2 (i.e., with
the presence of the exciton) and the cavity field
in the | m state and the phonon in the | ph
state, and the probability | ci m+1.pn (1) | 2 of find-
ing the quantum dot in the ground state | 1 and
the cavity field in the | m+1 state and the pho-
noninthe | ph state oscillate according to
| c2.m,pn(t) |2 =

cos?[ /2 gexp] - Z)\q(Nq +1/2)] ¥m+1t]

(20)
| Cl,m+1,ph(t) I2 =
sin’[ 2 gexp] - ZAQ(Nq+1/2)] m+ 1t]

(21)
When theinitial cavity field isin the vacuum state
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