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with a two-mode squeezed coherent field

Masayoshi Nakarfoand 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 statearsfoctatetraene 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.
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[. INTRODUCTION ternal fields with arbitrary frequencies. In previous studies
[1-7], therefore, we performed a numerically exact treatment
A subject of great interest in interdisciplinary researchof such dynamics, which is referred to as electron-photon
between quantum optics and quantum chemistry concerrfield dynamics(EPFD), and elucidated the relations among
the interaction of atoms and molecules with quantigeito- ~ molecular properties and the dynamics of photon fields with
ton) fields[1—7]. The simplest model of such problems is the Various guantum statistics. o _ _
Jaynes-CummingsJC) model [3—12], which describes the A recent direction of the extension is the consideration of
interaction between a two-state atom and a one-mode photdhe interaction between atoms and molecules and two-mode
field. This model has an advantage in being exactly solved ifhoton fields. In general, there are two types of two-mode
the rotating-wave approximatiofRWA). The result of this fields, i.e., initially uncorrelated and correlated two-mode
dynamics provides a purely quantum feature, e.g., coIIapsé'eldS' Many studies on the dynamics of a three-state atom

quiescence, and revival behavior of the Rabi oscillationd"teracting with an _uncorrelated . f'eld.’ e.g., two-
[13—20, which cannot be caused by conventional IasermOde thermalchaotig and two-mode coherent fields, have

. . . been carried out and have elucidated the feature of the dy-
fields. Although these attractive features were predicted the.oriamics from the viewpoint of the intermode field correlation

Let'ﬁa”y a_t first, recent _e_xpenments using Ryfdbﬁrg atofrps ';36,27]. There are also studies on the effect of initial inter-
Igh-Q microwave cavities support some of these effectSyqqe field correlations of two-mode squeezed vacEag

[21,22, _ on the system dynamic§26]. The two-mode squeezed
Various extensions of the JC model have attracted muCliacyum is a highly nonclassical state of the photon field in

attention over the last two decades. The quantum effects prégnich the individual modes display random thermal fluctua-
diCted in these mOde|S are Used fOI‘ the rea”zation Of Opticﬂions though a Superposition of the modes exhibits a reduc-
communicatior{ 23] and laser cooling of aton{24] and are  tion in noise below the quantum lin{i29]. For example, this
further expected to be important in quantum information de<feature is utilized in thermofield dynamif30] and the phys-
vices[25] in the future. Most of these studies have mainlyics of black hole§31]. The two-mode squeezed vacuum is
focused on the quantum mechanical nature of photon dynanaiso used for the generation of two-mode squeezed coherent
ics. On the other hand, there have been few studies on thelds[32—-37 by the action of displacement operators.
interactions among molecules and photon fields from the The phase information on the photon field is known to be
viewpoint of molecular science. In such studies, we neediseful for understanding these dynamics. Recently, consider-
more general molecular models composed of arbitrary numable progress in the study of the photon-phase properties of
ber of states and the non-RWA scheme, which can treat exadiation fields has been made by Pegg and Baf88tt4Q.
They introduced a set of formalisms defining a Hermitian
phase operator, which allows us to calculate the phase distri-
*Corresponding author. Electronic address: bution and various phase properties of one- and two-mode
mnaka@chem.sci.osaka-u.ac.jp photon fields. For example, it was found that two-mode
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squeezed vacua exhibit elegant phase properties: they hatwo-mode field dynamics, concluding with a summary of our
random one-mode phases and the phase difference betweesults in Sec. V.
the two modes is also random, while the phases lock so that
their sum has a preferred val[#0,41]. The method based on  1I. DYNAMICS OF A MOLECULE-PHOTON-COUPLED
a quasiprobability, e.g., th® function[42—-44, distribution SYSTEM
is also widely used due to its less abstract and more pictorial In this section. a Hamiltonian for a molecule interactin
description of radiation fields. These quantities are also con- . ’ : : . 9

. : with a two-mode photon field and its calculation procedure
sidered to be useful for our understanding of the quantunaEPFD) are ted

. i . presented.

dynamics of matter-field-coupled systems. In previous stud-
ies[1-7], we elucidated the photon-phase dynamics for mo-
lecular model systems interacting with various one-mode
photon fields and found that the features of splitting and
colliding processes of the phase distribution remarkably de- The Hamiltonian describing a molecular model with
pend on the number of molecular states, molecular transitiotates(M intege) in a two-mode photon field is constructed
guantities(transition energies and propertiethe quantum from Hy,, the Hamilltonian of the unperturbed molecule
statistical properties of the initial photon fields, and the de-Systém;Hyeq, the Hamiltonian of the two-mode photon
tuning of the photon field. These results indicate that théi€ld; andHiy, the interaction Hamiltonian:
photon-phase dynamics involves richer information on the _
time evolution of molecule-photon-coupled systems than the H=Hunort Hret Hin. @

population dynamics. Although the population dynamics ofjn the multipolar formalism under the dipole approximation,
atom-molecule systems under a two-mode squeezed vacuugach part of the above Hamiltonian is expressed in the
has been investigated in detdi?6], the photon-phase dy- second-quantized representation as

namics of atoms and molecules under two-mode squeezed

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

fields (including a two-mode squeezed vacyumas not been M N

elucidated well yet. Hmo= EI Eiaja, 2
Our motivation in this study is to investigate the relation

of the dynamics of on- and off-diagonal molecular density 2 1

matrices and the quantum statistics of the initially correlated Hre= 2> (b{b}\“’ ~|ho,, 3

two-mode photon field, i.e., two-mode squeezed coherent A 2

field. We consider a three-state molecular model, which d

mimics the electronic excited statestadnsoctatetraene ob- &

tained by a full-configuration-interactiof-Cl) calculation M2

using the Pariser-Parr-Popl@PP Hamiltonian. As refer- Hip=2 deijai‘raj(bh b,), (4)

ences, initially uncorrelated two-mode fields, i.e., two-mode oA

coherent and two-mode thermal fields, are also considered.

In addition to the dynamics of molecular populations, weWhere

elucidate the dynamics of two-mode photon-phase distribu- 5 2

tions (phase-sum and -difference distributipnssing the K)\E( “’K) _ (5)

Pegg-Barnett(PB) two-mode photon-phase operator. An- 2goV

other useful quantity characterizing quantum dynamics is the

information entropy [45,46. The molecule-field-coupled N EQ- (2), E; represents the energy of the molecular elec-

system generally evolves into an entangled state, where tHEONIC state, anda; anda; are, respectively, the creation and

molecule and field subsystems separately are in mixed statenihilation operators for the quantized electron field in the

Since the features of such entanglement are well describddh energy state. In E¢(3), w, indicates the frequency of

by the entropy of the subsystem, we analyze the features @ioton mode\, andb] andb, are the creation and annihi-

the information entropy of the moleculmolecular entropy ~ lation operators for photon mode The d;; is the matrix

The dynamical behavior of two-mode photon phases anélement of the molecular dipole moment operator in the di-

molecular entropies for these two-mode fields are discusse@ction of the polarization of photon field. It is assumed that

in connection with the dynamics of molecular populationsthe polarization vectors of each mode coincide with each

(diagonal molecular densitiesand off-diagonal molecular other. In Eq.(5), V is the volume of the cavity containing the

densities, which represent the relative ph@ssherencybe-  photon field, and it is fixed to Z082 in this study.

tween two electronic states. The matrix elements of the above Hamiltonian are ob-
We organize this paper as follows. We introduce our caltained using a triple Hilbert space spanned by the molecular

culation method of a three-state molecule interacting with sstates{|j)} (j=1,2,..M) and the photon-number states of

two-mode photon field in Sec. II. In Sec. Ill, we explain a modes 1 and 2, i.e{|n;)} and{|n,)} (ny,n,=0,1,2,..%).

method for analysis using the two-mode PB phase distribuNamely, the triple-Hilbert-space basis consists of the states

tion, Q function, and molecular entropy. In Sec. IV, we |j;n;,n,) (=]j)®|n;)®|n,)). The matrix elements of the

present a numerical study of the three-state molecule andamiltonian,H ., Hseq, @ndH;,:, are expressed as
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<] N ,n2| Hmollj ,;ni ,I"Ié): Ej 5jj ! 5nlni5n2név (6)

2

(Jsn1,no[Hieidj "sn1,n5) = 2 nt35

ﬁw)\b‘ i’ 5”1”15'12“&’
@)

and

(isn1,na[Hindj"sn1,n3)
=d;j {K1 (V180 -1 Vi + 180 1) n,

+K2(\/—5n n’ 1t n2—*_15n n+1 nln}
8

B. Procedure of electron-photon field dynamics

The matrix elements of the time-evolution operator and
the density matrix of the molecule-photon field system are

provided. Using the eigenvalud$V(m)} and eigenvectors
{x(m)} (m=0,1,2,...) of the HamiltoniafiEq. (1)], we ob-

tain

H|x(m))=W(m)|x(m)), €)
where m=0,1,2..., correspond to i(nq,ny)
=(1;0,0),(10,1),(10,2),..., respectively. Since this

Hamiltonian is a Hermitian matrix, the eigenvectdsgm)}
construct a complete orthonormal set:

; Ix(m))(x(m)]=1 (10)

and
(x(M)|x(m))= 6, m. (11

The solutions to the time-dependent Salinger equation
J
fi o [P () =H[W¥ (D) (12

are represented as

()M v (n))=U(t,to)| W (to),
13

[W(t)=2 e MM

where theU(t,ty) is the time-evolution operator, which

transforms the state at the initial tiniginto the state at time
t. The initial state vectof¥(t,)) is expressed by

~P<to>>=§ x(n)) (14)

The matrix element of the time-evolution operator is written

as
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(j;n1,noU(t,t0)[j ;N1 ,n5)

!

=U. ot
Jingangiitingng

iW(m)(t—to)/h

=§ (3501, nal x(M)Y(x(M)]j";n} ,npye”
(15)

The elements of the density matrix are represented by

(iin1,nalp(D]j";niny)
EPj,nl,nz;j’,ni,né(t)
M
_ng mlzmz U] ny.n,;f.mg, mz(t to) s \My,my5g,my ,my
my.mj

X
X (t0)Ug g 7.0t g (Lo (16)

The procedure of EPFD is described as follows. First, we
construct an initial density matriiipf,ml,mz;g'mi'mé,(to)],

which can be separated into the product of a molecular den-
sity matr|x[pm°'(t0)] and a two-mode photon density matrix

2phot
[ g my ] m (tp)]. The molecule is assumed to be in the

ground state at the initial time. As the initial photon field,
three types of two-mode photon fields, i.e., a two-mode co-
herent field (TC), a two-mode squeezed coherent field
(TSO), and a two-mode thermal field'T), are considered.
The two-mode coherenfTC) and two-mode thermalTT)
fields are uncorrelated two-mode fields, so that their two-
mode photon density matrices are constructed by a direct
product of the density matrix concerning each one-mode
field. The density matrix elements of a two-mode coherent
field (TC) are expressed by

2phot
my,my; m m

=(My,my| B1,B82){B1,B2lmy,my),

where the two-mode coherent st&feC) is

1
|,31,,32>:eXF{_ §(|,31|2+|32|2)

“1 n2

nEl 2 ﬁrlnl,n»

Here{B,} is the eigenvalue of annihilation operatoy for
photon modex with the eigenvectofcoherent stade{| 8, )}.
The density matrix elements of a two-mode thermal field
(TT) are expressed as

(18

- (™ ()™
Pmymyimimy ™ (14 (g™ T (1+(fg)) ™2 T

X 5m1m15m2 ,mév (19)
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where m, is the photon-number operator defined By 1phot 2phot

Eb;[b)\. It is noted that the thermal state has no oﬁ-diagonalpml,mi(t): ; pml,mz;mi ,mz(t)

elements, the feature of which indicates that the thermal state 2

is a mixed state and has no definite phase relation between (one-mode photon-field density for mode 1),
each photon-number state. In contrast to these fields, the 26)
two-mode squeezed coherent fi€ldSC) is a correlated two-

mode field, so that it cannot be represented by the direc%nd

product of each one-mode density matrix. For two modes

and 2 with annihilation operatoits; andb,, the two-mode

squeezed coherent fieldSC) |81, 82:¢) is unitarily related ~ p-™", ()=, p2™™* (1)
to vacuum statd0, 0y (the ground state of the two-mode  °' 2 my 2R
field) by the action of two-mode squeezing operdtsyy({) | (one-mode photon-field density for mode 2).
and two-mode displacement operatof D(B1,85) 27)

=D(B1)D(B,)] in the following mannef32-37:
Finally, various properties concerning the molecule and pho-

1B1.82:0)=D(B1.82)514)]0;0), (200 tons are calculated using these reduced density matrices.
where
IIl. PEGG-BARNETT PHASE OPERATOR,
D —ex t_ % =12 21 QUASIPROBABILITY (Q FUNCTION) DISTRIBUTION,
(B=exp b= Byby) - (A=12) @D AND INFORMATION ENTROPY
and A. Pegg-Barnett phase operator

& The phase properties of a one-mode photon field have

S {) = exp({* biby—¢biby). 22 been in\?estigatzd zince the first approach Ey Diveg. Par-
Here {=re'® is any complex number with modulusand ticularly, after Pegg and Barnett introduced a Hermitian
argumente, which determine the squeezing intensity angPhase qperatof38] Whlch overcomes several difficulties
direction of squeezing, respectively. It should be noted thafoncerning the Susskind-Glogower phase operia8}, the

2 . : . i phase properties of various photon fields and molecule-
SiA{) is not simply the direct product of two one-mode photon field coupled systems have been investigated

squeezing operatorg S(¢) =exp(— b2+ {*b?/2)] for  [1_6 4243 They also extended their theory to analyze the
modes 1 and 2. Two-mode squeezing arises in models Qfhase properties of pairs of photon fiel#0,41. In this
two-photon nonlinear optics being associated with the nogection, we briefly explain their two-mode PB phase operator
degenerate process, where pairs of photons are generatggy the analysis of the phase dynamics of the molecule-
one in each of modes 1 and 2, by the actiorb@h}. Itis  photon-coupled systems considered in this study.

also noted that the one-mode properties of each of the two- |n the Pegg-Barnett approach, all calculations concerning
mode squeezed vacuy®0;{)(=S1£)|0;0)) are precisely  the phase properties are performed in st {)-dimensional
those of a one-mode thermal Stéﬂ;l-] The relation among space Spanned [3;4_1 orthonormal phase states, and the
the average photon number of each mode, the displacemephjue will be taken to be infinity after all expectation values

(B\) and squeezingr) parameters, is represented by have been calculated. Tlse- 1 orthonormal phase states of a
R , 2 2 one-mode field are defined by
(Ay)—|sinhr[?=]B,|*=0 (A=1,2. (23
: : 1 S
The density matrix elements of the two-mode squeezed co- | pm) = m}: e"®mn), (28)
2phot n

’

herent field (TSC) are obtained by p. =~ ..
. 1:M:My .My
=(My,My| B1,B2:£)(B1,B2:{|my,my) using Eq.(20). Sec-  where ¢, = do+27m/(s+1) (M=0,1,2,..5) and ¢ is an
ond, the density matrix elementg;(y, n,;j’,n: n;(t)) attime  arbitrary real number. In this study,is taken to be 100 and
t are calculated using EL6). Third, several reduced density we adopt¢,= —sm/(s+1) to locate the initial phase of a
matrix elements are calculated by one-mode coherent photon field on the origin=0) of the
phase axis defined in the region= < ¢, <. In the case
mol of a two-mode field, these relations are satisfied for each
Pf,g(t):mzm Pf,m1|m2;g,ml,m2(t) (molecular density, 24 mode field.
v Pegg and Barnett defined the following Hermitian phase
2phot operator of mode to provide the eigenvalue{sﬁg} and the

pmlimz:miymé(t)zg Pt,my my:f,m] my(t) eigenstate$| ph )1

(two-mode photon-field density),

TN NP A
(25) $=2 bl X bl (29
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Based on this definition, we can calculate the expectation c
values of arbitrary continuous functions of the two-mode C/ \C

phase operatoff(¢*, $?)]. By using the PB operator, the
operatorf (¢, ¢?) can be defined as

c c c
2N NP

trans octatetraene

—_— 3
~ mode 2
(¢ 2 ¢m1|¢ml><¢ml| 2 ¢m2|¢m2><¢m2| ﬁ E, =21864 cm™
. d, =14.362D
=21864 cm
S
e 2
= 2 f(dm, o) dm )| b X b (b7 |
My.M2 mode 1
E, =36791 cm™
(30 r—> d, =8454D
=36791 cm™
The expectation values df(¢t,¢2) for arbitrary physical
states|) can be calculated by 1

(TC) two mode coherent field

(f(P, )= lim (| f( %, d%)| ) (TSC) two mode squeezed coherent field
S—00 (TT) two mode thermal field
FIG. 1. Three-state molecular mod@Vihich mimics the elec-
= lim E f( ¢ml ¢m2)P(¢ml d’mz) tronic states oftrans-octatetraene calculated by the PPP-FCI
s—oe M1y method[49]) interacting with a two-mode photon field. Tag and

(32) w, are frequencies which are resonant with energy interizals
=36791cm?’ and E;,=21864 cm?, respectively. The transition
1,2\ s moments arel,;=8.45D andd;,= 14.362D. At the initial time,
where P(¢m P, ) is the two-mode photon-phase distribu- o' ojecyle is assumed to be in the ground state, and we consider
tion, which represents the joint probability density for phaseshree types of photon fields, i.e., a two-mode coherent fiE@), a
(ﬁm and ¢m Using Eqgs{(25) and(28), the two-mode phase two-mode squeezed coherent figliSC) with squeezing param-

dlstrlbutlon function can be expressed by .et.e.rsr=1.0 and¢=0, and a two-mode thermal fielﬁrT). The
initial average photon number of each mode of these fields is 4.

_ 2phot gl(nj—n )t
P(¢m ,da )= 22 1%, 1 1phot i(m —n’) 2
k) e nei PO =55, 2, Puln & WO (=12,
)\
oy 35
x el(nz =Ny, (32 %
B. Q function

The surface represented W(ﬁrln ,qﬁfn ) is 277 periodic along _ . .
both ¢! and ¢? axes. Using Eqs(Bl) and(32) we calculate Another quantity characterizing photon-phase properties
various photon-phase properties for molecule-photon flelds the quasiprobability distribution, which is similar to a true
coupled systems at timé. The phase-sum distribution probability distribution for t?e field amplitude. Namely, the
P(5) [=P(4L + @2 )] is represented by moments of productb andb' can be calculated by evaluat-

m My~ 7my ing an integral weighted by the quasiprobability distribution.
The Q function for a one-mode field is defined by

P(o))= E 2 iphor:un o el(n—npén,
<S+1>n e QB = —<Blp”’“°tt>|ﬁ>
(33
. T _ 2 1 _1 —181% B* 18 1pho
The phase-difference distributid®(¢y,) [=P(dq, — ém,)] =_e 2 \/an e (8 (36)

is represented by

where |8) is a one-mode coherent statg,is its complex
P(¢)= —— ) D 2ph(ot . (N —n)dn amplitude, andh is a photon number.
(S+1 ny.ny nr n (Ng=Nny+n3)ing N,
(34 C. Information entropy of a molecule

The information entropy obtained form the reduced den-
We can also derive the one-mode photon-phase distribusity matrix of the subsystem represents the degree of the lack
tion P(q&ﬁk) (A=1,2) using Egs(26) and(32) as follows: of information (correlatior) due to the reduction from the
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(TC-1n) Photon number distribution of
mode 1(2) for two mode coherent field
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Photon number
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0.08
0.08l
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0.02!
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FIG. 2. One- and two-mode photon-number distributipén) andP(n,,n,)] for a two-mode coherent field TC-1n) and (TC-2)],
a two-mode squeezed coherent figldSC-1n) and (TSC-21)] and a two-mode thermal fie[dTT-1n) and (TT-21)]. One- and two-mode
photon-phase distributio®(¢) andP(¢*,$?)] (based on the Pegg-Barnett phase operdtorthese fields are also shown[iliC-1(2)p],
[TSC-12)p], and[TT-1(2)p], respectively.

total density matrix to the reduced density matrix for theare resonant wittE,; and Eg,, respectively. The average
subsystem. As an example, the information entropy of molphoton number of each mode is fixed(fo,) = (f,)=4. The
ecule(molecular entropyis calculated by

M
SmoI: —Tl‘(pm0| In pmol) - _ E pJ[TJ)oI |n(pjnj10| ),
J

(37

squeezing parameters of the two-mode squeezed coherent
field (TSC) arer=1.0 ande=0. It is noted that the one-
mode photon-phase and one-mode photon-number distribu-
tions for the two-modes of these fields are identical with
each other at the initial time, respectivelyP(n;)=P(n,)

wherep™" is a diagonalized molecular reduced density ma-=P(n) and P(¢y, )=P(¢n )=P(¢y) at t=0. Figure 2
trix. For a pure stateS™'=0, while, for a mixed state, shows the one-mode photon-number distributioRén)
SM>0. Namely, the time evolution of the molecular entropy [(TC-n), (TSC+), and(TT-n)] and two-mode photon-number
reflects the time evolution of the degree of entanglementistributionsP(n,,n,) [(TC-2n), (TSC-2n), and (TT-2)]
between the molecule and the two-mode photon field. Theit t=0. As is well known, the distribution®(n) for the
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 syst@ee Fig. 1
which mimics the electronic excited states dfans
octatetraene, which is known to be a typigalconjugated

two-mode coherenfTC) and two-mode thermdlTT) fields
exhibit Poisson and Bose-Einstein distributions, respectively.
The distributionP(n) of the two-mode squeezed coherent
field (TSC) show an intermediate distribution between that
for the two-mode coherent fieldlf'C) and that for the two-
mode thermal fieldTT). This can be understood by the fact
that the squeezing intensity) for the two-mode squeezed
coherent field(TSC) takes an intermediate value = 1.0)
between that(=0.0) for the two-mode coherent fie[d@C)

and that[r=sinh"%(\/(f,))~1.443635475; see Eq23)]

linear-chain system. It is found from a PPP-FCI calculationfor the two-mode squeezed vacuum, whose one-mode distri-

[49] that the energy

sider the

intervals areE,(=E,—E;)
=36791cm?! and Eg(=E;—E,)=21864cm?, and the
transition moments in the chain-length direction tedins
octateraene aré,,;=8.45D and d;,=14.36D. We con-
frequencies (w;=36791cm?
=21864 cm?) of an initially two-mode photon field, which

and w,

bution coincides with that for the two-mode thermal field
(TT) with the same average photon number. The distribu-
tions P(nq,n,) represent the feature of correlation between
the two modes of these fields: th(n;,n,) for the two-
mode coherenfTC) and two-mode thermdlTT) fields are
constructed byP(n;)®P(n,), while the P(ny,n,) for the

033415-6



QUANTUM-PHASE AND INFORMATION-ENTROPY . .. PHYSICAL REVIEW A64 033415

(TC-dd) Molecular population under times. The mechanism of the collapse-revival phenomena for
1.0 (a.)a I‘t’)")" (r;‘)"de °°('$’e”‘ f'(z')d : : a coherent field has been analyzed well and is found to origi-
08 v : : __g{:}g; nate in the dephasing and rephasing among the Rabi oscilla-
c Co D s tions with slightly different frequencigl3—20. It is noted
% 06 : ‘ that there are two types of revival-collapse regions for the
‘_21 0.4 : two-mode coherent fieldTC), one of which exhibits larger
e ; ‘ amplitudes than the other. By comparison of the molecular
02 U ‘:"“""""‘“1"""““1”’"’“"“'(})" @ population qf each statépfj" . pgjg', and pgfg'), these two .
00 5550 65 85100 x10 types of revival-collapse regions are found to be predomi-
t [a.ul] nantly caused by one- and two-photon processes, respec-
(TSC-dd) Molecular population under tively. Similar behaviors are observed in a three-stqte mol-
1.0 2lwo mode squeezed coherent field . ecule under a one-photon resonant coherent figldnd in a
@) () (d) () ((g) () State 1 dimer composed of identical two-state molecules under a
o8 | @ L --2%2:63 one-photon coherent fiel@i6]. Similarly, in the previous
._§ 0.6 Lo ! : ! ° study[26], the rapid reduction of the collapse-revival behav-
2 ‘ MR ; ; j ior is observed for the two-mode thermal fig{@T). This
§ 04 A : M () behavior is found to be caused by the fact that there are no
0.2 : i.,a/ajl:l-.‘-,.‘,_,._L,.‘,,AQ_,_Q;Y;.% .I.,«.._A'_,-.i,f;{\,_%,.,J.‘.\,g_.}..\ definite relative phase relations among the Rabi oscillations
T Co : R 4 generated by the thermal field, which is a mixed state com-
00 o220 60 80 100 x10 posed of various phase components. For the two-mode
t la.u] squeezed coherent fie{dSO), we find that the Rabi oscilla-
(TT-dd) Molecular population under t@ons are fairly similar to those_ of_the tv_vo-mode coherent
1.0 .atwo mode thermal field field (TC), although the squeezing intensity) for the two-
State 1 mode squeezed coherent figliSC) considered here takes
08 | oo Sﬁg}gg an intermediate value between that for the two-mode coher-
§ o8 ent (TC) and that for the two-mode squeezed vacuum as
5 DV\/V\N\’M’V\”\/""\N\/\/\/VW mentioned above. The two types of collapse-revival behav-
§ 04 . iors are also detected in the two-mode squeezed coherent
0.2 B Al o o S e e field (TSC), while the first collapse timéhe time taken for
LT AT S AR AT the envelope to collapse to z¢rand the starting time of the
00 620 70 5.0 80 100 x10 first revival for the two-mode squeezed coherent fi@8C)

t lau] are longer and earlier than those for the two-mode coherent
field (TC), respectively. Also, the difference in the ampli-
molecule(Fig. 1) for the two-mode coherent fiekT'C), two-mode tudes between the first and second revival-collapse regions
squeezed coherent fie{d SC), and two-mode thermal fiel(l'T) is for the two-mode squeezed coherent fiel&C) is found to )
shown in(TT-dd), (TSCdd), and(TT-dd), respectively. be more reduced than that for the two—r_node coherent field
(TC) case. For the two-mode coherent fi€lkC), the aver-
aged molecular population of state 3 is larger than that of
state 2, while for the two-mode squeezed coherent field
(TSCO) the averaged molecular populations of states 2 and 3
are shown to be similar to each other. Such features indicate
that the degree of the contribution of the two-photon process

FIG. 3. Time evolution of the population of each state of the

two-mode squeezed coherent fie[d@SCO) is not constructed
by P(n;)®P(n,). It is also found that the distribution
P(ny,n,) for the two-mode squeezed coherent fi€lt5C)
exhibits oscillations which are similar to those in the high-

number tail of the_ photon-number distribution fpr a ON€-¢4r the two-mode squeezed coherent fi€T®C) is smaller
mode squeezed f'e,lg' Ea%hl-pe?]k of thﬁ_ r(])scnlatlon forthan that for the two-mode coherent fi€lEiC). These attrac-
P(ny,n,) appears with parabolic shapes which are symmetg e henaviors of molecular populations are analyzed using

ric about the diagonal liné;=n,. The features of such ,o Hhoton-phase and off-diagonal molecular density dynam-
oscillations are known to be explained by the interference if.q o the cases of these fields.

phase spacg37].

The molecular populations of each stéifee ground state
(1), the first excited stat€2), and the second excitetd state
(3)] for the two-mode coherenfTC), two-mode squeezed Before examining the phase and off-diagonal molecular
coherent (TSC), and two-mode thermalTT) fields are dynamics of the molecule-photon-coupled systems, we in-
shown in Fig. 3[(TC-dd), (TCSdd), and (TT-dd), respec- Vvestigate the features of the one- and two-mode photon-
tively]. As observed in the previous stuf86], the two-mode  phase distribution§P(¢) and P(¢*,$?), respectively of
coherent field(TC) exhibits damped oscillations, i.e., col- the two-mode coherer{{TC), two-mode squeezed coherent
lapses, and amplified oscillations, i.e., revivals, while the(TSC), and two-mode thermalTT) fields (see Fig. 2
collapse-revival behavior for the two-mode thermal field[(TC-1p), (TSC-1p), and (TT-1p)] for P(¢) and Fig. 2
(TT) is shown to be instantly damped and then the oscillaf (TC-2p), (TSC-2p), and (TT-2)] for P(¢t,4?)). The
tions with small amplitudes are shown to continue at latedistribution P(¢) of the two-mode coherent fiel(l'C) ex-

B. Initial photon-phase distributions
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hibits a single sharp peak arouwd=0, which is caused by Before analyzing the two-mode photon-phase dynamics,
the fact that the coherent field is a state with the minimumwe briefly explain the relation between the photon-phase dis-
Heisenberg uncertainty relation between orthogonal quadrdribution dynamics and the collapse-revival behavior of the
tures: the variance of each quadrat(me(|2=Ax|2+ o lan Rabi oscillations in the case of a molecule coupled with a
arbitrary numberis equal to 1/4, while the two-mode ther- One-mode photon fielfil—5,42,43. It was found that split-
mal field (TT) exhibits a uniform one-mode photon distribu- ting and colliding processes in the phase distribution occur in
tion P(¢) since the thermal field is a mixed state composed€ case of a coherent field. In the early-time region, a single
of random phase components. The distributiet(gs®, ¢2) phase peak aroun¢l=Q is split as the collapse bghawor pf
for the two-mode cohererfTC) and two-mode thermdll'T) the mo!ecular populanqn proceeds. In th(_e next-time region,
fields are constructed by the direct products of their onell€ Split peaks move in mutually opposite directions, and
mode photon distribution® () since these two fields are then these two peaks collide ét= = 7. As a result of the 2
uncorrelated two-mode fields. On the other hand, the distriP€riodicity of the phase space, after the collisiondat
bution P(¢) for the two-mode squeezed coherent field = 7, €ach peak which passeft=+m and 4= —m appears
(TSO) is shown to possess a broader phase distribution pegdain from the side o= — and =, respectively, and
than that for the two-mode coherent fief@C). It is well  then these two peaks move #-=0. In such a manner, the
known that further squeezing causes more broadening of #Plitting and colliding of peaks are repeated. Throughout
phase peak and eventually leads to complete agreement JB€se processes, the peaks in the phase distribution gradually
tween the distributionP(¢) of the two-mode squeezed decrease and cause a broadening, the feature of which is
vacuum and that of the thermal field. Therefore, we can sa§vidence of the uncertainty relation between a photon phase
that the distributiorP( ) of the two-mode squeezed coher- 21d @ photon number. The collapse and revival behaviors in

ent field (TSC) exhibits an intermediate feature between theth® molecular population correspond to the splitting and col-
distribution P(¢) of the coherent and that of the thermal !lding processes in the photon-phase distribution, respec-

fields. However, the distributioR( 4, $2) for the two-mode tively. This correspondence is interpreted as follows. In the
squeezed coherent fieldSC) is found to have more com- coherent photon field, the splitting process in the photon-

plicated structures in contrast to the uncorrelated two-modBhase distribution first causes an increase in the ability to
fields, i.e., the two-mode cohereffC) and two-mode ther- destroy the coherence between the molecular states and then

mal (TT) fields. The distributiorP(¢?, #2) of the two-mode ~ CaUSes a gradual decrease in that ability due to the large
squeezed cohereTSO) field is found to be generated by SPitting of the photon phaséapproachingé= = m/2). In
extensions of the phase distribution of the two-mode cohercOntrast, the colliding process causes a gradual increase and

ent field (TC) along the two directions, which are parallel to successive decrease in that ability. Such variations in the
the linesp?= ¢* and h2= — ¢!, respectively. It is noted that coherence between the molecular states cause the collapse-

the two stretched leg regions in the direction of the ligfe  '€Vival behavior of the molecular population. However, the
=— @' approach the linesp?=—¢'— 7 and ¢2=— @' splitting and colliding are not completely achieved in the
+ 1, respectively, as the squeezing intensity increases larger-time region, so that the increase and decrease in that

This feature suggests that the photon-phase-sum distributicﬁ"P'“ty becomg unclear as t_he time proceeds. These changes
for the two-mode squeezed vacuum, which has a Iimittingare reflected in the dynamics of the molecular entropy and

T Lo T o off-diagonal molecular density matr[1.—7].
squeezing intensitr =sinh  J(A): see Eq.(23)], exhibits . ; ) .
a single peak aroung + ¢2=+ 1. First, we consider the relation among the dynamics of the

ground-state molecular population and that of distributions
. _ P(¢") and P(¢~) of the two-mode coherent fieldTC)
C. Dynamics of photon-phase-sum and -difference case. The initialP(¢") and P(¢~) distributions for the
distributions two-mode coherent fieldTC) provide an identical single
We next investigate the dynamics of two-mode photonfeak aroundp™ = ¢~ =0. This is evident from the distribu-
phase distributions, i.e., photon-phase-sR(w ") [=P(¢4!  tion P(¢,,¢,) for the two-mode coherent fieldC) shown
+¢?)] and photon-phase-difference(¢~) [=P(¢?> in Fig. 2[TC-2p]. It is noted that the distributionB(¢™)
— ¢Y)] distributions. Figure 4 shows these distributions atand P(¢~) correspond to the sum of the distribution
times [(a)—(g) for the two-mode coherent fieldTC) and  P(¢;,¢,) along direction parallel to the lines’= — ¢* and
(a')—(j") for the two-mode squeezed coherent fi€lGC)] %= ¢*, respectively. The first collapse behavior at times
represented by dotted lines shown in Fig. 3. The distributior{a), (b), and(c) for the two-mode coherent fieldl'C) (see
P(¢") corresponds to the sum of pure phase parts, wheredsg. 3) is found to correspond to the split into three peaks
the distributionP(¢ ) includes the phasf(w,— w4)t] of  and the subsequent moving of the side pe@ksmutually
the free field since the timéis taken as Zm/(w;+ w,) opposite directionsof the distributionP(¢*) (see Fig. 4
(m=0,1,2,...) in this study. However, the changes in the[(TC)(a—(c)]). This is similar to the behavior of a three-state
shape of the distributioR(¢ ) can be investigated by con- molecule under a one-photon coherent figlg2]. On the
sidering its 2r periodicity, although the phase origin moves other hand, the distributio®(¢~) shows no split of the
at each time due to the contribution of the free field. Thepeak until time(c). This is understood by the fact that the
distributionsP(¢*) and P(¢ ) for the two-mode thermal phase sump* (= ¢+ ¢?) has a larger frequency than the
state(TT) are not shown since they are uniform and constanphase differencep™ (= ¢°— ¢). At time (c) for the two-
at all times as seen from its definition. mode coherent fieldTC), although the distributiorP(¢ ™)
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exhibits a single peak arountw, the distributionP(¢™") is

(e), the second collapse region, the distributiéfip™) for

shown to be split into two peaks, one of which is aroundthe two-mode coherent fieldC) evidently splits into three

¢ =0 and the other is aroundl™ = = 7. The phase differ-
ence between these two peaks is found to be abputhich

peaks in contrast to the distributié?( ¢ "), which exhibits a
nearly single peak. In the second revival region at tifméor

corresponds to the situation of thg2 difference between the two-mode coherent fieldC), the distributionP(¢ ™) is
the side and main peaks observed in a one-mode field casharacterized by two peaks, the larger one of which corre-
[1,2]. Namely, it is predicted that the two-mode coherentsponds to the original central peak and the otfssnaller
field (TC) at time (c) hardly destroys the relative phase dif- ong is made by the collision between the split side peaks,
ference between the molecular states. This feature suppomhile the distributionP(¢™) maintains a single peak. Al-

the fact that the region around tinme) for the two-mode

though the difference between the side and main peaks of the

coherent field(TC), is a quiescent regiofil,2] (see Fig. 3  distribution P(¢~) for the two-mode coherent fieldf'C) is

[TC-dd]). The first revival for the two-mode coherent field found to be aboutr, the distribution is shown to be rather
(TC) is shown to begin from around timl), at which for  delocalized and some distributions exist between the two
the distributionP(¢4 ") the split side peaks are shown to peaks. This result and the single peak of the distribution
collide with the central peak around™=0 to become a P(¢™) for the two-mode coherent fieldC) at time(f) sup-
somewhat broad single peak, while for the distributionport the feature of the incipient stage of the second revival
P(¢7) the split into three peaks is shown to begin. At time Rabi oscillations. In the revival region with larger amplitudes
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FIG. 4 (Continued.

P(¢*) and P(¢ ), i.e., two-mode phase distributions
P(¢1,¢?). If either phase state ¢é ") and|4 ) became an
single peaks, which implies that each mode of the field postincertainty state concerning its photon phase, the Rabi oscil-

sesses a fairly definite phase. These results indicate that thetions would be damped.

collapse-revival behavior of the molecular ground state un-
der the two-mode coherent photon figlEC) corresponds to

Second, we consider the two-mode squeezed coherent
field (TSC) case. Although the molecular population dynam-

the splitting and colliding processes of both the distributionscs for the two-mode squeezed coherent fid&C) is simi-
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(TC-q) Q function of a two mode (TSC-q) Q function of a two mode (TT-q) Q function of a two mode
coherent field squeezed coherent field thermal field
ImB 5 ImB 5 ImB 5

o)

-5 0 5 -5 0 5 -5 0 5
Rep Ref Ref

FIG. 5. One-mode&) function distributions in the compleg plane at the initial time for the two-mode coheréh€), two-mode squeezed
coherentTSO), and two-mode thermdIl'T) fields are shown ifTC-q), (TSC-g, and(TT-q), respectively. Contours with an interval 0.01
are drawn. The circlgd|= (N} (= V{A,)) [V(n1)(=+(A,)): one-mode average photon number of the initial photon fislalso dotted
in the contour plots.

lar to that for the two-mode coherent fie{@iC) (see Fig. 3  [(TSC)(H) and (TC)(f)]). As mentioned in the previous
[(TC-dd) and(TSC-dd)]) the initial distributionsP(¢*) and  paragraph, this situation corresponds to the quiescent region
P(¢") for the two-mode squeezed coherent fi€l6C) are  or the incipient region of the second revival behavior shown
found to be different from those of the two-mode coherentin Fig. 3 [(TSC-dd)(h')]. Further, the distributioP(¢ ™)

field (TC) (see Fig. 4(TC)(a) and (TSC)(8)])). In particu-  for the two-mode squeezed coherent fi€l&C) is shown to

lar, it is shown that the initial diStI’ibUtiOlP(¢+) of the become a single peak again going from timé) (io (j’),
two-mode squeezed coherent fieldSC) is remarkably  although that is a fairly broad peak. Although this feature
broadened and approaches the uniform distribution observeslpports the enhancement of the amplitude of the Rabi
in the thermal field. This feature supports the smaller contripscillations of the second revival-collapse region, these
bution of two-photon processes to the collapse-revival bepscillations are shown to be less dictinct than those of the
havior in the two-mode squeezed coherent fi@i8C) case two-mode coherent field (TC) case (see Fig. 3

as compared with the two-mode coherent fi€l€) case. It [(TC-dd)(f)—(g) and (TSCdd)(i")—(j’)]), the feature of

is found that in the first collapse region for the two-modewhich is assumed to be caused by the indistinct colliding of
squeezed coherent fie{d@SC) at times (b), (c), and (d)  the split phase distributions and the resultant broadness of
(see Fig. 3[(TSCdd]), although the distributiorP(¢™") the peak.

splits into three peaks, their distinction is not clear and is Third, we briefly explain the photon-phase distribution
nearly regarded as a uniform distribution. In contrast, it isdynamics of the two-mode thermal fie(@@T) case. As men-
shown that the distributionP(¢~) of the two-mode tioned above, the thermal field is a state with completely
squeezed coherent fiel(TSC) provides a fairly distinct random phases, so that the two-mode photon-phase distribu-
single peak at the initial time and slowly splits into threetion is uniform (see Fig. 2[(TT-2p)]). Namely, both the
peaks in the time region (p-(d’). This supports the slow distributionsP(¢™) and P(¢ ™) for the two-mode thermal
collapse behavior in the time region’{k-(d’) shown in Fig.  field (TT) also provide uniform distributions with a constant

3 [(TSCdd)]. At times (f) and (d), a relatively distinct value. These random phase components lead to a dynamical
single peak of the distributioi(¢ ) for the two-mode behavior of the molecular populations for the two-mode ther-
squeezed coherent fieldSC) appears, although the distri- mal field (TT) (shown in Fig. 3[(TT-dd)]), in which the
bution P(¢*) exhibits a broad peak like that for a thermal oscillations of the molecular populations are instantly
field, the feature of which supports the behavior in the firstdamped and only the fluctuation remains at later times.
revival region (f)—(g’) (see Fig. J(TSC-dd)]). After time We here consider the differences in the feature of the
(9'), the degree of the splitting of the side peaks for thecollapse-revival behavior for these photon fields in view of
distribution P(¢~) for the two-mode squeezed coherenttheir initial Q function distributions(Figs. 5[(TC-q), (TSC-

field (TSO) is shown to be large, the feature of which sup-q), and(TT-g)]). The one-mode function distribution for
ports the fact that the Rabi oscillations in the first revival-the two-mode coherent field@C) at the initial time is shown
collapse region fofTSC) disappears after time (y(see Fig. to be a single peak ai8,|,#,)=(2,0), while that for the
3[(TSCdd)]). Although the distributiorP(¢ ") for the two-  two-mode thermal fieldTT) is located at the origin and is
mode squeezed coherent fi€llSC) at time (H) exhibits a much broader than that for the two-mode coherent field
single broad peak and the distributi®fi¢ ) is shown to be (TC). For the two-mode squeezed coherent fi@&C), the

well split into two peaks with the phase differen@e the  one-modeQ function distribution exhibits intermediate fea-
split two peaks oP(¢ ™) are fairly delocalized and the some tures between the two-mode coherélC) and the two-
distributions exist in the intermediate phase region as commode therma(TT) fields: theQ function distribution of the
pared with the two-mode coherent fidlfC) case(see Fig. 4 two-mode squeezed coherent fi¢lk5C) has a broad peak a
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little sharper than that for the two-mode thermal fi€ldr) (TC-od) Off diagonal molecular densities
case, while the peak for the two-mode squeezed coherer 0.5 (a‘)‘”(‘i)e)rzwcf "‘°d&)°°he"?2; field
field (TSCO is located at |B,|(=(A,)—]sinhr[? 04 b 1 ; ; lo7|

=\/4—]sinh 1?~1.618 302 245). It was found that the col-
lapse and revival behavior corresponds to the splitting, the$
mutual counterrotating, and the colliding of the split distri- =
bution peaks of th& function[1-5,42—44. Since the dot-

ted circle represents the same photon nuntégefor a one-
mode coherent field, the peak of the one-md@gidéunction
distribution for the two-mode coherent fieldC) rotates
along this dotted line. It is known for the two-mode thermal
field (TT) that theQ function distribution located at the ori-

7Yx10

(TSC-od) Off diagonal molecular densities
0.5 \under a two mode squeezed coherent field

gin is unsplit and only its peak intensity is changed, the @) () (@) ) (g O ! 15
behavior of which corresponds to a change in the average 0.4 (C) R : 5""'1 m';lzl
photon numbe(5]. The uniform phase distribution of the o3 { ' @ @ | ' ‘ |2

thermal field indicates that it contains all photon number £
states randomly phased with respect to each other. Since th
Q function distribution for a coherent field with a larger
number of photons needs longer time to split, the distribution
in the inner region is predicted to rotate faster than that in the
outer regior50]. This indicates that th€ function distribu-

tion for the two-mode squeezed coherent fi€l6C) pos- (TT-od) Off diagonal molecular densities
sesses both faster and slower rotating components as con 0.5 under two mode thermal field
pared to the two-mode coherent fi¢liC) case. This feature 187

. . 04 . _._;.md
supports the enhancement of the first collapse region, the o, |
earlier start of the first revival, and the fewer differences, 03 - =77 87!
between the amplitudes of the first and second revival-§ 02 L
collapse oscillations in the case of the two-mode squeeze( '
coherent fieldTSCO) (see Fig. 3. 01

0.0 s : . ‘ : x10*
D. Dynamics of the off-diagonal molecular density matrix 0o 20 40 ?é.u.] 80 100

Figure 6 shows the time evolution of the magnitude of FIG. 6. Time evolution of the magnitude of the off-diagonal
A . . mol . oO. | volutl Itu -al
off-diagonal molecular density matrix elementg?'y|, molecular densitietp]™], [p3%], and]plS), for the two-mode co-

|pg]gl|’ and|pT§'| f_or these three ty_pes of two-mode photo_n herent(TC), two-mode squeezed cohergfiSC), and two-mode
fields. The magnitude of the off-diagonal molecular densityy,ormal (TT) fields is shown in(TC-od), (TSC-od), and (TT-0d),
(|p{?j°'|) represents the degree of the coherefiby definite  respectively.

relative phasgbetween the state§ andj) of a molecule.

From a comparison among the off-diagonal densities for théime (b) to (c) corresponds to the displacement of the split
two-mode coheren(TC) and two-mode squeezed coherentside peaks of the distributior(¢ ™) from about+ /2 to
(TSO) fields, for the two-mode coherent fief@C) the|p'S| =+ (see Fig. 4(TC)]), which corresponds to the situation of
is found to be much larger thapT9| and|p%'3|, while for  split peaks on=m/2 for the one-mode field case. This situa-
the two-mode squeezed coherent fiEl&C) they are shown tion decreases the ability of the destruction of the relative
to provide similar average values. This remarkable differenc@hase between molecular states and then enhances the coher-
in |p’l“§'| between the two-mode coherdfiC) and two-mode  ence between molecular states 1 and 3. On the other hand,
squeezed cohereffSO) fields is attributed to the difference the decrease ilLPT,§|| for the two-mode coherent fiel@l'C)

in the distributionsP(¢*) between these two fields: the from time (c) to (d) corresponds to the disappearance of the
distribution P(¢") for the two-mode squeezed coherentpeaks onxs and the generation of a broader peak of the
field (TSO) is found to be much broader than that for the distributionP(¢™). At later timeg[after time(e)], the distri-
two-mode coherent field TC) although the distributions butions P(¢*) for the two-mode coherent fieldTC) are
P(¢ ) for both these fields are shown to provide similarfound to almost maintain their shapés single peak This
single peaks. Namely, the coherence between moleculdeads to the fact that the Iarng§'| values with only small
states 1 and 3 for the two-mode squeezed coherent fieldscillations are observed at later timfaster time(e)] for the
(TSQ is considered to be damped by the broader distributionwo-mode coherent fiel@'C) (see Fig. §(TC-od)]). Even in

of P(¢™) for (TSC), which has a resonant frequency with the case of the two-mode squeezed coherent (®L), the
energy intervaEg, . The dynamical behavior ¢pT'3] is also  variation in|pT9] is found to be associated with that of the
found to be related to that of the distributi®f¢ ). For the  splitting and colliding behavior of the distributior®(¢ ™).
two-mode coherent fieldTC), the increase ideg'| from  However, it is found that the magnitude and width of the
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distribution P(¢ ") for the two-mode squeezed coherent (TC-s) Molecular entropy for two mode
field (TSO) is much smaller and much broader than those for 1.2 (a%‘fw © ‘ ;
the two-mode coherent fiel@lC), respectively, so that the 1.0 |- 1 : ! '
|pT9] for the two-mode squeezed coherent fi€SC) ex- 08 Ll : i
hibits a more indistinct variation with a much smaller mag- 8§ = 1]\~ ; ) :
nitude as compared to the two-mode coherent fid@@g) g BRI :
o4 .
For the two-mode thermal fieldTT) case, all the off- 02 i . ! f !
diagonal molecular densities are shown to vanish, the featurt 0.0 0‘0 : 22|0 I4 % &5 8(.()) 1(3)0 x10*
of which is reasonable by considering that the random-phast¢ ) ' Tt [aul] ) :
components of the thermal field completely destroy the
relative-phase relation between molecular states. (TSC-s) Molecular entropy for a two mode
o squeezed coherent field case '
E. Molecular entropy dynamics 1.0("’") (:b'); (‘?') © (f') (9') (*?') !
The molecular entropB™ represents the degree of the 08 aaaaihl
correlation between the molecule and two-mode photon8 o [V & @
field. Since the two modegnodes 1 and Rof the field are S ' oo . .
resonant with energy intervals,; and E;, of the molecule, 04 I (I;) (JI)
respectively, the variation i8™' is predicted to be associ- 02 F ey o1 ! | :
ated with that in the off-diagonal molecular densipf3). 0.0 5 1 é.'o : . é.'o A x10°
Actually, for the two-mode coherent fieldTC) case, the t [a.ul]

variation in|pr1'f§'| from time (b) to (e) (Fig. 6 [(TC-od)]) is
found to be just the reverse of 8" from time (b) to ()
(Fig. 7[(TC-9)]). This is evident from the following relation.
S™! increases with increasing the correlation between the 10

two-mode photon field and the molecule. In that region, the 0.8

phase uncertainty in the photon field destroys the relativeé 06 I
phase(coherencgbetween the molecular states. This leads >

(TT-s) Molecular entropy for two mode
1.2 thermal field case

04 |
to a decrease ifp'3|. Such a relation is also observed in the 02
two-mode squeezed coherent figlsee Fig. 6[(TSC-od)] =T .
and Fig. 7[(TSC-s)]), while the significant decrease 8" 00 v~ 30 430 60 g a0
in the early time regioric)—(d), i.e., the quiescent region, for t [a.u]

the two-mode coherent fieldlf'C) case is not found in the FIG. 7. Time evolution of the molecular entropied™) for the
case of the two-mode squeezed coherent f{8C). Such  two-mode coherenfTC), two-mode squeezed coherdfSC), and
an attractive decrease ™!, i.e., the correlation between two-mode thermalTT) fields is shown in(TC-s), (TSC-s), and
molecules and photons, is important for the generation of th€TT-s), respectively.

optical “Schralinger cat state]12] in the case of the one-

mode photon field. For the two-mode thermal figldT) and -phase distributions possess intermediate features be-

dtween the two-mode coherent and two-mode thermal fields.

case, theS™! increases quickly to the maximum value an Such coll val behavi tound to b ntod
remains fluctuating with small oscillations thereafter. This uch collapse-revival behavior was found to be associate
with the splitting and colliding behaviors of the two-mode

reflects the fact that the thermal field quickly destroys the
a y y photon-phase distributions, e.g., phase-sum and -difference

coherency between the molecular states. In view of the sigP '0tO"N"F .
nificant decrease 8™, the dynamical feature of the two- distributions. On the other hand, the magnitude of the off-

. . . |
mode squeezed coherent fidlBSC) case is found to rather diagonal molecular density matrix elemefip{3[) between
resemble that of the two-mode thermal figlfiT) case as states 1 and 3 for the two-mode squeezed coherent field case
compared with the two-mode coherent fidliC) case, al- Were found to be much smaller than that for the two-mode

though there are found to be many similar features concerrfoherent field although other elemenis]5| and|p3'3]) for
ing other properties, e.g., collapse and revival behaiar. the two-mode squeezed coherent field exhibit similar behav-

3) and the nonzero off-diagonal densitiggg. 6). ior to those for the two-mode coherent field. The off-
diagonal molecular densities for the two-mode coherent and
V. CONCLUSION two-mode squeezed coherent fields are also found to be dif-

ferent from those of the two-mode thermal fields, in which
We investigated the dynamics of a three-state moleculathese elements vanish. We attributed these features to the
model interacting with uncorrelated and correlated photordifferences in the two-mode photon-phase distributions
fields, i.e., two-mode coherent, two-mode thermal, and twoamong these fields: the initial phase-sum distribution for
mode squeezed coherent fields. We showed that the twahe two-mode squeezed coherent field exhibits a much
mode squeezed coherent field exhibits a similar collapsebroader peaklike a uniform distribution observed in the
revival behavior of the Rabi oscillations to that of the two- thermal field than that for the two-mode coherent field
mode coherent field, although the one-mode photon-numbéwhich has a single sharp pealkand the two-mode phase

033415-13



MASAYOSHI NAKANO AND KIZASHI YAMAGUCHI PHYSICAL REVIEW A 64 033415

distributions for the two-mode thermal field are uniform. Thediagona| molecular densitid$g_ngll, and the correlation be-
differences in the off-diagonal molecular densities are alsqween the molecule and the two-mode photons, as compared
reflected in the dynamical behavior of the molecular entropyto the two-mode coherent field. In conclusion, the two-mode
(S™, which represents the degree of correlation betweerqueezed coherent fields are predicted to directly provide re-
the molecule and photons. For example, a significant demarkable effects on the coherence between the molecular
crease irS™ in the early-time region for the two-mode co- states and on the molecule-photon correlation by changing
herent field case is not observed in the case of the two-modge squeezing parameters. Such attractive features will con-
squeezed coherent field. Judging from the present results, thgbute to the investigation of quantum dynamical phenom-
two-mode squeezed coherent field with an intermediatena in molecular science in the future.
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