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A scheme is presented for generating unitarily multimode field squeezing, cluster entanglement, and
Greenberger-Horne-Zeilinger (GHZ) entanglement via cavity quantum electrodynamics. Through a suitable
laser system, we are able to engineer a squeeze field operator decoupled from the atomic degrees of freedom,
yielding a large squeeze parameter proportional to the number of atoms. The physical mechanism is attributed to
the multiple four-photon processes and the dispersive atom-cavity-field interaction in large detuning systems.
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I. INTRODUCTION

The nonclassical states of light are an amazing topic in
quantum optics both theoretically and experimentally [1-3].
They are crucial resources for precision measurements [4]
and quantum information processing [5]. Additionally, some
squeezed states are simultaneously entangled states [6-8]. It
is well known that Lloyd and Braunstein introduced the use
of continuous variables (CV) in quantum information [9]. In
recent years, increasing attention has been devoted to Gaussian
states, as they play a major role in quantum information with
CV [5,10-15].

Graph states are multiparty entangled states that correspond
to mathematical graphs, where the vertices of the graph take
the role of quantum systems and edges represent interactions
[16,17]. CV graph states have also been well studied [18,19].
These states include CV Greenberger-Horne-Zeilinger (GHZ)
states with applications in quantum communication and CV
cluster states, which may serve as a universal resource for
quantum computation in the one-way quantum computer
[20,21]. There are standard methods of generating continuous-
variable cluster states using continuous-variable linear optics
[22,23]. Su et al. have experimentally produced CV quadri-
partite cluster and GHZ entangled states [24].

On the other hand, cavity quantum electrodynamics (QED)
has been proven to be a promising framework to investigate
the foundations of quantum mechanics. For example, Guzmén
et al. proposed a method to implement single-mode and
two-mode field squeeze operators from an atomic cloud in
an optical cavity, and they found robust output entanglement
can be achieved outside the cavity [25]. However, to our
knowledge, effective and tunable multimode squeeze operators
are less studied.

In this paper, we present a scheme to realize effective multi-
mode squeezed operators. The resulting multimode squeezed
states are highly correlated states of all the cavity modes,
exhibiting reduced quadrature noises in linear combinations
of variables of all the modes. Meanwhile, they are also CV
multipartite entangled states (CV cluster and GHZ entangled
states). This provides a possibility to use the QED systems for
the one-way quantum computing research.
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Here we concentrate on the dispersion interaction. At large
detunings, the driving fields and cavity fields are far away
from the bare-state atom resonance, and Kerr interaction
(dispersion interaction) occurs in the system. The atoms stay
in the ground state, and there are only four-photon processes,
with no single-photon processes. Using the expression of the
dressed atomic state, the cavity modes are far away from the
dressed-state resonance, but they are still in the two-photon
resonance. This is different from our previous work [26],
which addresses the near-resonance system. Both absorption
and dispersion are present (both single-photon processes
and four-photon processes). Physically, our scheme is based
on the quantum interference between multiple wave-mixing
interaction channels (Fig. 1). In each channel, two photons are
absorbed from the classical driving field, and then two new
photons of different frequencies are emitted into the sideband
modes [27,28]. Due to parametric conversion, entanglement
can arise between the two sidebands [29,30]. Once multiple
channels are involved and all the excited states are coupled
to the common ground state, quantum interference will take
effect. Quantum beats occur between all channels [31-34] and
have their effects on both the lower and higher sidebands.
This makes the lower and higher sidebands behave as different
collective modes and makes them interact with the atoms.
As a result, these two collective modes are in a parametric
interaction. This determines parametric interactions between
any two lower and higher sidebands.

This paper is organized as follows. In Sec. II we obtain
multimode squeeze operators in the multiple-channel system.
In Sec. III we calculate the variances of the output collective
modes to show the two-mode and multimode squeezed states.
In Sec. IV we demonstrate that the squeezed states are cluster
entangled states. In Sec. V we prove that the squeezed states
are GHZ entangled states. Our results are summarized in
Sec. VL.

II. MULTIMODE SQUEEZE OPERATORS

We consider an ensemble of N independent atoms in an
optical cavity, as shown in Fig. 2. Our model consists of
multiple transitions from one common ground state |0) to n
excited states |j), j = 1,2,...,n, n > 1 (Fig. 1). The transi-
tion |0) — |j) is driven by a laser field of circular frequency
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FIG. 1. (Color online) The multichannel scheme. Each driving
field (Rabi frequency 2;, j =1,2,...,n, n > 1) drives one tran-
sition. In each channel, two photons from the driving field Q; are
absorbed, and two sideband photons (annihilation operators a;_|
and a,;) are generated.

@®;, with complex Rabi frequency €2;. The cavity modes
are generated from the lower sidebands with annihilation
operators ay;—; (i = 1,2,...,m, m < n) and from the higher
sidebands with annihilation operators a, ;. The noisy effect of
spontaneous emission is negligible here for typical values of
individual atomic emission rate and in the presence of a large
number of atoms. In the rotating-wave approximation and in
an appropriate rotating frame, the Hamiltonians involving the
driving fields and the cavity fields are, respectively,
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FIG. 2. (Color online) The possible setup for the creation of
cluster entanglement and GHZ entanglement of six cavity fields
(denoted by the annihilation operators a;_g).
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Here H.c. denotes the Hermitian conjugate. In the Hamil-
tonians, we have assumed that the wave-vector matching
is satisfied and the atomic states contain the phase factors
due to the randomly orientated moments. For the p atom,
O'(Zg = |o), (Bl (@, =0,1,2,...,n) are the atomic spin-flip
operators for o # B and the projection operators for o = .
8y =wyi—1 —@; and 8, = wy; — @; denote the detunings
between the sidebands and the corresponding driving fields,
where w);_; and w,; are the circular frequencies of fields
a1 and ay;, respectively. We assume equal atom-driving-
field detuning A = wjo — @;, with wjo being the transition
frequencies between levels |0) and |j). g2;—1 (g2;) denote the
complex coupling strengths of cavity fields ay;_1 (az;) with
the atoms.

(i) Quantum beats. First, we introduce the superposition
states of the atomic excited states as follows:

§ ULlk), jk=12,...n, 2)
where = UMk,
(G1&/) S1€2 52
C1 51
UZ = . l]3 = —S81 C1 0 s
—S1 €1
—C182 —S5152 Co
3)
C1C2C3 §1C2C3 $2C3 853
U4 _ -] Cl 0 0
—C182 —85182 C 0 ’ ’
—C1C283 —S81C283 —85283 C3
. —i¢)
with 5 = e 1= s l=12,....n—1,¢; =

C] =
arg 2y, and @ = /> 7_, [2;]?. Then the Hamiltonian Hy can

be rewritten as

Zh[ 0~~ (O’TO el —I—a i€ ’¢'):|. 4

Equation (4) shows that only superposition state | 1) is coupled
to the driving fields with Rabi frequency €2, while the other
superposition states | j) (j = 2,3,4, ...) are decoupled and not
excited. This results from the multiple quantum interference.

(ii) Dressed atomic states. We introduce the basis of the
dressed atomic states. This is preferable when the driving fields
are strong (Q = +/ A2 + Q2 > y). The Hamiltonian Hy can
be easily diagonalized to show the interactions of the sidebands
with the atoms. The eigenvectors 1) are mixtures of the bare
atomic state |0) and superposition state |1) and are known as
dressed states [35]:

[+) = cll) +510), =) = —s|T) +¢|0), )

with s = e?\/(1 — A/Q)/2 and ¢ = /1 — |s|?; the corre-
sponding eigenvalues are Ay = (A + Q)/2, respectively. Then
we can rewrite Hy as Hy = Z _ o, + A0’ ). We
assume the atoms stay initially in the ground state |0). In terms
of the dressed states, the atoms remain in |—) for A > || or
in |4) for —A > |Q].
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(iii) Collective fields. The collective modes are [33]

m n
Ay = E Ujao—1, Aszj = E Ulpazw, (6)
o =1

where we use the index m to allow the number of the odd
modes to be less than that of the even modes, m < n. The
unitary transform matrix U” (U") takes exactly the same form
as U™ (U™) except for the substitutions of §; and ¢; for s
and ¢, respectively, [ =1,2,....,m — 1 (n — 1). Here §; =
gur1sie” " /121| B1 = guras1e7'%/132]). & = /1 — |52, and

the effective coupling strengths are

s

n
2
n
§ : |g2jU1j
j=1

)

with 6, = arg g|», respectively. Only collective modes A;
and A, interact with the dressed transition |+) <> |—), while
the other collective modes, Ay _; and A,; (i,j > 2), are
decoupled. These are the very effects of the quantum beats
[33]. The uncoupled collective modes Ay;_j and Ay; (i,j > 2)
remain at their vacuum states. Hence, the Hamiltonian only
relates to the atomic transition |[+) <> |—) and the collective
fields A1,2-

(iv) Effective Hamiltonian. At large detunings (Q ~ |A|),
we derive the effective Hamiltonian as in [36]. For definiteness
we adjust the cavity fields |§; + 62| < 8121, (JA],1812]) >
[1612] — [A]l > (181(As)],¥) (I = 1,2). The equation for the
density matrix is

p= —%[H,,p], ®)

pt) = p0) —
solution back

formal solution
Substituting  this

and we have its

L [0 dt'TH (t), p(t")].
into Eq. (8), we obtain

1 t
ﬁ/o [H(t),[H ("), p(t"]1d1".

(€))

When [|8; 2] — |All > (18:(A1)],y) (I = 1,2), the first term is
fast oscillating compared with the second one and is negligible
to a good approximation. Then we can employ a Markovian
approximation for the latter. Approximately, the evolution of
the density operator is

p == [Hi(0).p(0)] -

p= —%[Heff,p(t)], (10)
with
Hegr = —%HI(l)/ H;(Hdt', (11)

where the indefinite integral is evaluated at time ¢ without
integral constant. We assume ¢ > |8 £ |A||~! and make the
secular approximation again. Taking the cavity detunings |§; +
&) = %, we can remove the dynamical Stark shift and

obtain the effective Hamiltonian as

Her = HE*A 1Ay + AT AD), (12)
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where we have defined the coupling coefficient

|8182| N Q2e—1201-+01+62)
T 2 (13)
4A%(1AT = 181D
Then we get the unitary two-mode squeeze operator
S(z) = exp(z“A; A; — zAAD), 14)

where z = i£7 is a squeeze parameter that is proportional to
the number of atoms N, with t being the interaction time.
This squeeze operator is independent of the atomic degrees
of freedom and produces two-mode squeezing on any initial
field state. Using Eqs. (6) and (14), we obtain the multimode
squeezed operator

m n
Swin =eXp Y Y (Zfaz 1a2; — zi_;a;-_lagj), 15)
i=1 j=1

withm,n > 1,n > m, and z;‘j = z*Ul”i‘Ufj.

III. VARIANCES, FLUCTUATIONS, AND SQUEEZING

Now we examine the squeezing properties of the outgoing
collective modes. Collective modes A; and A, are driven by
the effective nonlinear interaction in Eq. (14) and by external
(axial) laser fields with strengths ¢; and &;, respectively. We
assume that each collective mode interacts with an independent
heat bath. In the Markov approximation, we can obtain the
following coupled Langevin equations:

A = —ief — EAl +2 AT JETAM @),

(16)
: . % K2 %- T in
Ay = —iel — Ay + ZA] - VI AY(),

where A}“ (t) (I = 1,2) are annihilation operators of the input
fields and «; are the cavity decay rates of modes A;. We have
taken £ — i&/2 (with £ being real) to match standard notation
[37]. Then we get the following equations:

SA| = —%Ml + %aAQ — J AR,

a7)

Csa,+2 (SAT

SA, = — 5

\/_Am(t)

where we have used the transforms A; =8A;+o; (I =
1,2). o) = 2i(kr67 — £e7)/(E* — k1Kk2) and @ = 2i(ki85 —
£e1)/(E? — k1ky) are the steady-state solutions for the col-
lective modes. Now we calculate the solutions of Eq. (17) in
the frequency domain:

NI 2.k in
1) = Ao+ 5 AT o
£2 — £2 —ajap
(18)
2./ . 2./ ;
5 Ax(w) = ﬂA;‘(w) TSRy
£2 —ajan £2 —ajon
where A (0) = #2” [72 dre™'** A(t)is the Fourier transform

of A(t), witha; = k; — 2iw (I = 1,2).
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We can express the output fields in terms of the input fields
[37]:

2
AP(@) = T30 + e AP @)
ZEA/KIKZ Aint_
52 — (12 2 ( CU),
AP (0) = — o a26<w>+—§ A% Abw)
2\’3«/161/(2 A (), (19)
52 — i

Then we define the two-mode quadrature operators [1,38]
as X=X+ X,)/2 and P = (P, + P,)/2, where X; =
(A% + AT /2 and P = (A9 — A1) /2i are the quadrature
operators for the output collective modes A" (I = 1,2). The
fluctuations of X and P satisfy the uncertainty relation
(8X)(8P) > 5. (20)
Next, to see the squeezing property explicitly, we compute

the variances for the quadrature amplitudes at zero frequency.
Using Eq. (19), we can obtain

(X)) = = ‘ﬂ 2 (6P = - 'L : 1)
T 8ix—1]" T8 x+1|
with ((80)?) = (0?) — (0)%,0 = X, P,andx = J’f—TQbeing

real. Note that (§X)?) (8 P)?) = 1/64; it should be a minimum
uncertainty field state. If there is no nonlinear coupling, we
have ((6X)?) = ((§P)?) = 1/8, which demonstrates that it is
a coherent state (including the vacuum state). In general, Eq.
(21) indicates that 1/8 < ((6X)?) < oo and 0 < ((8P)?) <
1/8. Assuming ((§ P)?) = e~%"/8, we then obtain the reduction
parameter r = 2|z| as

r=1In

(22)

x+1
x—1]

In principle, if x =1 (r — o00), the output quadrature P
may achieve perfect squeezing ((§ P)?) = 0 at the expense of
large fluctuations in the output quadrature X. This two-mode
squeezed state is a highly correlated state of the output col-
lective modes AP™ (I = 1,2) that exhibits reduced quadrature
noise in linear combinations of variables of both modes [39];
however, squeezing is not observed in the fluctuations of each
collective mode as follows:

2 2 1 2x2
((6X12)7) =(6P12)) = i + m’
2 (23)
(6Xi8X ;) = —(8Pi6P)) = o+ D
(x2 =1y

wherei,j = 1,2and i # j.
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Then we recall the relations
A =ZU1"§021‘—1, Ay = Z(,_ll"jazj (24)
i=1 =1

and define the quadrature operators x; = (a™ +al°ut"')/2

and p; = (@™ —a™")/2i for the output modes a® (I =
1,2,....2m—1, and [ =2m,2m + 2, ...,2n). After doing
some calculations, we can obtain the multimode quadrature
operators and the multimode squeezed state. The resulting
multimode squeezed state is the common eigenvector of a set
of quadrature combinations. Now we will show it is the cluster
state.

IV. CLUSTER ENTANGLEMENT

The cluster-type states are those multimode Gaussian states
for which certain quadrature correlations become perfect in the
limit of infinite squeezing [22,40],

B—MQ — 0, (25)

where Q and B denote column vectors of the amplitude and
phase quadratures, respectively, for each output mode a™
(=12,...2m—1,and | =2m,2m + 2, . Zn)Mlsthe
adjacency matrix for the graph of a given Gaussian state, which
indicates the interactions between different vertices on the
graph.

Our cluster states are two-colorable graph states [41,42].
The corresponding two-colorable graphs are given by a set
of vertices connected in a specific way by edges: There are
two groups of vertices, {as;—1} and {az;} ( = 1,2,...,m, j =
1,2, ...,n), and there are no edges inside either of the groups.
The former group is colored red, while the latter is colored
blue (Fig. 3). In the ideal case of infinite squeezing, the two-
colorable cluster state is a simultaneous zero eigenstate of a
set of positions and momenta,

n
Xoj_1 — E Xop — 0,

k=1
(26)

m
P2+ pu-1— 0.
k=1

We use a set of sufficient conditions for the full inseparability
of a multimode state [43]. The following inequalities are the
criteria for the two-colorable cluster entangled state [22,23]:

_ yC
Yo = V2i71,2j

2
n
=\ | dx2i—1 — 8x2j — Z Mok 8 Xop
ey
2
m
+\ | 0p2j +8p2i1 + Z M2k—18P2k—1 <1
k=1ike£i

27)

The subscript (superscript) C designates the cluster state, i,k =
1,2,....,m, j,k =1,2,...,n, and ny (nx—_1) are arbitrary
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° ® ® o ® ® a @ ®3
a aj ag a aj a6 4l
a4 ag
0 ay L a6
» (ii) (iii)
a a
a
a a3 a as aj a3
a4
a6 ag
(iv) (v) (vi)

FIG. 3. (Color online) Possible cluster states for different numbers of red sidebands a,;_; and blue sidebands a,;,i =1 ~mand j =1 ~ n.
Form =1,(i)n =2,@{i)n =4, and (iii) n = 8. Form = 2, (iv)n = 2, (v) n = 3, and (vi) n = 4. Each vertex takes the role of one mode, and
edges represent the interactions between the connected vertices. {a,;—;} and {ay;} are in two different families.

real parameters that are used to optimize the above inequalities. Calculating the minimum values of the expressions in Eq. (27),
we obtain the following linear equations that the optimization parameters should satisfy:

n

0 = (8x2i—18x2r) — (8x2;0x2) — Z Nok (8 x28X011 ),
K=Lk' ]

(28)
0 = (8p2j0p2—1) + (8p2i—18pa—1) + Z N2k—1{8p2x—10p2—1),
k=1:k#i
where I’ =1,2,...,n and I' 4 j (I =1,2,...,m and [ # i) for the former (latter) equation. The correlation spectra are
written as
Ye(@)d(w + o) = (| $x2i—1(w) — 8x2j(w) — Z Mok 8xop (@) | | Sx2i—1 (@) — Sxj(w) — Z Mok S Xk (')
k=1k'#j K=Tk'#]

+({ | 8p2j (@) +8p2 1 @)+ Y ok 18pu1(@) | | 8p2j (@) +8pai1 @)+ Y nx 18pau (@)

k=1:ksi k=1ksi
(29)
To illustrate the above relation, we consider the particular case
U = 1 Ut = ! (30)
1 — ﬁ’ 1j — «/ﬁ,
withi = 1,2,...,mand j = 1,2, ... ,n. This corresponds to the following matching conditions:
g1t = o0 Qi (=12,....m— 1),
(31

Qe Pt = e Qi (=12,....n—1).
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FIG. 4. (Color online) The

(dimensionless)
frequency spectra Y-(0) as functions of x (dimensionless) for
different mode numbers m,n.

output Zero-

When m > 2, we have

4/ x(x? + 1) — 8x?

1= = . 32
Mok = = o — 8+ m (32)
Similarly, forn > 2,
4./Tx(x? 4+ 1) — 8x?
N =M = Vi (33)

nx*+(6n —8)x2+n’

Letting hy =14+ @m —1n; and hy =1+ — 1), we

obtain

n—1
4

1+h§) 2x?

m—1
Yc(0)=1+

+<1+h%

n + n

n (x2 —1)2

2(hy 4 ho) x(x* 4+ 1)

Jmno (x2—=1)%°

When m =1 (n = 1), there is no ny—; (o), 1.€., N0 1

(12), and we can also use the above equation to calculate the
correlation Y¢(0).

Figure 4 shows numerical results for detecting multimode
cluster entanglement. For different mode numbers m and n, we
present the output zero-frequency spectra Y¢(0) as functions
of x. First, we examine the case of m = 1 inFig. 4(a). Ifn = 1,
there is a two-mode state. We should notice that at x = 1, the
correlation takes the minimum value of zero; that is, this two-
mode state exhibits perfect entanglement (Einstein-Podolsky-
Rosen entanglement). For n > 2, the spectra bifurcate close
to x = 1. However, all of them are smaller than 1 over a wide
region of x # 1, which indicates cluster entanglement occurs.
With increasing n, Y¢(0) also show an increasing trend.

Next, we plot Yc(0) for m =2, 4, and 8 to show the
scalability of the present scheme. In these cases, the correlation
spectra are below unity for x > 0. This indicates that the

(34)
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criteria for the (m + n)-mode cluster entangled state are well
satisfied. Fixing the value of m and increasing the number of
n, Yc(0) increases successively. When m = n, the system is
symmetric, and each output zero-frequency spectrum Y¢(0)
takes its minimum at x = 1. The higher the mode number
(m + n) is, the higher the correlation is. But even for the largest
mode number (m = 8 and n = 14), cluster entanglement can
exist.

V. GHZ ENTANGLEMENT

Now we examine whether there is CV GHZ entanglement.
We consider three types of correlations: each odd mode with
each even mode (Y;), each odd mode with another odd mode
(Y»), and each even mode with another even mode (Y3). The
following inequalities are sufficient to demonstrate CV GHZ
entanglement [43]:

Yi = Vi |5 = ((Bxai1 = 8x2)*) +({ | 8pai—1 + 8p2j

2

+ > faeidpuart+ Y fudpaw

k=1:ksi K=1:k'#)
<1, (35)

Y, = V2(i;171,2i2—1 = ((5)52:'171 - 5x2irl)2) + dp2i -1

2
+8pa1 Y u-18pu—1+ Y owdpu
k=1;k¢i|,iz k'=1
<1, (36)

Y3 = Vy 55 = ((8x2) — 5x2.fz)2> +{ | 8p2j, +3p2),

n

m
+ Zsz—15P2k—1 + Z

k=1 K=1k'# 1)
<1 (37)

Xk Spoyr

The superscript G designates the GHZ state, i,ij,i,k =
1,2,....m (iy #1i2), and j,j1,j0,k' = 1,2,...,n (Ji # Jo).
Fak@k—1)» 02k 2k—1)» and Xox k1) are arbitrary real parameters
that are used to optimize the above inequalities, respectively.
We consider the same case as in the preceding section
[Eq. (30)]. When m > 2 and n > 2, calculating the minimum
values of the expressions in Eq. (35), we obtain the following
optimization parameters:

S1= fa—r =wi/u,  fr= fa =uz/u, (38)
with
u =mn(x*> = 1%+ 8(m +n — 2)x?,
uy = 16(n — Hx? — 8nx> + 4/mn(x> + x),  (39)
uy = 16(m — Dx? — 8mx? + 4/mn(x> + x).
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In the same way, for Eq. (36), we have
01 = 0u—1 =b1/b, 02 =0 =b2/b, (40)
with
b=x*/m+ (x*—1)/16,
by = x%/m, by = x(x*+ 1)/~/4mn,
and for Eq. (37), we have

(41)

X1 = xa—1=di/d, x2= xw = d2/d, (42)

with
d = x*/n+ (x* — 1)*/16,
/ / 43)
d = x(x2 + 1)/4dmn, d, = xz/n.
Letting

i=14+m—-1fi, h=1+m—-1 f,
Ly =2+ (m—2)01, £=ng, (44)
n=mx, p=2+0-2)x,

we obtain

m—1 n—1
NO=1+=——f+——f

1+92  1+9} 2x?
+ +
m n

(=17
2(1 4 9,0 241
20400 x4 1) s)
Jmn (x2—1)2
BO =1+ 2 o (G 8) 2
2= 4 ATy T ) ety
2010, x(x2 + 1
B 12X(X+)’ 46)

Jmn (x2 —1)?

m n—2 2 g2 2x2
Vi) = 1+ My p P2 (S ) 2
O =1+ 70+ X2+(m+n 212

2 241

J1)2 x(x* + 1) @7

C Jmn (k2 =12

Whenm =1 (n = 1), there is no for—1 (for'), i.€., no fi (f>),
and we can also use Eq. (45) to calculate the correlation Y;(0).
When m =2 (n =2), there is no gx—1 (¥2r), 1.€., N0 Q4
(x2), and we can also use Eq. (46) [Eq. (47)] to calculate
the correlation Y,(0) [Y3(0)]. Next, we show numerical results
of Y1 ,3(0) for detecting CV GHZ entanglement.

InFig. 5, we present the output zero-frequency spectra Y;(0)
as functions of x for different mode numbers m and n. It is
easy to see that each curve of m = n has one deep valley and
is less than 1 for x > 0. When m < n, the spectra bifurcate
close to x = 1, but all of them are smaller than 1 over a wide
region of x # 1.

Recall that up to local Fourier transforms, the cluster state
of m =1 is equivalent to a GHZ-type state [23,44]. Also we
can see that Figs. 4(a) and 5(a) are exactly the same, i.e.,
form =1, Y¢(0) = Y;(0). When m = 1 and n > 2, there are
GHZ-type clusters [23,44]: linear three-mode, cross-shaped,
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FIG. 5. (Color online) The (dimensionless) output zero-
frequency spectra Y1(0) as functions of x (dimensionless) for
different mode numbers m,n.

and star-shaped clusters, as shown in Figs. 3(i)-3(iii), respec-
tively. When m > 2, cluster entanglement is different from
GHZ entanglement, as demonstrated in Figs. 4(b)—4(d) and
Figs. 5(b)-5(d).

Figure 6 depicts the correlations Y,(0) and Y3(0). First,
we examine the case of m = n and find Y,(0) = Y5(0), as
indicated in Fig. 6(a). With the increasing of m and n,
the curves arise. As for m < n, we have Y»(0) < Y3(0).
Some examples are shown in Figs. 6(b)-6(d). We can see
that all the curves are below 1 except x = 0. Thus all
the inequalities in Eqgs. (35)—-(37) can be simultaneously
satisfied, and hence the full inseparability of the created GHZ
entangled states is verified [43]. Possible GHZ states are
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FIG. 6. (Color online) The (dimensionless) output zero-

frequency spectra Y,3(0) as functions of x (dimensionless) for
different mode numbers m,n.
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FIG. 7. (Color online) Possible GHZ states for different numbers of red sidebands a,;_; and blue sidebands a»;,i =1 ~mand j =1 ~ n.

Form =1, (i) n =2, (ii) n = 4, and (iii) n = 8. For m = 2, (iv) n = 2, (v) n = 3, (vi) n = 4. Each vertex takes the role of one mode, and

edges represent the interactions between the connected vertices.

exemplified in Fig. 7. Note that the star graphs for different
central vertices as well as the complete graph are local
Clifford (LC) equivalent representations of the GHZ state [17].
Thus Figs. 3(1)-3(iii) are LC equivalent to Figs. 7(i)-7(iii),
respectively [45].

These results are due to the multiple four-photon processes
in the large detuning limit (Fig. 1): In every transition channel,
two photons are absorbed from the corresponding driving field,
and then two sideband photons are emitted into the cavity
fields. The sideband photons are simultaneously generated
and highly correlated. The driving fields not only induce
the above process but also create the coherence between
the excited states. Due to the coherence, the atom-driving-
field interactions are reduced to the |0) — |1) transition. The
atomic superposition states |j) are empty, i.e., (o57) =0,
Jj =2,3,...,n. The cavity fields as collective fields A; and A,
interact with the dressed transition of the |0) — |1) transition. In
the mean time, the collective modes Ay;_; and Ay; (i,j > 2)
remain at the vacuum states. This establishes the quantum
beats between the cavity fields [31-34]. Taking the inverse
of the transformations in Eq. (6), we obtain the beat signals
as (ah_jay) = 0OnOmATA) (kI=12,....m, k#I)
and (al ay) = U5 O (AL Ay) (k1 = 1,2, ... 0,k # ). Inthe
presence of the quantum beats, all the higher sidebands behave
collectively, and so do the lower sidebands. It is through
collective modes A; and A, that all the cavity modes interact
with the dressed atoms. By such a mechanism, the two-photon
correlations are established. In a word, the quantum beats

and the wave-mixing interactions combine to induce the
multipartite inseparability.

Alkali atomic systems fit in this scheme. We use an
ensemble of cold atoms to avoid the Doppler effect and
resolve the fine levels. We give two examples for the
experimental realization of the present scheme. The first
example is for the m = n = 3 case. We can use the Zeeman
sublevels (m; = 0,%1) of the excited state 1p,. The transition
'P, =18, is split into three by using a magnetic field.
The corresponding resonance frequencies are far from each
other when the magnetic field is relatively strong. The other
example is for the m = n =4 scheme. We can use the D,
(794.8 nm) and D, (780.0 nm) transitions of the rubidium
atom. The corresponding states are |0) = [5S;,2,F = 2),|1) =
5P F = 1), [2) = 5P o, F' = 2),3) = |SP30, F” = 2),
and |[4) = |5P3,, F” = 3), respectively. The adjacent excited
state |5P3;,,F” = 1) is below |3) by 157 MHz. So the
nonresonant hyperfine interactions of the applied fields with
adjacent transitions can be avoided. Since [5S,,,F = 1) is
below |58,,,F = 2) by 6.8 GHz, we can use the transition
|5S81)2,F = 1) — |5P;3,,,F = 0) as a repumping transition.

VI. CONCLUSION

In this paper, we have presented an approach to generating
unitarily multimode squeeze operators and CV multipartite
cluster and GHZ entangled states. Through a suitable laser
system, we are able to engineer a squeeze field operator
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decoupled from the atomic degrees of freedom, yielding a
large squeeze parameter that is proportional to the number of
atoms. The physical mechanism is attributed to the multiple
four-photon processes and the dispersive atom-cavity-field
interaction in large detuning systems.
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