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Quantum-phase and information-entropy dynamics of a molecular system interacting
with a two-mode squeezed coherent field

Masayoshi Nakano* and Kizashi Yamaguchi
Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

~Received 3 April 2001; published 14 August 2001!

We investigate the quantum dynamics for a molecular-state-model system interacting with a resonant two-
mode squeezed coherent field, in which each mode is initially correlated. As an example, we consider a
three-state molecular model, which mimics the electronic excited states oftrans-octatetraene obtained by a
full-configuration-interaction calculation using the Pariser-Parr-Pople Hamiltonian, interacting with a two-
mode squeezed coherent field. For comparison, we also perform parallel studies, in which the initial fields are
prepared in uncorrelated two-mode states, i.e., a two-mode coherent state and a two-mode thermal state. It is
well known that the case of two-mode coherent field leads to the usual collapse-revival phenomena of the Rabi
oscillations, while the case of a two-mode thermal state leads to an irregular evolution of them. Although the
two-mode squeezed coherent field exhibits similar collapse-revival behavior to that for the two-mode coherent
field, some differences are detected in the amplitudes and periods of collapse-revival oscillations. Further, the
dynamics of off-diagonal molecular density matrices between the ground and second excited states for these
two fields are found to be distinctively different from each other. Such attractive behavior is found to be closely
associated with the two-mode photon-phase dynamics obtained by the Pegg-Barnett phase operator and the
initial quasiprobability~Q function! distribution of photons. These differences in phase properties are also
shown to significantly affect the dynamics of the information entropy for a molecule, i.e., molecular entropy,
which represents the degree of entanglement between the molecule and photons.

DOI: 10.1103/PhysRevA.64.033415 PACS number~s!: 42.50.Md, 33.80.2b, 33.15.2e, 42.50.Ct
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I. INTRODUCTION

A subject of great interest in interdisciplinary resear
between quantum optics and quantum chemistry conc
the interaction of atoms and molecules with quantized~pho-
ton! fields@1–7#. The simplest model of such problems is t
Jaynes-Cummings~JC! model @3–12#, which describes the
interaction between a two-state atom and a one-mode ph
field. This model has an advantage in being exactly solve
the rotating-wave approximation~RWA!. The result of this
dynamics provides a purely quantum feature, e.g., colla
quiescence, and revival behavior of the Rabi oscillatio
@13–20#, which cannot be caused by conventional la
fields. Although these attractive features were predicted th
retically at first, recent experiments using Rydberg atoms
high-Q microwave cavities support some of these effe
@21,22#.

Various extensions of the JC model have attracted m
attention over the last two decades. The quantum effects
dicted in these models are used for the realization of opt
communication@23# and laser cooling of atoms@24# and are
further expected to be important in quantum information
vices @25# in the future. Most of these studies have main
focused on the quantum mechanical nature of photon dyn
ics. On the other hand, there have been few studies on
interactions among molecules and photon fields from
viewpoint of molecular science. In such studies, we ne
more general molecular models composed of arbitrary n
ber of states and the non-RWA scheme, which can treat
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ternal fields with arbitrary frequencies. In previous stud
@1–7#, therefore, we performed a numerically exact treatm
of such dynamics, which is referred to as electron-pho
field dynamics~EPFD!, and elucidated the relations amon
molecular properties and the dynamics of photon fields w
various quantum statistics.

A recent direction of the extension is the consideration
the interaction between atoms and molecules and two-m
photon fields. In general, there are two types of two-mo
fields, i.e., initially uncorrelated and correlated two-mo
fields. Many studies on the dynamics of a three-state a
interacting with an uncorrelated two-mode field, e.g., tw
mode thermal~chaotic! and two-mode coherent fields, hav
been carried out and have elucidated the feature of the
namics from the viewpoint of the intermode field correlati
@26,27#. There are also studies on the effect of initial inte
mode field correlations of two-mode squeezed vaccum@28#
on the system dynamics@26#. The two-mode squeeze
vacuum is a highly nonclassical state of the photon field
which the individual modes display random thermal fluctu
tions though a superposition of the modes exhibits a red
tion in noise below the quantum limit@29#. For example, this
feature is utilized in thermofield dynamics@30# and the phys-
ics of black holes@31#. The two-mode squeezed vacuum
also used for the generation of two-mode squeezed cohe
fields @32–37# by the action of displacement operators.

The phase information on the photon field is known to
useful for understanding these dynamics. Recently, consi
able progress in the study of the photon-phase propertie
radiation fields has been made by Pegg and Barnett@38–40#.
They introduced a set of formalisms defining a Hermiti
phase operator, which allows us to calculate the phase di
bution and various phase properties of one- and two-m
photon fields. For example, it was found that two-mo
©2001 The American Physical Society15-1
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squeezed vacua exhibit elegant phase properties: they
random one-mode phases and the phase difference bet
the two modes is also random, while the phases lock so
their sum has a preferred value@40,41#. The method based o
a quasiprobability, e.g., theQ function @42–44#, distribution
is also widely used due to its less abstract and more picto
description of radiation fields. These quantities are also c
sidered to be useful for our understanding of the quan
dynamics of matter-field-coupled systems. In previous st
ies @1–7#, we elucidated the photon-phase dynamics for m
lecular model systems interacting with various one-mo
photon fields and found that the features of splitting a
colliding processes of the phase distribution remarkably
pend on the number of molecular states, molecular transi
quantities~transition energies and properties!, the quantum
statistical properties of the initial photon fields, and the d
tuning of the photon field. These results indicate that
photon-phase dynamics involves richer information on
time evolution of molecule-photon-coupled systems than
population dynamics. Although the population dynamics
atom-molecule systems under a two-mode squeezed vac
has been investigated in detail@26#, the photon-phase dy
namics of atoms and molecules under two-mode squee
fields ~including a two-mode squeezed vacuum! has not been
elucidated well yet.

Our motivation in this study is to investigate the relati
of the dynamics of on- and off-diagonal molecular dens
matrices and the quantum statistics of the initially correla
two-mode photon field, i.e., two-mode squeezed cohe
field. We consider a three-state molecular model, wh
mimics the electronic excited states oftrans-octatetraene ob
tained by a full-configuration-interaction~FCI! calculation
using the Pariser-Parr-Pople~PPP! Hamiltonian. As refer-
ences, initially uncorrelated two-mode fields, i.e., two-mo
coherent and two-mode thermal fields, are also conside
In addition to the dynamics of molecular populations, w
elucidate the dynamics of two-mode photon-phase distr
tions ~phase-sum and -difference distributions! using the
Pegg-Barnett~PB! two-mode photon-phase operator. A
other useful quantity characterizing quantum dynamics is
information entropy @45,46#. The molecule-field-coupled
system generally evolves into an entangled state, where
molecule and field subsystems separately are in mixed st
Since the features of such entanglement are well descr
by the entropy of the subsystem, we analyze the feature
the information entropy of the molecule~molecular entropy!.
The dynamical behavior of two-mode photon phases
molecular entropies for these two-mode fields are discus
in connection with the dynamics of molecular populatio
~diagonal molecular densities! and off-diagonal molecula
densities, which represent the relative phase~coherency! be-
tween two electronic states.

We organize this paper as follows. We introduce our c
culation method of a three-state molecule interacting wit
two-mode photon field in Sec. II. In Sec. III, we explain
method for analysis using the two-mode PB phase distr
tion, Q function, and molecular entropy. In Sec. IV, w
present a numerical study of the three-state molecule
03341
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two-mode field dynamics, concluding with a summary of o
results in Sec. V.

II. DYNAMICS OF A MOLECULE-PHOTON-COUPLED
SYSTEM

In this section, a Hamiltonian for a molecule interactin
with a two-mode photon field and its calculation procedu
~EPFD! are presented.

A. Hamiltonian for a coupled system composed of a molecule
and a two-mode photon field

The Hamiltonian describing a molecular model withM
states~M integer! in a two-mode photon field is constructe
from Hmol , the Hamilltonian of the unperturbed molecu
system; Hfield , the Hamiltonian of the two-mode photo
field; andH int , the interaction Hamiltonian:

H5Hmol1Hfield1H int . ~1!

In the multipolar formalism under the dipole approximatio
each part of the above Hamiltonian is expressed in
second-quantized representation as

Hmol5(
i

M

Eiai
†ai , ~2!

Hfield5(
l

2 S bl
†bl1

1

2D\vl , ~3!

and

H int5(
i , j

M

(
l

2

Kldi j ai
†aj~bl

†1bl!, ~4!

where

Kl[S \vl

2«0VD 1/2

. ~5!

In Eq. ~2!, Ei represents the energy of the molecular ele
tronic statei, andai

† andai are, respectively, the creation an
annihilation operators for the quantized electron field in
i th energy state. In Eq.~3!, vl indicates the frequency o
photon model, andbl

† andbl are the creation and annih
lation operators for photon model. The di j is the matrix
element of the molecular dipole moment operator in the
rection of the polarization of photon field. It is assumed th
the polarization vectors of each mode coincide with ea
other. In Eq.~5!, V is the volume of the cavity containing th
photon field, and it is fixed to 107 Å 3 in this study.

The matrix elements of the above Hamiltonian are o
tained using a triple Hilbert space spanned by the molec
states$uj&% ( j 51,2,...,M ) and the photon-number states
modes 1 and 2, i.e.,$un1&% and $un2&% (n1 ,n250,1,2,...,̀ ).
Namely, the triple-Hilbert-space basis consists of the sta
u j ;n1 ,n2& ([u j & ^ un1& ^ un2&). The matrix elements of the
Hamiltonian,Hmol , Hfield , andH int , are expressed as
5-2
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^ j ;n1 ,n2uHmolu j 8;n18 ,n28&5Ejd j j 8dn1n
18
dn2n

28
, ~6!

^ j ;n1 ,n2uHfieldu j 8;n18 ,n28&5(
l

2 S nl1
1

2D\vld j j 8dn1n
18
dn2n

28
,

~7!

and

^ j ;n1 ,n2uH intu j 8;n18 ,n28&

5dj j 8$K1~An18dn1 ,n
18211An1811dn1 ,n

1811!dn2 ,n
28

1K2~An28dn2 ,n
28211An2811dn2 ,n

2811!dn1 ,n
18
%.

~8!

B. Procedure of electron-photon field dynamics

The matrix elements of the time-evolution operator a
the density matrix of the molecule-photon field system
provided. Using the eigenvalues$W(m)% and eigenvectors
$x(m)% (m50,1,2,...) of the Hamiltonian@Eq. ~1!#, we ob-
tain

Hux~m!&5W~m!ux~m!&, ~9!

where m50,1,2, . . . , correspond to (i ;n1 ,n2)
5(1;0,0),(1;0,1),(1;0,2), . . . , respectively. Since this
Hamiltonian is a Hermitian matrix, the eigenvectors$x(m)%
construct a complete orthonormal set:

(
m

ux~m!&^x~m!u51 ~10!

and

^x~n!ux~m!&5dn,m . ~11!

The solutions to the time-dependent Schro¨dinger equation

i\
]

]t
uC~ t !&5HuC~ t !& ~12!

are represented as

uC~ t !&5(
n

e2 iW~n!~ t2t0!/hux~n!&[U~ t,t0!uC~ t0&,

~13!

where theU(t,t0) is the time-evolution operator, whic
transforms the state at the initial timet0 into the state at time
t. The initial state vectoruC(t0)& is expressed by

uC~ t0!&5(
n

ux~n!&. ~14!

The matrix element of the time-evolution operator is writt
as
03341
d
e

^ j ;n1 ,n2uU~ t,t0!u j 8;n18 ,n28&

[U j ,n1 ,n2 ; j 8,n
18 ,n

28

5(
m

^ j ;n1 ,n2ux~m!&^x~m!u j 8;n18 ,n28&e
2 iW~m!~ t2t0!/\.

~15!

The elements of the density matrix are represented by

^ j ;n1 ,n2ur~ t !u j 8;n18n28&

[r j ,n1 ,n2 ; j 8,n
18 ,n

28
~ t !

5(
f ,g

M

(
m1 ,m2

m18 ,m28

U j ,n1 ,n2 ; f ,m1 ,m2
~ t,t0!r f ,m1 ,m2 ;g,m

18 ,m
28

3~ t0!Ug,m
18 ,m

28 ; j 8,n
18 ,n

28
†

~ t,t0!. ~16!

The procedure of EPFD is described as follows. First,
construct an initial density matrix@r f ,m1 ,m2 ;g,m

18 ,m
28
,(t0)#,

which can be separated into the product of a molecular d
sity matrix @r f ,g

mol(t0)# and a two-mode photon density matr
@rm1 ,m2 ;m

18 ,m
28

2phot
(t0)#. The molecule is assumed to be in th

ground state at the initial time. As the initial photon fiel
three types of two-mode photon fields, i.e., a two-mode
herent field ~TC!, a two-mode squeezed coherent fie
~TSC!, and a two-mode thermal field~TT!, are considered
The two-mode coherent~TC! and two-mode thermal~TT!
fields are uncorrelated two-mode fields, so that their tw
mode photon density matrices are constructed by a di
product of the density matrix concerning each one-mo
field. The density matrix elements of a two-mode coher
field ~TC! are expressed by

rm1 ,m2 ;m
18 ,m

28
2phot

5^m1 ,m2ub1 ,b2&^b1 ,b2um18 ,m28&, ~17!

where the two-mode coherent state~TC! is

ub1 ,b2&5expF2
1

2
~ ub1u21ub2u2!G

3(
n1

`

(
n2

` b1
n1

An1!

b2
n2

An2!
un1 ,n2&. ~18!

Here $bl% is the eigenvalue of annihilation operatorbl for
photon model with the eigenvector~coherent state! $ubl&%.
The density matrix elements of a two-mode thermal fie
~TT! are expressed as

rm1 ,m2 ;m
18 ,m

28
2phot

5
^m̂1&

m1

~11^m̂1&!m111

^m̂2&
m2

~11^m̂2&!m211

3dm1m
18
dm2 ,m

28
, ~19!
5-3
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where m̂l is the photon-number operator defined bym̂l

[bl
†bl . It is noted that the thermal state has no off-diago

elements, the feature of which indicates that the thermal s
is a mixed state and has no definite phase relation betw
each photon-number state. In contrast to these fields,
two-mode squeezed coherent field~TSC! is a correlated two-
mode field, so that it cannot be represented by the di
product of each one-mode density matrix. For two mode
and 2 with annihilation operatorsb1 andb2 , the two-mode
squeezed coherent field~TSC! ub1 ,b2 ;z& is unitarily related
to vacuum stateu0, 0& ~the ground state of the two-mod
field! by the action of two-mode squeezing operator@Ŝ12(z)#

and two-mode displacement operator@D̂(b1 ,b2)
[D̂(b1)D̂(b2)# in the following manner@32–37#:

ub1 ,b2 ;z&5D̂~b1 ,b2!Ŝ12~z!u0;0&, ~20!

where

D̂~bl!5exp~blbl
†2bl* bl! ~l51,2! ~21!

and

Ŝ12~z!5exp~z* b1b22zb1
†b2

†!. ~22!

Here z5reiw is any complex number with modulusr and
argumentw, which determine the squeezing intensity a
direction of squeezing, respectively. It should be noted t
Ŝ12(z) is not simply the direct product of two one-mod
squeezing operators@Ŝ(z)5exp(2zb12/21z* b2/2)# for
modes 1 and 2. Two-mode squeezing arises in model
two-photon nonlinear optics being associated with the n
degenerate process, where pairs of photons are gener
one in each of modes 1 and 2, by the action ofb1

†b2
† . It is

also noted that the one-mode properties of each of the t
mode squeezed vacuumu0,0;z&([S12(z)u0;0&) are precisely
those of a one-mode thermal state@34#. The relation among
the average photon number of each mode, the displacem
(bl) and squeezing~r! parameters, is represented by

^n̂l&2usinhr u25ublu2>0 ~l51,2!. ~23!

The density matrix elements of the two-mode squeezed
herent field ~TSC! are obtained by rm1 ,m2 ;m

18 ,m
28

2phot

5^m1 ,m2ub1 ,b2 ;z&^b1 ,b2 ;zum18 ,m28& using Eq.~20!. Sec-
ond, the density matrix elements (r j ,n1 ,n2 ; j 8,n

18 ,n
28
(t)) at time

t are calculated using Eq.~16!. Third, several reduced densit
matrix elements are calculated by

r f ,g
mol~ t !5 (

m1 ,m2

r f ,m1 ,m2 ;g,m1 ,m2~ t ! ~molecular density!, ~24!

rm1 ,m2 ;m
18 ,m

28
2phot

~ t !5(
f

r f ,m1 ,m2 ; f ,m
18 ,m

28
~ t !

(two-mode photon-field density),

~25!
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rm1 ,m
18

1phot
~ t !5(

m2

rm1 ,m2 ;m
18 ,m2

2phot
~ t !

(one-mode photon-field density for mode 1

~26!

and

rm2 ,m
28

1phot
~ t !5(

m1

rm1 ,m2 ;m1 ,m
28

2phot
~ t !

(one-mode photon-field density for mode 2

~27!

Finally, various properties concerning the molecule and p
tons are calculated using these reduced density matrices

III. PEGG-BARNETT PHASE OPERATOR,
QUASIPROBABILITY „Q FUNCTION … DISTRIBUTION,

AND INFORMATION ENTROPY

A. Pegg-Barnett phase operator

The phase properties of a one-mode photon field h
been investigated since the first approach by Dirac@47#. Par-
ticularly, after Pegg and Barnett introduced a Hermiti
phase operator@38# which overcomes several difficultie
concerning the Susskind-Glogower phase operator@48#, the
phase properties of various photon fields and molecu
photon field coupled systems have been investiga
@1–6,42–44#. They also extended their theory to analyze t
phase properties of pairs of photon fields@40,41#. In this
section, we briefly explain their two-mode PB phase opera
for the analysis of the phase dynamics of the molecu
photon-coupled systems considered in this study.

In the Pegg-Barnett approach, all calculations concern
the phase properties are performed in an (s11)-dimensional
space spanned bys11 orthonormal phase states, and thes
value will be taken to be infinity after all expectation valu
have been calculated. Thes11 orthonormal phase states of
one-mode field are defined by

ufm&5
1

~s11!1/2(
n

s

einfmun&, ~28!

wherefm5f012pm/(s11) (m50,1,2,...,s) andf0 is an
arbitrary real number. In this study,s is taken to be 100 and
we adoptf052sp/(s11) to locate the initial phase of a
one-mode coherent photon field on the origin (f50) of the
phase axis defined in the region:2p<fm<p. In the case
of a two-mode field, these relations are satisfied for e
mode field.

Pegg and Barnett defined the following Hermitian pha
operator of model to provide the eigenvalues$fm

l % and the
eigenstates$ufm

l &%:

f̂l5(
m

s

fm
l ufm

l &^fm
l u. ~29!
5-4
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Based on this definition, we can calculate the expecta
values of arbitrary continuous functions of the two-mo
phase operator@ f (f̂1,f̂2)#. By using the PB operator, th
operatorf (f̂1,f̂2) can be defined as

f ~f̂1,f̂2!5 f S (
m1

s

fm1

1 ufm1

1 &^fm1

1 u,(
m2

s

fm2

2 ufm2

2 &^fm2

2 u D
5 (

m1 ,m2

s

f ~fm1

1 ,fm2

2 !ufm1

1 &ufm2

2 &^fm1

1 u^fm2

2 u.

~30!

The expectation values off (f̂1,f̂2) for arbitrary physical
statesuc& can be calculated by

^ f ~f̂1,f̂2!&5 lim
s→`

^cu f ~f̂1,f̂2!uc&

5 lim
s→`

(
m1 ,m2

s

f ~fm1

1 ,fm2

2 !P~fm1

1 ,fm2

2 !,

~31!

whereP(fm1

1 ,fm2

2 ) is the two-mode photon-phase distrib

tion, which represents the joint probability density for phas
fm1

1 andfm2

2 . Using Eqs.~25! and~28!, the two-mode phase

distribution function can be expressed by

P~fm1

1 ,fm2

2 !5
1

~s11!2 (
n1 ,n2
n1 ,n2

rn1 ,n2 ;n
18 ,n

28
2phot

ei ~n182n1!fn1

1

3ei ~n282n2!fm2

2
. ~32!

The surface represented byP(fm1

1 ,fm2

2 ) is 2p periodic along

bothf1 andf2 axes. Using Eqs.~31! and~32!, we calculate
various photon-phase properties for molecule-photon fi
coupled systems at timet. The phase-sum distributio
P(fm

1) @[P(fm1

1 1fm2

2 )# is represented by

P~fm
1!5

1

~s11! (
n1 ,n2

(
n18

r
n

18 ,~n182n11n2!;n1 ,n2

2phot
ei ~n12n18!fm

1

.

~33!

The phase-difference distributionP(fm
2) @[P(fm2

2 2fm1

1 )#

is represented by

P~fm
2!5

1

~s11! (
n1 ,n2

(
n18

r
n

18 ,~n12n181n2!;n1 ,n2

2phot
ei ~n182n1!fm

2

.

~34!

We can also derive the one-mode photon-phase distr
tion P(fml

l ) (l51,2) using Eqs.~26! and ~32! as follows:
03341
n

s

ld

u-

P~fml

l !5
1

s11 (
nl ,nl8

rn
l8 ,nl

1phot
ei ~nl2nl8 !fml

2
~l51,2!.

~35!

B. Q function

Another quantity characterizing photon-phase proper
is the quasiprobability distribution, which is similar to a tru
probability distribution for the field amplitude. Namely, th
moments of productsb andb† can be calculated by evalua
ing an integral weighted by the quasiprobability distributio
The Q function for a one-mode field is defined by

Q~b,t !5
1

p
^bur1phot~ t !ub&

5
1

p
e2ubu2 (

n,n8

b* nbn8

An!n8!
rn,n8

1phot
~ t !, ~36!

where ub& is a one-mode coherent state,b is its complex
amplitude, andn is a photon number.

C. Information entropy of a molecule

The information entropy obtained form the reduced de
sity matrix of the subsystem represents the degree of the
of information ~correlation! due to the reduction from the

FIG. 1. Three-state molecular model~which mimics the elec-
tronic states of trans-octatetraene calculated by the PPP-F
method@49#! interacting with a two-mode photon field. Thev1 and
v2 are frequencies which are resonant with energy intervalsE21

536 791 cm21 and E32521864 cm21, respectively. The transition
moments ared2158.454D and d32514.362D. At the initial time,
the molecule is assumed to be in the ground state, and we con
three types of photon fields, i.e., a two-mode coherent field~TC!, a
two-mode squeezed coherent field~TSC! with squeezing param-
eters r 51.0 andw50, and a two-mode thermal field~TT!. The
initial average photon number of each mode of these fields is 4
5-5
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FIG. 2. One- and two-mode photon-number distributions@P(n) andP(n1 ,n2)# for a two-mode coherent field@(TC-1n) and (TC-2n)#,
a two-mode squeezed coherent field@(TSC-1n) and (TSC-2n)# and a two-mode thermal field@(TT-1n) and (TT-2n)#. One- and two-mode
photon-phase distributions@P(f) andP(f1,f2)# ~based on the Pegg-Barnett phase operator! for these fields are also shown in@TC-1~2!p#,
@TSC-1~2!p#, and@TT-1~2!p#, respectively.
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total density matrix to the reduced density matrix for t
subsystem. As an example, the information entropy of m
ecule~molecular entropy! is calculated by

Smol52Tr~rmol ln rmol!52(
j

M

r j j
mol8 ln~r j j

mol8!, ~37!

wherermol8 is a diagonalized molecular reduced density m
trix. For a pure state,Smol50, while, for a mixed state
Smol.0. Namely, the time evolution of the molecular entro
reflects the time evolution of the degree of entanglem
between the molecule and the two-mode photon field. T
larger the entropy, the greater the entanglement.

IV. QUANTUM DYNAMICS OF A THREE-STATE
MOLECULAR SYSTEM INTERACTING WITH
AN INITIALLY TWO-MODE PHOTON FIELD

A. Molecular population dynamics

We consider a three-state molecular system~see Fig. 1!
which mimics the electronic excited states oftrans-
octatetraene, which is known to be a typicalp-conjugated
linear-chain system. It is found from a PPP-FCI calculat
@49# that the energy intervals areE21([E22E1)
536 791 cm21 and E32([E32E2)521 864 cm21, and the
transition moments in the chain-length direction oftrans-
octateraene ared2158.454D and d32514.362D. We con-
sider the frequencies ~v1536 791 cm21 and v2
521 864 cm21! of an initially two-mode photon field, which
03341
l-

-

t
e

n

are resonant withE21 and E32, respectively. The averag
photon number of each mode is fixed to^n̂1&5^n̂2&54. The
squeezing parameters of the two-mode squeezed coh
field ~TSC! are r 51.0 andw50. It is noted that the one
mode photon-phase and one-mode photon-number distr
tions for the two-modes of these fields are identical w
each other at the initial time, respectively:P(n1)5P(n2)
[P(n) and P(fm1

1 )5P(fm2

2 )[P(fm) at t50. Figure 2

shows the one-mode photon-number distributionsP(n)
@~TC-n!, ~TSC-n!, and~TT-n!# and two-mode photon-numbe
distributionsP(n1 ,n2) @(TC-2n), (TSC-2n), and (TT-2n)#
at t50. As is well known, the distributionsP(n) for the
two-mode coherent~TC! and two-mode thermal~TT! fields
exhibit Poisson and Bose-Einstein distributions, respectiv
The distributionP(n) of the two-mode squeezed cohere
field ~TSC! show an intermediate distribution between th
for the two-mode coherent field~TC! and that for the two-
mode thermal field~TT!. This can be understood by the fa
that the squeezing intensity~r! for the two-mode squeeze
coherent field~TSC! takes an intermediate value (r 51.0)
between that (r 50.0) for the two-mode coherent field~TC!
and that @r 5sinh21(A^n̂l&)'1.443 635 475; see Eq.~23!#
for the two-mode squeezed vacuum, whose one-mode di
bution coincides with that for the two-mode thermal fie
~TT! with the same average photon number. The distri
tions P(n1 ,n2) represent the feature of correlation betwe
the two modes of these fields: theP(n1 ,n2) for the two-
mode coherent~TC! and two-mode thermal~TT! fields are
constructed byP(n1) ^ P(n2), while the P(n1 ,n2) for the
5-6
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two-mode squeezed coherent fields~TSC! is not constructed
by P(n1) ^ P(n2). It is also found that the distribution
P(n1 ,n2) for the two-mode squeezed coherent field~TSC!
exhibits oscillations which are similar to those in the hig
number tail of the photon-number distribution for a on
mode squeezed field. Each peak of the oscillation
P(n1 ,n2) appears with parabolic shapes which are symm
ric about the diagonal linen15n2 . The features of such
oscillations are known to be explained by the interference
phase space@37#.

The molecular populations of each state@the ground state
~1!, the first excited state~2!, and the second excitetd sta
~3!# for the two-mode coherent~TC!, two-mode squeezed
coherent ~TSC!, and two-mode thermal~TT! fields are
shown in Fig. 3@~TC-dd!, ~TCS-dd!, and ~TT-dd!, respec-
tively#. As observed in the previous study@26#, the two-mode
coherent field~TC! exhibits damped oscillations, i.e., co
lapses, and amplified oscillations, i.e., revivals, while
collapse-revival behavior for the two-mode thermal fie
~TT! is shown to be instantly damped and then the osci
tions with small amplitudes are shown to continue at la

FIG. 3. Time evolution of the population of each state of t
molecule~Fig. 1! for the two-mode coherent field~TC!, two-mode
squeezed coherent field~TSC!, and two-mode thermal field~TT! is
shown in~TT-dd!, ~TSC-dd!, and~TT-dd!, respectively.
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times. The mechanism of the collapse-revival phenomena
a coherent field has been analyzed well and is found to or
nate in the dephasing and rephasing among the Rabi osc
tions with slightly different frequencies@13–20#. It is noted
that there are two types of revival-collapse regions for
two-mode coherent field~TC!, one of which exhibits larger
amplitudes than the other. By comparison of the molecu
population of each state~r1,1

mol , r2,2
mol , and r3,3

mol!, these two
types of revival-collapse regions are found to be predo
nantly caused by one- and two-photon processes, res
tively. Similar behaviors are observed in a three-state m
ecule under a one-photon resonant coherent field@1# and in a
dimer composed of identical two-state molecules unde
one-photon coherent field@6#. Similarly, in the previous
study@26#, the rapid reduction of the collapse-revival beha
ior is observed for the two-mode thermal field~TT!. This
behavior is found to be caused by the fact that there are
definite relative phase relations among the Rabi oscillati
generated by the thermal field, which is a mixed state co
posed of various phase components. For the two-m
squeezed coherent field~TSC!, we find that the Rabi oscilla-
tions are fairly similar to those of the two-mode cohere
field ~TC!, although the squeezing intensity~r! for the two-
mode squeezed coherent field~TSC! considered here take
an intermediate value between that for the two-mode coh
ent ~TC! and that for the two-mode squeezed vacuum
mentioned above. The two types of collapse-revival beh
iors are also detected in the two-mode squeezed cohe
field ~TSC!, while the first collapse time~the time taken for
the envelope to collapse to zero! and the starting time of the
first revival for the two-mode squeezed coherent field~TSC!
are longer and earlier than those for the two-mode cohe
field ~TC!, respectively. Also, the difference in the amp
tudes between the first and second revival-collapse reg
for the two-mode squeezed coherent field~TSC! is found to
be more reduced than that for the two-mode coherent fi
~TC! case. For the two-mode coherent field~TC!, the aver-
aged molecular population of state 3 is larger than that
state 2, while for the two-mode squeezed coherent fi
~TSC! the averaged molecular populations of states 2 an
are shown to be similar to each other. Such features indi
that the degree of the contribution of the two-photon proc
for the two-mode squeezed coherent field~TSC! is smaller
than that for the two-mode coherent field~TC!. These attrac-
tive behaviors of molecular populations are analyzed us
the photon-phase and off-diagonal molecular density dyn
ics for the cases of these fields.

B. Initial photon-phase distributions

Before examining the phase and off-diagonal molecu
dynamics of the molecule-photon-coupled systems, we
vestigate the features of the one- and two-mode pho
phase distributions@P(f) and P(f1,f2), respectively# of
the two-mode coherent~TC!, two-mode squeezed cohere
~TSC!, and two-mode thermal~TT! fields „see Fig. 2
@(TC-1p), (TSC-1p), and (TT-1p)# for P(f) and Fig. 2
@(TC-2p), (TSC-2p), and (TT-2p)# for P(f1,f2)…. The
distribution P(f) of the two-mode coherent field~TC! ex-
5-7
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hibits a single sharp peak aroundf50, which is caused by
the fact that the coherent field is a state with the minim
Heisenberg uncertainty relation between orthogonal qua
tures: the variance of each quadrature~Dxl

25Dxl 1p/2
2 , l an

arbitrary number! is equal to 1/4, while the two-mode the
mal field ~TT! exhibits a uniform one-mode photon distrib
tion P(f) since the thermal field is a mixed state compos
of random phase components. The distributionsP(f1,f2)
for the two-mode coherent~TC! and two-mode thermal~TT!
fields are constructed by the direct products of their o
mode photon distributionsP(f) since these two fields ar
uncorrelated two-mode fields. On the other hand, the dis
bution P(f) for the two-mode squeezed coherent fie
~TSC! is shown to possess a broader phase distribution p
than that for the two-mode coherent field~TC!. It is well
known that further squeezing causes more broadening
phase peak and eventually leads to complete agreemen
tween the distributionP(f) of the two-mode squeeze
vacuum and that of the thermal field. Therefore, we can
that the distributionP(f) of the two-mode squeezed cohe
ent field ~TSC! exhibits an intermediate feature between t
distribution P(f) of the coherent and that of the therm
fields. However, the distributionP(f1,f2) for the two-mode
squeezed coherent field~TSC! is found to have more com
plicated structures in contrast to the uncorrelated two-m
fields, i.e., the two-mode coherent~TC! and two-mode ther-
mal ~TT! fields. The distributionP(f1,f2) of the two-mode
squeezed coherent~TSC! field is found to be generated b
extensions of the phase distribution of the two-mode coh
ent field~TC! along the two directions, which are parallel
the linesf25f1 andf252f1, respectively. It is noted tha
the two stretched leg regions in the direction of the linef2

52f1 approach the linesf252f12p and f252f1

1p, respectively, as the squeezing intensity~r! increases.
This feature suggests that the photon-phase-sum distribu
for the two-mode squeezed vacuum, which has a limitt
squeezing intensity@r 5sinh21A^n̂&: see Eq.~23!#, exhibits
a single peak aroundf11f256p.

C. Dynamics of photon-phase-sum and -difference
distributions

We next investigate the dynamics of two-mode photo
phase distributions, i.e., photon-phase-sumP(f1) @[P(f1

1f2)# and photon-phase-differenceP(f2) @[P(f2

2f1)# distributions. Figure 4 shows these distributions
times @~a!–~g! for the two-mode coherent field~TC! and
(a8) – (j8) for the two-mode squeezed coherent field~TSC!#
represented by dotted lines shown in Fig. 3. The distribut
P(f1) corresponds to the sum of pure phase parts, whe
the distributionP(f2) includes the phase@(v22v1)t# of
the free field since the timet is taken as 2pm/(v11v2)
(m50,1,2,...) in this study. However, the changes in
shape of the distributionP(f2) can be investigated by con
sidering its 2p periodicity, although the phase origin move
at each time due to the contribution of the free field. T
distributionsP(f1) and P(f2) for the two-mode therma
state~TT! are not shown since they are uniform and const
at all times as seen from its definition.
03341
a-

d

-

i-

ak

a
be-

y

e

r-

on
g

-

t

n
as

e

e

t

Before analyzing the two-mode photon-phase dynam
we briefly explain the relation between the photon-phase
tribution dynamics and the collapse-revival behavior of t
Rabi oscillations in the case of a molecule coupled with
one-mode photon field@1–5,42,43#. It was found that split-
ting and colliding processes in the phase distribution occu
the case of a coherent field. In the early-time region, a sin
phase peak aroundf50 is split as the collapse behavior o
the molecular population proceeds. In the next-time regi
the split peaks move in mutually opposite directions, a
then these two peaks collide atf56p. As a result of the 2p
periodicity of the phase space, after the collision atf5
6p, each peak which passedf51p andf52p appears
again from the side off52p andf5p, respectively, and
then these two peaks move tof50. In such a manner, the
splitting and colliding of peaks are repeated. Through
these processes, the peaks in the phase distribution grad
decrease and cause a broadening, the feature of whic
evidence of the uncertainty relation between a photon ph
and a photon number. The collapse and revival behavior
the molecular population correspond to the splitting and c
liding processes in the photon-phase distribution, resp
tively. This correspondence is interpreted as follows. In
coherent photon field, the splitting process in the phot
phase distribution first causes an increase in the ability
destroy the coherence between the molecular states and
causes a gradual decrease in that ability due to the la
splitting of the photon phase~approachingf56p/2!. In
contrast, the colliding process causes a gradual increase
successive decrease in that ability. Such variations in
coherence between the molecular states cause the colla
revival behavior of the molecular population. However, t
splitting and colliding are not completely achieved in t
larger-time region, so that the increase and decrease in
ability become unclear as the time proceeds. These cha
are reflected in the dynamics of the molecular entropy a
off-diagonal molecular density matrix@1–7#.

First, we consider the relation among the dynamics of
ground-state molecular population and that of distributio
P(f1) and P(f2) of the two-mode coherent field~TC!
case. The initialP(f1) and P(f2) distributions for the
two-mode coherent field~TC! provide an identical single
peak aroundf15f250. This is evident from the distribu
tion P(f1 ,f2) for the two-mode coherent field~TC! shown
in Fig. 2 @TC-2p#. It is noted that the distributionsP(f1)
and P(f2) correspond to the sum of the distributio
P(f1 ,f2) along direction parallel to the linesf252f1 and
f25f1, respectively. The first collapse behavior at tim
~a!, ~b!, and ~c! for the two-mode coherent field~TC! ~see
Fig. 3! is found to correspond to the split into three pea
and the subsequent moving of the side peaks~in mutually
opposite directions! of the distributionP(f1) „see Fig. 4
@~TC!~a!–~c!#…. This is similar to the behavior of a three-sta
molecule under a one-photon coherent field@1,2#. On the
other hand, the distributionP(f2) shows no split of the
peak until time~c!. This is understood by the fact that th
phase sumf1 ([f11f2) has a larger frequency than th
phase differencef2 ([f22f1). At time ~c! for the two-
mode coherent field~TC!, although the distributionP(f2)
5-8
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FIG. 4. Photon phase-sum~solid lines! and
-difference~dotted lines! distributions of the two-
mode coherent~TC! and two-mode squeezed co
herent~TSC! fields at times~a!–~g! for ~TC! and
at times (a8) – (j8) for ~TSC!. These times are
shown in Fig. 3. The distributions for the two
mode thermal field~TT! are not shown since it
exhibits a uniform distribution with a constan
value at an arbitrary time.
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exhibits a single peak around6p, the distributionP(f1) is
shown to be split into two peaks, one of which is arou
f150 and the other is aroundf156p. The phase differ-
ence between these two peaks is found to be aboutp, which
corresponds to the situation of thep/2 difference between
the side and main peaks observed in a one-mode field
@1,2#. Namely, it is predicted that the two-mode cohere
field ~TC! at time ~c! hardly destroys the relative phase d
ference between the molecular states. This feature supp
the fact that the region around time~c! for the two-mode
coherent field~TC!, is a quiescent region@1,2# „see Fig. 3
@TC-dd#…. The first revival for the two-mode coherent fie
~TC! is shown to begin from around time~d!, at which for
the distributionP(f1) the split side peaks are shown
collide with the central peak aroundf150 to become a
somewhat broad single peak, while for the distributi
P(f2) the split into three peaks is shown to begin. At tim
03341
se
t

rts

~e!, the second collapse region, the distributionP(f2) for
the two-mode coherent field~TC! evidently splits into three
peaks in contrast to the distributionP(f1), which exhibits a
nearly single peak. In the second revival region at time~f! for
the two-mode coherent field~TC!, the distributionP(f2) is
characterized by two peaks, the larger one of which co
sponds to the original central peak and the other~smaller
one! is made by the collision between the split side pea
while the distributionP(f1) maintains a single peak. Al
though the difference between the side and main peaks o
distribution P(f2) for the two-mode coherent field~TC! is
found to be aboutp, the distribution is shown to be rathe
delocalized and some distributions exist between the
peaks. This result and the single peak of the distribut
P(f1) for the two-mode coherent field~TC! at time~f! sup-
port the feature of the incipient stage of the second rev
Rabi oscillations. In the revival region with larger amplitud
5-9
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FIG. 4 ~Continued!.
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of the Rabi oscillations for the two-mode coherent field~TC!
at time~g!, both the distributionsP(f1) andP(f2) provide
single peaks, which implies that each mode of the field p
sesses a fairly definite phase. These results indicate tha
collapse-revival behavior of the molecular ground state
der the two-mode coherent photon field~TC! corresponds to
the splitting and colliding processes of both the distributio
03341
s-
the
-

s

P(f1) and P(f2), i.e., two-mode phase distribution
P(f1,f2). If either phase state ofuf1& anduf2& became an
uncertainty state concerning its photon phase, the Rabi o
lations would be damped.

Second, we consider the two-mode squeezed cohe
field ~TSC! case. Although the molecular population dynam
ics for the two-mode squeezed coherent field~TSC! is simi-
5-10
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FIG. 5. One-modeQ function distributions in the complexb plane at the initial time for the two-mode coherent~TC!, two-mode squeezed
coherent~TSC!, and two-mode thermal~TT! fields are shown in~TC-q!, ~TSC-q!, and~TT-q!, respectively. Contours with an interval 0.0
are drawn. The circleubu[A^n̂1&(5A^n̂2&) @A^n̂1&(5A^n̂2&): one-mode average photon number of the initial photon field# is also dotted
in the contour plots.
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lar to that for the two-mode coherent field~TC! „see Fig. 3
@~TC-dd! and~TSC-dd!#… the initial distributionsP(f1) and
P(f2) for the two-mode squeezed coherent field~TSC! are
found to be different from those of the two-mode coher
field ~TC! „see Fig. 4@~TC!~a! and (TSC)(a8)#…!. In particu-
lar, it is shown that the initial distributionP(f1) of the
two-mode squeezed coherent field~TSC! is remarkably
broadened and approaches the uniform distribution obse
in the thermal field. This feature supports the smaller con
bution of two-photon processes to the collapse-revival
havior in the two-mode squeezed coherent field~TSC! case
as compared with the two-mode coherent field~TC! case. It
is found that in the first collapse region for the two-mo
squeezed coherent field~TSC! at times (b8), (c8), and (d8)
„see Fig. 3@~TSC-dd#…, although the distributionP(f1)
splits into three peaks, their distinction is not clear and
nearly regarded as a uniform distribution. In contrast, it
shown that the distributionP(f2) of the two-mode
squeezed coherent field~TSC! provides a fairly distinct
single peak at the initial time and slowly splits into thr
peaks in the time region (b8) – (d8). This supports the slow
collapse behavior in the time region (b8) – (d8) shown in Fig.
3 @~TSC-dd!#. At times (f8) and (g8), a relatively distinct
single peak of the distributionP(f2) for the two-mode
squeezed coherent field~TSC! appears, although the distr
bution P(f1) exhibits a broad peak like that for a therm
field, the feature of which supports the behavior in the fi
revival region (f8) – (g8) „see Fig. 3@~TSC-dd!#…. After time
(g8), the degree of the splitting of the side peaks for t
distribution P(f2) for the two-mode squeezed cohere
field ~TSC! is shown to be large, the feature of which su
ports the fact that the Rabi oscillations in the first reviv
collapse region for~TSC! disappears after time (g8) „see Fig.
3 @~TSC-dd!#…. Although the distributionP(f1) for the two-
mode squeezed coherent field~TSC! at time (h8) exhibits a
single broad peak and the distributionP(f2) is shown to be
well split into two peaks with the phase differencep, the
split two peaks ofP(f2) are fairly delocalized and the som
distributions exist in the intermediate phase region as c
pared with the two-mode coherent field~TC! case„see Fig. 4
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@(TSC)(h8) and (TC)(f )#…. As mentioned in the previous
paragraph, this situation corresponds to the quiescent re
or the incipient region of the second revival behavior sho
in Fig. 3 @(TSC-dd)(h8)#. Further, the distributionP(f2)
for the two-mode squeezed coherent field~TSC! is shown to
become a single peak again going from time (i8) to (j8),
although that is a fairly broad peak. Although this featu
supports the enhancement of the amplitude of the R
oscillations of the second revival-collapse region, the
oscillations are shown to be less dictinct than those of
two-mode coherent field ~TC! case „see Fig. 3
@(TC-dd)(f ) – (g) and (TSC-dd)(i8) – (j8)#…, the feature of
which is assumed to be caused by the indistinct colliding
the split phase distributions and the resultant broadnes
the peak.

Third, we briefly explain the photon-phase distributio
dynamics of the two-mode thermal field~TT! case. As men-
tioned above, the thermal field is a state with complet
random phases, so that the two-mode photon-phase dist
tion is uniform „see Fig. 2@(TT-2p)#…. Namely, both the
distributionsP(f1) and P(f2) for the two-mode therma
field ~TT! also provide uniform distributions with a consta
value. These random phase components lead to a dynam
behavior of the molecular populations for the two-mode th
mal field ~TT! „shown in Fig. 3@~TT-dd!#…, in which the
oscillations of the molecular populations are instan
damped and only the fluctuation remains at later times.

We here consider the differences in the feature of
collapse-revival behavior for these photon fields in view
their initial Q function distributions„Figs. 5@~TC-q!, ~TSC-
q!, and ~TT-q!#…. The one-modeQ function distribution for
the two-mode coherent field~TC! at the initial time is shown
to be a single peak at (ublu,fl)5(2,0), while that for the
two-mode thermal field~TT! is located at the origin and is
much broader than that for the two-mode coherent fi
~TC!. For the two-mode squeezed coherent field~TSC!, the
one-modeQ function distribution exhibits intermediate fea
tures between the two-mode coherent~TC! and the two-
mode thermal~TT! fields: theQ function distribution of the
two-mode squeezed coherent field~TSC! has a broad peak a
5-11
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little sharper than that for the two-mode thermal field~TT!
case, while the peak for the two-mode squeezed cohe
field ~TSC! is located at ublu ([A^n̂l&2usinhru2

5A42usinh 1u2'1.618 302 245). It was found that the co
lapse and revival behavior corresponds to the splitting,
mutual counterrotating, and the colliding of the split dist
bution peaks of theQ function @1–5,42–44#. Since the dot-
ted circle represents the same photon number~4! for a one-
mode coherent field, the peak of the one-modeQ function
distribution for the two-mode coherent field~TC! rotates
along this dotted line. It is known for the two-mode therm
field ~TT! that theQ function distribution located at the ori
gin is unsplit and only its peak intensity is changed, t
behavior of which corresponds to a change in the aver
photon number@5#. The uniform phase distribution of th
thermal field indicates that it contains all photon numb
states randomly phased with respect to each other. Sinc
Q function distribution for a coherent field with a large
number of photons needs longer time to split, the distribut
in the inner region is predicted to rotate faster than that in
outer region@50#. This indicates that theQ function distribu-
tion for the two-mode squeezed coherent field~TSC! pos-
sesses both faster and slower rotating components as
pared to the two-mode coherent field~TC! case. This feature
supports the enhancement of the first collapse region,
earlier start of the first revival, and the fewer differenc
between the amplitudes of the first and second reviv
collapse oscillations in the case of the two-mode squee
coherent field~TSC! ~see Fig. 3!.

D. Dynamics of the off-diagonal molecular density matrix

Figure 6 shows the time evolution of the magnitude
off-diagonal molecular density matrix elementsur1,2

molu,
ur2,3

molu, and ur1,3
molu for these three types of two-mode photo

fields. The magnitude of the off-diagonal molecular dens
(ur i , j

molu) represents the degree of the coherency~the definite
relative phase! between the states~i and j! of a molecule.
From a comparison among the off-diagonal densities for
two-mode coherent~TC! and two-mode squeezed cohere
~TSC! fields, for the two-mode coherent field~TC! the ur1,3

molu
is found to be much larger thanur1,2

molu and ur2,3
molu, while for

the two-mode squeezed coherent field~TSC! they are shown
to provide similar average values. This remarkable differe
in ur1,3

molu between the two-mode coherent~TC! and two-mode
squeezed coherent~TSC! fields is attributed to the differenc
in the distributionsP(f1) between these two fields: th
distribution P(f1) for the two-mode squeezed cohere
field ~TSC! is found to be much broader than that for t
two-mode coherent field~TC! although the distributions
P(f2) for both these fields are shown to provide simi
single peaks. Namely, the coherence between molec
states 1 and 3 for the two-mode squeezed coherent
~TSC! is considered to be damped by the broader distribu
of P(f1) for ~TSC!, which has a resonant frequency wi
energy intervalE31. The dynamical behavior ofur1,3

molu is also
found to be related to that of the distributionP(f1). For the
two-mode coherent field~TC!, the increase inur1,3

molu from
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time ~b! to ~c! corresponds to the displacement of the sp
side peaks of the distributionsP(f1) from about6p/2 to
6p „see Fig. 4@~TC!#…, which corresponds to the situation o
split peaks on6p/2 for the one-mode field case. This situ
tion decreases the ability of the destruction of the relat
phase between molecular states and then enhances the c
ence between molecular states 1 and 3. On the other h
the decrease inur1,3

molu for the two-mode coherent field~TC!
from time ~c! to ~d! corresponds to the disappearance of
peaks on6p and the generation of a broader peak of t
distributionP(f1). At later times@after time~e!#, the distri-
butions P(f1) for the two-mode coherent field~TC! are
found to almost maintain their shapes~a single peak!. This
leads to the fact that the largeur1,3

molu values with only small
oscillations are observed at later times@after time~e!# for the
two-mode coherent field~TC! „see Fig. 6@~TC-od!#…. Even in
the case of the two-mode squeezed coherent field~TSC!, the
variation in ur1,3

molu is found to be associated with that of th
splitting and colliding behavior of the distributionsP(f1).
However, it is found that the magnitude and width of t

FIG. 6. Time evolution of the magnitude of the off-diagon
molecular densitiesur1,2

molu, ur2,3
molu, andur1,3

molu, for the two-mode co-
herent ~TC!, two-mode squeezed coherent~TSC!, and two-mode
thermal ~TT! fields is shown in~TC-od!, ~TSC-od!, and ~TT-od!,
respectively.
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distribution P(f1) for the two-mode squeezed cohere
field ~TSC! is much smaller and much broader than those
the two-mode coherent field~TC!, respectively, so that the
ur1,3

molu for the two-mode squeezed coherent field~TSC! ex-
hibits a more indistinct variation with a much smaller ma
nitude as compared to the two-mode coherent field~TC!
case.

For the two-mode thermal field~TT! case, all the off-
diagonal molecular densities are shown to vanish, the fea
of which is reasonable by considering that the random-ph
components of the thermal field completely destroy
relative-phase relation between molecular states.

E. Molecular entropy dynamics

The molecular entropySmol represents the degree of th
correlation between the molecule and two-mode pho
field. Since the two modes~modes 1 and 2! of the field are
resonant with energy intervalsE21 andE32 of the molecule,
respectively, the variation inSmol is predicted to be assoc
ated with that in the off-diagonal molecular densityur1,3

molu.
Actually, for the two-mode coherent field~TC! case, the
variation in ur1,3

molu from time ~b! to ~e! „Fig. 6 @~TC-od!#… is
found to be just the reverse of theSmol from time ~b! to ~e!
„Fig. 7 @~TC-s!#…. This is evident from the following relation
Smol increases with increasing the correlation between
two-mode photon field and the molecule. In that region,
phase uncertainty in the photon field destroys the rela
phase~coherence! between the molecular states. This lea
to a decrease inur1,3

molu. Such a relation is also observed in th
two-mode squeezed coherent field„see Fig. 6@~TSC-od!#
and Fig. 7@~TSC-s!#…, while the significant decrease inSmol

in the early time region~c!–~d!, i.e., the quiescent region, fo
the two-mode coherent field~TC! case is not found in the
case of the two-mode squeezed coherent field~TSC!. Such
an attractive decrease inSmol, i.e., the correlation betwee
molecules and photons, is important for the generation of
optical ‘‘Schrödinger cat state’’@12# in the case of the one
mode photon field. For the two-mode thermal field~TT!
case, theSmol increases quickly to the maximum value a
remains fluctuating with small oscillations thereafter. Th
reflects the fact that the thermal field quickly destroys
coherency between the molecular states. In view of the
nificant decrease inSmol, the dynamical feature of the two
mode squeezed coherent field~TSC! case is found to rathe
resemble that of the two-mode thermal field~TT! case as
compared with the two-mode coherent field~TC! case, al-
though there are found to be many similar features conc
ing other properties, e.g., collapse and revival behavior~Fig.
3! and the nonzero off-diagonal densities~Fig. 6!.

V. CONCLUSION

We investigated the dynamics of a three-state molec
model interacting with uncorrelated and correlated pho
fields, i.e., two-mode coherent, two-mode thermal, and tw
mode squeezed coherent fields. We showed that the
mode squeezed coherent field exhibits a similar collap
revival behavior of the Rabi oscillations to that of the tw
mode coherent field, although the one-mode photon-num
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and -phase distributions possess intermediate features
tween the two-mode coherent and two-mode thermal fie
Such collapse-revival behavior was found to be associa
with the splitting and colliding behaviors of the two-mod
photon-phase distributions, e.g., phase-sum and -differe
distributions. On the other hand, the magnitude of the o
diagonal molecular density matrix element (ur1,3

molu) between
states 1 and 3 for the two-mode squeezed coherent field
were found to be much smaller than that for the two-mo
coherent field although other elements~ur1,2

molu andur2,3
molu! for

the two-mode squeezed coherent field exhibit similar beh
ior to those for the two-mode coherent field. The o
diagonal molecular densities for the two-mode coherent
two-mode squeezed coherent fields are also found to be
ferent from those of the two-mode thermal fields, in whi
these elements vanish. We attributed these features to
differences in the two-mode photon-phase distributio
among these fields: the initial phase-sum distribution
the two-mode squeezed coherent field exhibits a m
broader peak~like a uniform distribution observed in th
thermal field! than that for the two-mode coherent fie
~which has a single sharp peak!, and the two-mode phas

FIG. 7. Time evolution of the molecular entropies (Smol) for the
two-mode coherent~TC!, two-mode squeezed coherent~TSC!, and
two-mode thermal~TT! fields is shown in~TC-s!, ~TSC-s!, and
~TT-s!, respectively.
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distributions for the two-mode thermal field are uniform. T
differences in the off-diagonal molecular densities are a
reflected in the dynamical behavior of the molecular entro
(Smol), which represents the degree of correlation betw
the molecule and photons. For example, a significant
crease inSmol in the early-time region for the two-mode co
herent field case is not observed in the case of the two-m
squeezed coherent field. Judging from the present results
two-mode squeezed coherent field with an intermed
squeezing intensity between that for the two-mode cohe
field and that for the two-mode squeezed vacuum field
hibits a somewhat similar collapse-revival behavior of t
Rabi oscillations to that for the two-mode coherent fie
while the two-mode squeezed coherent field provides sig
cantly different features in the photon-phase sum, the
el

on

rl

J

v

ev
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diagonal molecular densitiesur1,3
molu, and the correlation be

tween the molecule and the two-mode photons, as comp
to the two-mode coherent field. In conclusion, the two-mo
squeezed coherent fields are predicted to directly provide
markable effects on the coherence between the molec
states and on the molecule-photon correlation by chang
the squeezing parameters. Such attractive features will c
tribute to the investigation of quantum dynamical pheno
ena in molecular science in the future.

ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for Scientifi
Research~Nos. 12042248, 12740320, and 10149105! from
the Ministry of Education, Culture, Sports, Science a
Technology, Japan.
hy,

s.

. A
@1# M. Nakano and K. Yamaguchi, Chem. Phys. Lett.295, 317
~1998!.

@2# M. Nakano and K. Yamaguchi, Chem. Phys.252, 115 ~2000!.
@3# M. Nakano and K. Yamaguchi, Chem. Phys. Lett.304, 241

~1999!.
@4# M. Nakano and K. Yamaguchi, J. Phys. Chem.103, 6036

~1999!.
@5# M. Nakano and K. Yamaguchi, J. Chem. Phys.112, 2769

~2000!.
@6# M. Nakano and K. Yamaguchi, Chem. Phys. Lett.324, 289

~2000!.
@7# M. Nakano and K. Yamaguchi, Chem. Phys. Lett.317, 103

~2000!.
@8# E. T. Jaynes and F. W. Cummings, Proc. IEEE51, 100~1963!.
@9# L. Allen and J. H. Eberly,Optical Resonance and Two-Lev

Atoms~Wiley, New York, 1975!.
@10# P. L. Knight and P. W. Milonni, Phys. Rep.66, 21 ~1980!.
@11# P. W. Milonni and S. Singh, Adv. At., Mol., Opt. Phys.28, 75

~1990!.
@12# B. W. Shore and P. L. Knight, J. Mod. Opt.40, 1195~1993!.
@13# J. H. Eberly, N. B. Narozhny, and J. J. Sanchez-Mondrag

Phys. Rev. Lett.44, 1323~1980!.
@14# N. B. Narozhny, J. J. Sanchez-Mondragon, and J. H. Ebe

Phys. Rev. A23, 236 ~1981!.
@15# P. L. Knight and P. M. Radmore, Phys. Rev. A26, 676~1982!.
@16# F. T. Hioe, J. Math. Phys.23, 2430~1982!.
@17# R. R. Puri and G. S. Agarwal, Phys. Rev. A33, 3610~1986!.
@18# I. Sh. Averbukh, Phys. Rev. A46, R2205~1992!.
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