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Entanglement for excitons in two quantum dots in a cavity injected with squeezed vacuum
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The dynamical behavior of entanglement for excitons in two quantum dots placed in a cavity driven by a
broadband squeezed vacuum is studied in the low exciton density regime. It is found that the excitons in two
guantum dots can evolve into a pure entangled state only when the dissipation of the cavity and exciton modes
is negligible. When the injected field into the cavity is a squeezed vacuum, the excitons will be in a two-mode
Gaussian entangled mixed state even in the long time limit. Analytical expressions are derived, showing the
dependence of the entanglement property of the excitons in two quantum dots on the squeezing properties of
the initial state prepared in the cavity and the strength of two-photon correlations of the squeezed vacuum
injected into the cauvity.
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Quantum entanglement constitutes the single most chagime. The time-dependent Wigner function for excitons is
acteristic property that makes quantum mechanics distinctolved analytically when the cavity field is initially in coher-
from any classical theory. Entangled states are not only use@nt squeezed state and the excitons in their vacuum state. It
to test fundamental quantum-mechanical principles such d§ found that if the dissipation of the cavity and exciton

Bell's inequalities| 1] but also play a central role in practical modes is neglected, the excitons in two quantum dots evolve

applications of the quantum information theory such adNto a pure entangled state periodically. When the dissipation

uantum computation2], quantum teleportatiofi], and of the cavity and exciton modes is included, the excitons in
q P » P ' two quantum dots can be entangled and evolve into a two-

quantum cryptographj]. How to create an entangled state j)q4e mixed entangled state even in the long time limit i the
in a proper way is thus an important issue. field injected into the cavity is a squeezed vacuum. The dy-
Recently, there has been growing interest in the quantumamical behavior of the entanglement between excitons will
information properties of semiconductor quantum dots in theurn out to be strongly dependent on the squeezing property
quest to implement quantum-dot scalable quantum compubf the initial field in the cavity and on the strength of two-
ers. This interest is stimulated to some extent by recent exphoton correlations of the squeezed vacuum injected into the
perimental advances in the coherent observation and manipaavity.
lation of quantum dots, including the demonstration of the The model under consideration consists of two quantum
quantum entanglement of excitons in a single f&lf the  dots that are placed in a single-mode cavity. We assume that
observations of Rabi oscillations of excitons in a single dotthe radiusR of each quantum dot is much larger than the
[6], and the demonstration of a quantum dot as single-photoRohr radiusag of excitons, but smaller than the wavelength
source[7]. Sanderset al. [8] have discussed the scalable A of the cavity field, i.e.ag<R<N\. For example, for Cds
solid-state quantum computer based on the electric dipolgaterial,ag=3 nm, R=20 nm, and\ ~500 nm, for GaAs,
transitions within coupled single-electron quantum dots@s=10 nm,R=50 nm, anch ~800 nm[13], the above con-
Imamoglu[9] proposed a scheme to realize a controhext- dition is satlsf_led. We also assume that there are only a_few
gate between two distant quantum dots via the cavity Oluarﬁlectrons excited from the valence-band to the conduction-

tum electrodynami¢CQED) techniques. In a recent investi- Pand :j” (iatchfquanturr]n dot.tTheg tth? ?xcnon rt‘#”t‘?ﬁr in the
gation by Liuet al. [10] into the generation of bipartite en- ground state for each guantum dot Is fow, o that tné mean

tangled coherent excitonic states in a system of two coupleg.'Stance between two excitons is much larger than the exten-

; . ; Sion of an exciton. In this case, the excitons in each quantum
quantum dots and CQED with dilute excitons, they founOIdot can be approximated as a dilute boson gas and can then

that bipartite maximally e”tar!g!?d cohe_zren_t exc_:itc_)nic statedq gescribed by boson operatpt®—13. In this approxima-

can be generated when the initial cavity field is in an oddjq, 4| nonlinear interaction terms such as exciton-exciton
coherent state. This investigation was extended byetial.  jneraction can be neglected. As the distance between the two
[11] and Wanget al.[12] to study multipartite entanglement gyantum dots is also assumed to be large, the interaction
in a system ofN quantum dots embedded in a cavity. It haspetween any two excitons can also be safely ignored. The
been pointed out that at certain times, multipartite entangledxcitons are assumed to be resonant with the eigenmode of
excitonic coherent states or multiqulditstate can be created the cavity field. In the rotating-wave approximation, the
by initially preparing the cavity field in a superposition of Hamiltonian for the system can be written as

coherent state or in the Fock state with one photon, respec-
tively.

In this Brief Report, we study the generation of an en-
tangled excitonic state in a system of two identical quantum 5
dots embedded in a single-mode cavity, injected with a + +
broadband squeezed vacuum in the low exciton density re- +j§=:l V2gj(bfa+a'p)), @

2
H=Ho+Hin=wa'a+w >, blb;
=1
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wherea' anda are the creation and annihilation operators ofUsing the standard operator correspondence we find that the
the cavity field with frequency, b;r and b; represent the ~characteristic function obeys

creation and annihilation operators of the excitons injtie X(€a 4 E2 D)

quantum dot. The parametegs are the coupling constants J J J J
between thgth quantum dot and the cavity field. In order to —expl t{ — ig( & — gt E—— &, _)
simplify the calculation, the two dots are assumed to be iden- IEx 23 &y 9&a

tical and equally coupled to the cavity fielgi=g,=g. We 9

also assume that the cavity mode is coupled to a broadband — Y| Ea &4
: - 0kq

squeezed reservoir through the lossy output mirror of the

J +2(N+1)|£&,)?
IEr é

cavity. Then the density operatp(t) of the photon-exciton .2 w2 d 4
interaction system in the interaction picture obeys the equa- —(M*EHMET) |- 7e1:2+ fj(;_§j+§J P
tion N ]
(0/dt) p==i[Hint,p]+ Lap+ Lop, @ +2(Ne+1)|§? Hx(ga,g+,§_,o>. 5
with
Assuming initially that the field is in a coherent squeezed
_ t_ata,_ ot T : .
Lap=7a(N+1)(2apa’—a’ap—pa‘a)+yaN(2a'pa state| W () = exf ap(a—a") Jexd (r/2) (a%e'*—a'?%d#)]|0) [14]
—aa’p—paa’)— y,M(2atpat—a'2p—pa’? and the excitons in the two quantum dots in vacuum states
, , |05,,0,)=10p,,0, ), we can obtain the time-dependent
—¥aM*(2apa—a“p—pa), characteristic function for the field-exciton coupling system
2 explicitly as a Gaussian function when we sgt= y.=y.
Lpp=7e(Ne+1)>, (2bipbf—bib;p—pb'b;) Conversely, if we sef,# ., the time-dependent character-
R e R I istic function does not take the form of a Gaussian function,

which is a key form to discuss the properties of purity and
entanglemen{16]. In particular, for a practical cavityy,
~10'" Hz [9], and for the large size quantum dots such as
CdS or GaAs, the excitonic decay ratg may also reachy,
HereL,p andL ,p denote, respectively, the dissipation of the [13], so the assumption of,= 7, is reasonable. In order to
exciton modes and the dissipation of the cavity mode whichiiscuss the entanglement between the excitons in the two
is coupled to a broadband squeezed vacyi#. The pa- quantum dots, we only consider the caseygf v, in the
rametery, represents the decay rate of the excitons, #nd  following.
is the decay rate of the cavity fielt andM =|M|e'’ char- After having the characteristic function for the field-
acterize the broadband squeezed vacuum injected into thgciton coupling system, the corresponding Wigner function
cavity, such thajM|><N(N+1). The equality condition for the excitons in the bare excitonic representation can be
holds for the minimum uncertainty squeezed states. expressed in a compact form as

The master equatiof®) can be solved analytically by use
of the method of the characteristic function. Introducing two ~ We(@1,a2,t)= [1/(2m*Va1a,85)] exp( — 3a'Da),
new boson operatorb., which are defined a®.=(b; (6)
+b,)/\/2, the characteristic function for the field-exciton i, which a'={[a* — (iag/\2) e Msingtle ¥, [oy
coupling system in the Wigner representation can be ex- (iay/2) e "singt]e", [af— (i ag/\2) e "singt]e ",

2
+yeNej21 (2b/pb;—b;bfp—pb;b). 3

pressed as [ap+ (iag/\2) e Msingt]e?}, @, and a, are the complex
x(€a,64 6. =T pexp—é&ra+é,a — b, +&, bl parameters corresponding to the annihilation operalbgrs
. : and b, of the excitons, respectively,;=h;+|h,|, a,=h;
—&Zb_+£ bl)]. @ —|hy|, ag=3[No(1—e 2")+1], and
|
hy=(N+Ng+1)f;—(N—Ng)f,+ 2 e ?"(cosh 2 sirPgt+coggt), (7
h,=e '[|M|(f,— f;)+ % sirfgtsinh Zre 27! (?~ )] =|h,|e'?¥, (8)
1l/a; + 1/a, + 1l/ag l/a; — 1/a, 1l/a; + 1/a, — 1/az l/a; —1/a,
1 1l/a; — 1/a, l/a; + 1/a, + 1/az 1l/a; — 1/a, l/a; + 1/a, — 1/a;z
D= 2| 1/a;+ 1/a, — 1/ag l/a; — 1/a, 1l/a; + 1/a, + 1/ag 1l/a; — 1/a, . 9
l/a; — 1/a, l/a; + 1/a, — 1/a, 1l/a; — 1/a, l/a; + 1/a, + 1/ag
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where  fi;=3(1-e 2", f,=Re[y/2(y—ig)](1 First we consider that the coupling between the cavity
—e 207y, field and the dots is strongor example, the coupling con-
The time-dependent Weyl-Wigner characteristic functionstantg~7.6x 10" Hz may be possible to obtain in a system
for the excitons in the two quantum dots is defined as of large area quantum dots with cavity, and the decay rate
y~10" Hz [9,13)), so that the dissipation effect is ne-
Xe( By, B2, )= Trel Tra(p(t) expl B1b] — B1 b1+ B2b; glected. In this case\ _ is simplified to
—Bzby)]=exp(— 3 B'VA), (10 N_=3(e"?—1)sirfgt. (13

where 8T= (8%, 1,85 .B,) is a four-vector and the matrix e note that, if the initial field in the cavity is a squeezed

Vis a 4x 4 covariance matrix for the two modes. The matrix fi€ld (i.e., r#0), except at time pointsgt=nm(n

V can be obtained from the matr® through the relaton =0.1,2--.), A is negative, which means that the excitons
between the Weyl-Wigner characteristic  function N two quantum dot_s are_entangled_ perlodlcally! |ntern_1ed|-
Yo(B1,B2,1) and the Wigner functioW,(a,a,,t) as de- ated by the interaction with the cavity field. At time points

fined by Eq.(6). They are related by a Fourier transform 9t=(n+1/2)m, the entanglement between the excitons in
which leads toD =EV~E, in which E=diag1,~ 1,1~ 1] two quantum dots reaches its maximum. This is similar to

is a diagonal & 4 matrix. From this the matri%/ can be the_cas_e of_tvy(_) quantum dot_s interacting with a single-mode
expressed explicitly. Evidently, the matricBsandV are in- cavity field initially prepared in Qdd or even coherent states
dependent of the amplituder, of the initial coherent L[10l- In fact, atgt=nm, the excitons in two quantum dots
squeezed field. This means that the properties of the excitorf/0lVe into their ground state and the field evolve into its
in two quantum dots such as the purity and the entanglemeffitidl coherent squeezed state. Andgitt=(n+1/2)m, the
related to the matrice® andV are independent af. field evolves mtg a vacuum state and the excitons in the two
Gaussian operators which are projectors represent pu,cyanturrT\ dOTtS in a pure entangled state T[e&;{r\/ﬁ)(bl
stateg 15]. The condition for a Gaussian Wigner function to + ba—bi—by) Texp{(r/4)[(by+by)?e™'?— (b1 +b3)?e'’]}
represent a pure state may be written concisely/@stD ~ *[0b,.05,). SO atgt=n or gt=(n+1/2)m, the excitons in
=4. The Gaussian operator corresponding to &).is a two dots are in pure states as mentioned above. The en-

projector provided that tanglement between the excitons in two quantum dots de-
Jaag= pends on the squeezing degreef the initial field and is
a3V 8= 5 - (1) independent of the amplitude,. With increasing of the

) - ) ) squeezing degreeof the initial field, the entanglement evi-
From this condition, we can find that only =0 andgt  gently increases. Far=0, which means that the initial field
=nm or (n+1/2)m(n=0,1,2 .. .), theexcitons evolve into s in 3 coherent state, the excitons in two quantum dots can-
a pure state. This means that the pure state for the exXcitons iyt pe entangled. That is to say, the appearance of entangle-
two quantum dots can only be generated when the dissipgnent between excitons in two quantum dots requires the ex-
tion is absent and the f_|eI(_j |s_decoupled from the eXC't‘?”Sistence of the nonclassical property of the cavity field, as
The presence of the dissipation always produces a mixefointed out by Kimet al.[17] in the case of a beam splitter.
state for excitons no matter whether or not the cavity is in-  gecond we assume that the cavity field is initially in
jected with squeezed vacuum. However, the separability ofacyum state, i.er,=0 and ao=0, but the cavity mode is
the resulting mixed state for the excitons depends strongly OBoupled to a broadband squeezed vacuum through lossy mir-

the property of the field injected into the cavity. ror. In this case, the eigenvalie becomes
A separability criterion for two-mode Gaussian states has
been established by Sim@n6]. It relies on the partial trans- Ao =(N=|M[)(f;—Fp)+ Ne(fy+fp). (14

position map acting on the two-party state. It has been shown ) o .
that this criterion is equivalent to judging whether or not the 'N€ sécond term in the above equation is always positive
quantum state i® representable. A two-mode Gaussian statd €flécting the thermal excitons is harmful for the entangle-
is P representable, and hence, separable, if and only if Ment between excitons in two quantum dots. Sifge f,
—11=0, wherel is the 4x4 unit matrix andV is the cova- =0 A— may be negative only wheM|>N. Therefore, the
riance matrix for the Weyl-Wigner characteristic function de-aPpearance of the entanglement between excitons in two
fined in Eq.(10). The two-mode state for the excitons de- quantum dots requires that the two-photon correlation of the
scribed by Eq(6) is therefore separable if and only if all the broadband squeezed vacuum injected into the cavity is non-

eigenvalues o¥/ — 11 are non-negative. The four eigenvalues ¢/assical, sincéM|=N corresponds to the maximal classical
are correlations between pairs of photons. The linear interaction

between the excitons and the cavity field transfers the non-
N o= Ne(1—e 2", N.=h;*+|hy|— 3. (12 classical two-photon correlation into the entanglement be-
tween the excitons in two dots. The maximal entanglement
The eigenvalues; and\, are degenerate. It is easily veri- happens atM|=+N(N+1), which, corresponding to the
fied that the first three eigenvaluks, \,, and\ , are posi- broadband squeezed vacuum being injected into the cavity, is
tive, so they are not important for establishing the nonsepaan ideal squeezed vacuum. Rdg=0, except at=0, the
rability of the state. The fourth eigenvalue_ can be excitons in two quantum dots can be entangled if there exists
negative to determine the nonseparability of the state. a nonclassical two-photon correlation of the broadband
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14] . tive phase angle between the squeezing angles for the broad-

: band squeezed vacuum and the initial coherent squeezed
I state in the cavity is chosen #@s- ¢=m, then, forN,=0,

1078 & \_ becomes

121

0874 N_=(N=|M|)(f;—fy)+ } (e 2~ D)sirPgt. (19
064 ..
< 0.4] The above equation is just a superposition of E@8) and

B (14). This is because at this relative phase angle, the linear

0.2 ni: interaction between the cavity field and the excitons in two

0.0/ 4 dots transfers the nonclassical properties of the two fields

0.2 into the entanglement for the excitons maximally. It appears

04 that with an increasing squeezing degree of the initial cavity
o 1 5 T a4 field, the maximum value of _ for short times can be larger

vt than its steady-state value. The larger the squeezing degree
of the initial field is, the stronger the entanglement at short
time. However, ford— ¢ # , the entanglement between the
excitons in two dots may disappear. That is to say, whether
the entanglement between the excitons in the short time re-
o ) ) . gion is enhanced by the initial coherent squeezed state is
squeezed vacuum injected into the cavity. In the long timgjecided by the relative phase angle between the two squeez-
limit, the excitons are in a steady-state mixed entangled statgyg anglesg and ¢.
The negativityx _ of this two-mode Gaussian entangled state |n summary, the dynamical behavior of entanglement for
in the long time limit is equal to N—|M[)g%/2(y*+g%).  excitons in two quantum dots placed in a cavity driven by a
Increasing the coupling constagt the entanglement in- broadband squeezed vacuum is studied in the low exciton
creases. Ifg is much larger than the dissipation raje density regime. The time-dependent Wigner function for ex-
\_() approaches its saturation valubl{|M|)/2. Clark citons in two quantum dots is solved analytically when the
and Parkins[18] intensively discussed the relation of the cavity field is initially in a coherent squeezed state and the
pure state and the entangled state of two atoms with thexcitons in their vacuum state. When the dissipation of the
squeezing state of the reservoir, and found that the entangléavity and exciton modes is included, the excitons in two
ment between the two atoms only needs the two-photon coguantum dots evolve into mixed states. When the injected
relation of pairs in the reservoir obeying <gM|  field into the cavity is a squeezed vacuum, the excitons will
< N(N+1). But here the entanglement between the exci-be in a two-mode Gaussian entangled state even in the long

. ) —_—— L time limit. In the short time region, the entanglement prop-
tons in two dtzjtsbret?]wtrisl<|tl\él|< Nt(N+.1)t'\NTh'S d|f{er- d rty of excitons in two quantum dots depends on the squeez-
ence Is caused by that here he excitons in two quantum do g property of the initial state prepared in the cavity and the
are treated as dilute boson gas.

. ) : . . strength of the two-photon correlations of the squeezed
Figure 1 displays the time evolution of the negativity  4cum injected into the cavity. But in the long time limit,

for the case in which.the cavity field is initially in a squeezed;},o entanglement property of excitons is independent of the
vacuum and the cavity mode is also damped by a broadbangisial state prepared in the cavity.

squeezed vacuum. The long time behaviok ofis indepen-

dent of the nature of the initial field and is governed by the This work was partially supported by the National Natural
property of the broadband squeezed vacuum injected into th®cience Foundation of China, the National Ministry of Edu-
cavity. The short time behavior of _ is decided by the prop- cation of China, the Chengguang Program of Wuhan City,
erties of both the initial preparation in the cavity and theand the Foundation for Fundamental Research on Matter
broadband squeezed vacuum injected into cavity. If the reladFOM), The Netherlands.

FIG. 1. N_ vs yt for different relative phase8— ¢, in which
g=10y, N=4, M=25, andr=1.0, and6— ¢= = (solid), =/2
(dashed, and 0(dotted.
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