6036 J. Phys. Chem. A999,103,6036-6048

Dynamics of Photon Phase and Information Entropy for a Two-State Molecular System
Interacting with Amplitude- and Phase-Squeezed Fields

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

Receied: March 26, 1999; In Final Form: May 21, 1999

From the viewpoints of photon-phase and information-entropy dynamics, we investigate the dynamical behavior
of initially one-mode amplitude- and phase-squeezed photon fields interacting with a two-state molecular
system. A peculiar behavior of these systems is known to be the collapses and revivals of Rabi oscillation of
the molecular population. As shown in previous studies, significant differences are observed in the amplitude
and the period of the collapseevival behavior for these fields. These differences are found to be well-
described by the dynamical behavior of the photon phase (the-fBaggett phase and the quasiprobability

(Q function) distributions). The features of these photon-phase dynamics are also found to provide significant
influence on the time evolution of the information entropy of the molecule, which characterizes the degree
of the entanglement between the molecule and the field.

1. Introduction and Riskef® elucidated the features of phase dynamics using

Great interest has been developed in the studies on theth® Q function distributions in the JC model with cavity
dynamics of molecular/atomic system interacting with the damping. They found that the collapse and revival behavior in
quantum field since the quantum field can provide various Ra!:)lloscnlanon .of the atomic population corresponds. to the
attracting influences on the dynamics, i.e., collapse, quiescence SPlitting and colliding processes of the peaks of @hiinction
and revival behaviok;® which cannot be caused by conventional distribution mutually counterrotating in the co_mp_lex plane and
classical laser fields. Such dynamics is investigated using thefound that the PeggBarnett (PB) phase distribution also
Jaynes-Cummings (JC) modét:® Mostly in this model, the exhibits S|m|Ia( spllttlng_ and coII|d|n_g behavior in the phase
two-state approximation to the atom system and the rotating- SPace. In previous studiés? we elucidated the photon-phase
wave approximation (RWA) to the external photon field are Qynamlgs fOI’. three- and four-state molecular model systems
used. It is well-known that these approximations work well and interacting with EPFD and found that the features of splitting
can provide analytical solutions in the case of simple atom and colliding processes of the phase distribution remarkably
systems interacting with near or resonant photon fields. Most depend on the number of molecular states, molecular transition
of these studies have focused on the quantum mechanical naturluantities (transition energies and properties), and the detuning
of photon dynamics. On the other hand, there have been fewOf the external field. These results suggest that the photon-phase
studies on the interactions among molecules and quamizeddynamics involves richer information on the time evolution of
photon fields from the viewpoint of molecular science. In such Molecule-photon coupled systems than the population dynam-
studies, we need more general molecular models composed ofCS:
an arbitrary number of states and the non-RWA scheme, which It is also well-known that the features of quantum dynamics
can treat external fields with arbitrary frequencies. In previous for the JC models are found to remarkably depend on the
studies|® therefore, we performed a numerically exact treat- quantum statistics of external fields. In particular, great effort
ment method of such dynamics, which is referred to as eleetron has been devoted to the investigation of a squeezedfield,
photon field dynamics (EPFD), and elucidated the relations which has remarkable nonclassical features and is applicable
among molecular properties and the dynamics of coherentin quantum communication and quantum nondemolition detec-
photon fields. tion. The behavior of the atomic population for a squeezed field

The phase information on the off-diagonal density matrices has been well-discussed by Milbdfrand Satyanarayana et®l.
is known to be useful for understanding these dynamics. They showed that a collapse time (see section 3.1) depends on
Recently, considerable progress in the study of the photon-phasehe direction of the squeezing; for certain squeezed states the
properties of a radiation field has been made by Pegg andbehavior of atomic population is similar to that for a chaotic
Barnett!®-12 They introduced a set of formalisms defining a field.1® Further for a strongly squeezed field the behavior shows
Hermitian phase operator, which allows us to calculate the phaseechoes after each revival, a phenomenon known as ringing
distribution and various phase properties. On the other hand,revivals?® However, the behavior of photon-phase dynamics
the method based on a quasiprobability distribution, e.g.Qthe  has not been elucidated for the squeezed field cases. In our
function® is widely used due to its less abstract and more previous study! we investigated the features of photon-phase
pictorial description of radiation fields. These quantities are also dynamics for an amplitude-squeezed field (with reduced am-
considered to be useful for our understanding of the quantum plitude fluctuations) interacting with a two-state molecule and
dynamics of matterfield coupled systems. Actually, Meng and elucidated some significant differences in the phase dynamics
Chait* studied the photon-phase dynamics of an ataoherent between the amplitude-squeezed and the coherent fields. Since
field coupled system in the JC model with the RWA, and Eiselt the feature of dynamics for squeezed fields is known to be
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sensitive to the squeezing andgfewe here consider another The matrix elements of the above Hamiltonian are obtained
interesting squeezed field, i.e., the phase-squeezed field (withusing a double Hilbert space spanned by the molecular states
reduced phase fluctuations), in addition to the amplitude- {|i(} (i =1, 2,..., M) and the photon number statgs} (n =
squeezed and the coherent fields. These fields are assumed tQ, 1, 2, ...,»). Namely, the double Hilbert space basis consists
possess the same average photon number. QHenction of the stategi;nd(=|id® |n0. The matrix elements of the
distribution and phase properties obtained by the PB phaseHamiltonian,Hmel, Hiield, and Hin, are expressed as follows.
operator are investigated for these fields. The simplest molecular

model, i.e., a two-state model, is employed since we focus on M

the variation in the molecutephoton phase dynamics for the Gkn/H n'C= 5J.j,i5mEi (6)
different quantum statistics of the initial fields. Another useful =

quantity characterizing quantum dynamics is the information

mol|j'

entropy®22-24 In general, the moleculefield coupled system Win|Heqlisn' 0= (n + %‘)hwéjj,ém @)
evolves into an entangled state, where the molecule and the
field subsystems separately are in mixed states. Since the M

features of such entanglement are well-described by the entropyllin|H;[j";n'C= K z d;:0;0;((n + 1)1/26“”,,l +

of the subsystem, we analyze the features of the information =1

entropy of the molecule (molecular entropy). The dynamical nl’zan vy (8)
behavior of photon phases and molecular entropies for these ’
squeezed and chaotic fields are discussed in connection with

the dynamics of their molecular populations. 2.2. Procedure of Electron-Photon Field Dynamics.

Before explaining the procedure of the EPFD, the matrix
2. Methodology elements of the time-evolution operator and the density matrix
of the molecule-photon field system are provided. Using the

In this section, a Hamiltonian for a molectiphoton coupled eigenvaluegW(m)} and eigenvectorfy(m)} (m=0, 1, 2, ...)
system and the calculation procedure of EPFD are presentedyf the Hamiltonian (eq 1) T

We also briefly explain the calculation method of molecular

entropy and show how various photon-phase properties are

calculated using the PB phase operator andQHenction. H(m) E= W(m) (m)C )

2.1. Hamiltonian for a Molecule—Photon Field Coupled
System.The Hamiltonian describing a molecular model with
M states (M, integer) in a one-mode quantized field is
constructed fromHye, the Hamiltonian of the unperturbed
molecule systentiseq, the Hamiltonian of the one-mode photon
field; and Hi,, the interaction Hamiltonian: le(m)ﬂﬁt(m)l =1 (10)
m

wherem=0, 1, 2, ..., corresponds tgr{) = (1;0), (1;1), (1;2),
..., respectively. Since this Hamiltonian is a Hermitian matrix,
the eigenvector§y(m)} construct a complete orthonormal set:

H = Ho t Hiieig T Hint ) D) (M= 0, (11)

In the multipolar formalism under the dipole approximation, . . .
each part of the above Hamiltonian is expressed in the second/n general, the solutions to the time-dependent Stinger

quantized representation’a% equation,
c ih L)W= HW D 12
Hooa = ) E&'3 @) o PO HITO (12)
&
Hfield — (n + llz)hwb+b (3) are represented as
M —iW(n)(t—to)/h
wHe= ) e (M= Utt) Pt (13)
Hn =K Z dijai+aj(b +b") (4) Z x 0 0
i)=1
where whereU(t,to) is the time-evolution operator, which transforms
the state at the initial timg into the state at timé The initial
haw \12 state vector|W(tp)[) is expressed by
K= )
2¢xV
W ()= ) Ix(mO (14)
In eq 2,E; represents the energy of molecular statnd a,-+ n

and g are respectively the creation and annihilation operators

for the quantized electron field in thth energy state. In eq 3,  The matrix element of the time-evolution operator is represented
n andw indicate the photon number and the frequency of the by

one-mode photon field considered here, respectively, nd

andb are the creation and annihilation operators for the one- [in|U(t,ty)|j’;n'C= U
mode photon fieldd; is the matrix element of the molecular _
dipole moment operator in the direction of the polarization of = z[j];n|;g(m)[[5t(m)|j';n'@f"’\’(m)(‘*t")’ﬁ (15)

the one-mode photon field. In eq\8s the volume of the cavity m

containing the one-mode photon field, and it is fixed t3 A8

in this study. The observable properties of photons and molecules are

jonij',nt
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described by using the density matrix

Qnlp(®)]j';n'B= pj,n;j’,n’(t)
M

z Uj,n;f,m(t=t0) pf,m;g,m’(to) U;m;j’,n’(tvto)
g mm (16)

The procedure of EPFD is described as follows. Firstly, we
construct an initial density matrixo{m:g,n(to)), which can be
separated into the product of a molecular density magrjxto))
and a photon density matriyg ni(to)), as follows:

17)

Pf,m;g,m’(to) = pf,g(to) pm,m’(to)

Nakano and Yamaguchi

whereu = coshr, v = €¢ sinhr, 8’ = uf + vf*, andHj is the
Hermite function. Secondly, the density matrix elemenpjs-(
(1)) at timet are calculated using eqs 16 and 17. Thirdly, the
molecular and photon reduced density matrix elements are,
respectively, obtained by

pmolj,j’(t) = (22)

z Pj,n;j’,n(t)

pphotom,n’(t) = Z Pj,n;j,n’(t) (23)
J

Finally, various properties concerning the photons and the
molecule are calculated using these density matrices.
2.3. Pegg-Barnett Phase Operator and a Quasiprobability

The molecule is assumed to be in the ground state at the initial Distribution Function ( Q Function). The phase properties of

time. As the initial photon fields, two types of squeezed fields,

a one-mode photon field have been investigated since the first

i.e., an amplitude- and a phase-squeezed field, and a coherenapproach by Diraé® Particularly, after Pegg and Barnett

field are considered. The one-mode coherent fighdl is
generated as follows from the vacuum fiellIby operating
displacement operator.

|p0= expb*

— p*b)o0 (18)

where 3 is the eigenvalue of photon-annihilation operalor
The probability distribution of findingn photons in the coherent
field is a Poisson distribution, and its element of the photon
field density matrix is represented by

[R{rHm/2g— 00

(nimi)*2 (19)

pn,m(to) =

where[dlls the mean number of photons in the coherent field.

introduced a Hermitian phase operafot? which overcomes
several difficulties concerning the Susskind and Glogower phase
operator® the phase properties of coherent fields interacting
with a two-state atom or a collection of atoms have been
investigated 91415 Another quantity characterizing photon-
phase properties is the quasiprobability distribution, which is
similar to a true probability distribution for the field amplitude.
Namely, the moments of produdisandb* can be calculated

by evaluating an integral weighted by the quasiprobability
distribution.

In the Pegg and Barnett approach, all calculations concerning
the phase properties are performed in an-(1)-dimensional
space spanned by+ 1 orthonormal phase states, and the
value will be taken to be infinity after all the expectation values
have been calculated. Tiset+ 1 orthonormal phase states are

On the other hand, the one-mode ideally squeezed field can bedefined by

generated from the vacuum fiel@by operating squeezing
and displacement operators:

|8,50= exp@b”

and¢ can be expressed ly= reé? using real modulus and
argumenty. Ther and ¢/2 represent squeezing intensity and
direction, respectively. The direction gfis taken to be aligned
with the Rg8) axis in the compley plane. The squeezed field

— B*b) exp[€*b* — ¢(b")?)/2]100  (20)

is generated by a number of molecular optical processes

including optical parametric oscillation and four-wave mixing.

1 (= exp(u—mn)msom (24)
where
|po = ! S (ingpg)In0I (25)
_— exp(in n
T st 1)1’2nZo P

Here,pm = ¢o + 21tm/(s+ 1) (m= 0, 1, 2, ...,s), and¢y is an

This field state exhibits the property that the variance of the arbitrary real number. In this study, we ad<mt= —snl(s +

guadrature operatdk;(X;) is less than the valué/, for the

1) to locate the initial phase of a one-mode coherent photon

vacuum and the coherent field states. From the Heisenbergfield on the origin ¢ = 0) of the phase axis defined in the

uncertainty relation between andX,, the variance of another
guadrature operatde; (X1) exceeds/,. If ¢ = 0 in eq 20, the

region—x < ¢m < +x. Pegg and Barnett defined the following
Hermitian phase operator to provide an eigenvaieand an

squeezed field has phase uncertainty higher than that of aeigenstategm]

coherent field of the same average photon number and a
narrower photon-number distribution. This is referred to as an
amplitude-squeezed field. ¢f = 7 in eq 20, the squeezed field
has an amplitude uncertainty higher than that of a coherent field
and a broader photon-number distribution. This is referred to
as a phase-squeezed field. In this study, we consider these twdon the basis of this definition, we can calculate the expectation
types of squeezed fields & 0 ands) with r = 0.5 for example. values of arbitrary continuous functions of the phase operator
The elements of the squeezed field density matrix are repre-(f(#)). By using PB operator, the operatig$) can be defined
sented by as

b= Z) Dol bl Tb (26)

; l n2f px \m2 o
|l (ntmt) 2 (Zu) (Zu* exp=1p'l%) x
l-ﬁ ' l'l * ﬁ’ ﬁr
X zﬂ(ﬂ)z+2“*(ﬁ)2) “[(zw)w] H”’(zw)”z

Prm(to) = f(¢) = f(zo¢m|¢mma>m|) = be(cbm)wmmfbml (27)

(22) N
The expectation values &fp) for arbitrary physical statelgy[]
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(a) Photon-number distribution
—&— Amplitude-squeezed

can be calculated by 0.5

s 0.20
() O= lim @ |f(¢) |y = lim Z) f(¢) Py  (28) = 015
s ST = @ 010
whereP(¢n) is a phase distribution function, which represents 005 o
the probability that the phase of a physical statgis ¢m. Using 0.00 ge-e 8 12 %%
eqs 23-25, the phase distribution function can be expressed Photon number
by 10 (b) Molecular ground-state population

oy vy vy vy vy

1 s
P(qu) = S+—l n,nzzo expli(n — n')¢n~]pphotom’n (29)

: TRl Rappozed field
0.0 2.0 4.0 6.0 8.0 100 120 140
Time [a.u.]

Using egs 28 and 29, we calculd®@py), [to ¢[J andA co L —n
¢ for some molecule photon field coupled systems at time
In the present numerical calculatiorsds taken to be 400. It is
noted that time is taken a2rm/o (M= 0, 1, 2, ...) to remove
the phasedt) of the free field.

The Q function is defined by

Molecular ground-state
population
o
N

(c) Photon-phase property (cos* 8)
S ) 1 ) N T N /[P O/ N 541

g o |
=" t)fC= 2 o >
Q.Y = ; |18|pphmc”( )Ip 0.2 (i)' — émﬁlitudf-fs‘qrdeezied feld
’ : : : "‘"' le] e‘ren e ] . ) 104
1 g B ”_1ﬂ” -1 %000 20 40 5fme(£0; 100 120 140 "
—€ Z 12 pphotom,n’(t) (30)
T nm=1 [(n — 1)!(n' — 1)!] 05 (d) Photon-phase property Acos’¢
T —— Amplitude-squeezed field W”DI (I)JOI
where|(Js a coherent statg,is its complex amplitude, and "(',b.' ”'C‘(’I',“,‘;‘fe”‘(,{}f.'d Wy e i
is a photon number. 3 : L A
2.4. Molecular Entropy. The molecular entropy is calculated 2
by : ;
- L 3 ‘ : . vy I(VI_I)' ‘ «104
Sm0| — _Tr(meI In meI) 2.0 4.0 6.'Q|me [38] 10.0 12.0
M Figure 1. (a) Photon-number distribution for a coherent and an
- _ o In(o ) (31) amplitude-squeezed field. (b) Molecular ground-state population changes
mol ii mol ii and photon-phase properties (([&p< ¢Cand (d)A cog ¢) for a system

composed of a two-state molecular system (transition ené&gy;-

. . . - . 37800 cm?; transition momentdy; = 5 D) and a one-mode photon
wherep'ma is the diagonalized molecular reduced density matrix. field. At the initial time, the molecule is assumed to be in the ground

For a pure stateSno = 0, while, for a mixed stateSno = 1. state, and the photon field is in one-mode amplitude-squegzed
Namely, the time evolution of the molecular entropy reflects 0.5, ¢ = 0) (solid lines in b-d) and coherent (dotted lines in-ki)
the time evolution of the degree of entanglement between the states [[il= 8, » = 37 750 cm* for both fields).

molecule and the field. The larger the entropy, the greater the g q hardly exhibits oscillatory photon-number distribution, we
entanglement. can say that this squeezing= 0.5) is not so strong.

The molecular ground-state populations for the amplitude-
. - " . squeezed and coherent fields (Figure 1b) exhibit damped
g‘tgg?]"et;re‘%t"ﬂitgl(;“'“a"y One-Mode Squeezed Fields and ;< iations, ie., collapses, and amplified oscillations, i.e.,

revivals, in the early time region. At later times, these collapses

We consider a two-state molecular system with energy and revivals are found to overlap with each other and to be
intervals E; (=E, — E;) = 37800 cnm! and the transition difficult to divide clearly. The mechanism and the features of
momentsdy; = 5 D. The near-resonant frequency of an initially  this behavior have been well-analyZed,and then the collapse
one-mode photon field is 37 750 cf The average photon  and revival behavior are found to originate in the dephasing
number@lis fixed at 8. At the initial time, the molecule is  and the rephasing among Rabi oscillations with slightly different
assumed to be in the ground state. Figures 1 and 2 show therequencies, respectively. In comparison with the coherent field
photon-number distributions (a), the time developments of the case (Figure 1b), the first collapse time (the time taken for the
molecular ground-state populations (b), and the phase propertieenvelope to collapse to zero) for the amplitude-squeezed field
(o2 ¢0(c) and Acog ¢ (d)) of the external photon fields is longer, while the first revival time (the time taken for the
(Figure 1 for the amplitude-squeezed field and Figure 2 for the most complete revival of the initial population) coincides.
phase-squeezed field). The results of the coherent field are alsorherefore, the first revivatcollapse period for the amplitude-
shown as a reference in these figures. squeezed field case is found to be shorter than that for the

3.1. Amplitude-Squeezed Field CaseéAs shown in Figure coherent field case. For the amplitude-squeezed field case, the
la, the amplitude-squeezed field exhibits a narrower (sub- revival is shown to be narrower and the maximum amplitude
Poissonian) photon-number distribution than that of the coherentof the oscillations is shown to be larger than that for the coherent
field. This distribution feature can be easily understood by the field case. These features were firstly analyzed by Milddrn.
phase-photon-number uncertainty. Since the phase-squeezedit was shown that the revival time depends only on the initial

3. Quantum Dynamics of a Two-State Molecular System
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025 (@) Photon-number distribution of the coherent field (see Figure 2a). This feat_ure al_so can be
020 L —e— Phase-squeezed fiold understood by the phasghoton-number uncertainty. Since the
' 5~ Coherent field phase-squeezed field hardly exhibits oscillatory photon-number
g o distribution, this squeezing (= 0.5) is not so strong for the
d o010 phase-squeezed field.
0.05 The molecular ground-state population for the phase-squeezed
0.00 field (Figure 2b) also exhibits collapses and revivals. Although

the first revival time for the phase-squeezed field is shown to
coincide with that for the coherent field, the first collapse time
for the phase-squeezed field is shown to be shorter than that
for the coherent field. The first revivalcollapse period for the
phase-squeezed field is found to be longer than that for the
coherent field. Also, the maximum amplitude of its revival
oscillations is found to be smaller than that for the coherent

o {b) Molecular ground-state population

Phase-squeezed field
i ---r-Coherent field .
H : Vo

0.6

0.4

Ak
R
y N

02 | Sovany If

Molecular ground-state
population

N PR S PO VN N A AL field. These features are contrary to those for the amplitude-

L S (1 S (L) SV % SO ) ) SN (1L A T - ¢ ;

0.0 10° 2.0 10° 4.0 10° e.o_}%ea.[%hoi‘ 1.0 10° 121105 1.4 10° squeezed field (see Figure 1). Such differences are understood
o by the fact that the revival time depends only on the initial

(c) Photon-phase property (cos*) average photon numbeR(i= 8 in this study), while the collapse
: (0 - Bhese:squeezed field time depends not only on the initial average photon number
; ; : but also on its statistical nature througin (=M?0— [[M3)*°

% 06 (An = 2.828 for the coherent fieldAn = 1.880 for the
> 04 T amplitude-squeezed field, andin = 4.658 for the phase-
0z i W ey squeezed field).
ool O (VL WP 01‘ xo* The damped oscillation oitog ¢Ufor the phase-squeezed
' ' ' fime (au1 ' ' field (Figure 2c) is shown to have smaller amplitudes than that
o5 (9 Photon-phase property dcos’¢ for the coherent field. Further, as shown in Fig.ure@Rcto§ ¢
T Phase-squeezed field : ] for the phase-squeezed field is shown to rapidly increase and
04 U% kii§-3 T Coherentfeld e to take larger values compared with that for the coherent field.
g 03 : | : RN | In contrast to the amplitude-squeezed field case (see Figure 1),
S o2 | v ity these features indicate that the phase fluctuations for the phase-
01 | _ o squeezed field rapidly increase compared with that for the
oo Ly Ty : Vi Jxr0¢ coherent field. Such behavior of the phase fluctuation leads to
0o 20 40 BBy 100 1RO M0 the obscure collapseevival behavior for the phase-squeezed

Figure 2. (a) Photon-number distribution for a coherent and a phase- field (Figure 2b). In OrQer to bfetter QIUCIdate these behaVIors of
squeezed field. (b) Molecular ground-state population changes andPhoton-phase properties, we investigate the dynamics of the PB
photon-phase properties ((@os ¢Cand (d)A cos ¢). At the initial phase and th@ function distributions in the next section.

time, the photon field is in one-mode phase-squeered.5, ¢ = )

(solid lines in b-d) and coherent (dotted lines ir-bl) states. See Figure 4. PB Phase andQ Function Distribution Dynamics of a

1 for further legends. Two-State Molecular System Interacting with Initially

) i One-Mode Squeezed Fields and Coherent Field
average photon number, while the collapse time depends not

only on the initial average photon number but also its statistical The PB phase an@ function distributions (Figures 3 and 4
nature throughAn (=20~ [M@). In this study, such behavior ~ for the coherent field, Figures 5 and 6 for the amplitude-
is alternatively investigated using photon-phase properties.  squeezed field, and Figures 7 and 8 for the phase-squeezed field)
For the photon-phase properti@®s ¢[shown in Figure 1c,  are given at each time (represented by-(IX), (I)'—(IX)’, and
the damped oscillations are observed for the amplitude-squeezedl)”—(1X) ). The (I)=(IX) represent the times for local maxima
and the coherent fields. At the initial tim&og ¢Ofor the and local minima off¢os ¢ (Figures 1c and 2c) and their
coherent field is found to be nearly equal to 1, while that for intermediate times for the coherent field. The lj)IX)" and
the amplitude-squeezed field is found to be slightly smaller. (1)"—(IX)" represent the similar times (shown in Figures 1c
This reflects the fact that, at the initial time, the amplitude- and 2c) for the amplitude- and the phase-squeezed fields,
squeezed field has higher phase uncertainty than does thgespectively.
coherent field. It is also found that the amplitudes of the  4.1. Amplitude-Squeezed Field Case4.1.1. PB Phase
oscillations of[dog ¢Ufor the amplitude-squeezed field are Distribution Dynamics.As expected from the definition of
larger than those for the coherent field particularly at later times amplitude squeezing, the phase distribution at timeofithe
(IV)'—(1X)". Further, as shown in Figure 1d, thecos ¢ for amplitude-squeezed field (Figure 3({lis shown to be broader
the amplitude-squeezed field is shown to slowly increase than that of the coherent field (see Figure 3(I)). At the times
compared with that for the coherent field. These features indicate (11) and (1)’ shown in Figures 3 and 5, a single peakpat 0
that the phase fluctuation for the coherent field rapidly increasesis found to split into two peaks with asymmetric intensities.
compared with that for the amplitude-squeezed field. The distinct This feature is considered to originate in the differences in the
collapse-revival oscillations, with larger maximum amplitudes, absorption of photons. Namely, in the case of the external field
for the amplitude-squeezed field are considered to be ascribedfrequency of 37 750 cm (<Ep; = 37 800 cn1l), a negative
to a slower increase such as this in the phase fluctuation. phase tends to bring the external field frequency close to the
3.2. Phase-Squeezed Field Cageontrary to the amplitude-  resonant frequency and thus to enhance the absorption of
squeezed field (Figure 1a), the phase-squeezed field exhibits gohotons, while a positive phase tends to bring the external field
broader (super-Poissonian) photon-number distribution than thatfrequency away from the resonant frequency and thus to reduce
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Figure 3. Pegg-Barnett phase distributiori¥¢) at times (I)-(IX) (see section 4.1. 1) for the coherent field interacting with the two-state molecular
system (see legends of Figure 1). The parame{given in eq 30) is taken to be 400.

the absorption of photons. This feature corresponds to theat ¢ = O for the amplitude-squeezed field is also found to
asymmetric photon-phase distribution: the peak intensity in the slightly exist though that for the coherent field is found to be
positive phase region is larger than that in the negative phasenearly equal to zero (see Figure 3(ll)). This corresponds to the
region. At the time (Il) shown in Figure 5, the phase distribution  slower collapse behavior in the molecular ground-state popula-
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contour plots.

tion for the amplitude-squeezed field (see Figure 1b). At the distribution inside the split peaks is larger than that outside the
time (ll)' for the amplitude-squeezed field (Figure 5), the split peaks, in contrast to the case of the coherent field (see
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Figure 5. Pegg-Barnett phase distributionB(¢) at times (I)—(IX)' (shown in Figure 1) for the amplitude-squeezed fiald= 0.5, ¢ = 0)
interacting with the two-state molecular system. See Figure 3 for further legends.

Figure 3(Il1)). At the time (V) shown in Figure 5, the split peaks  ground and excited states and then causes the gradual decrease
are shown to collide at = £ It is considered that the splitting  in that ability due to the large splitting of the photon phase
process in the photon-phase distribution first causes the increasd€approachingp = +/2). In contrast, the colliding process is

in the ability to destruct the coherence between the molecular considered to cause the gradual increase and successive decrease
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¢ = 0) interacting with the two-state molecular system. See Figure 4 for further legends.

in that ability. As seen from the damped oscillation@ds ¢l 5), the PB phase distributions for the amplitude-squeezed field
(Figure 1c), however, the splitting and colliding are not are shown to be broader than those for the coherent field, and
completely achieved, so that the increase and decrease changdlen the splitting of the initial single peak for the amplitude-
in that ability are considered to become unclear as time proceedssqueezed field becomes slower than that for the coherent field.
These splitting and colliding processes in the PB phase This feature supports the delay of the first collapse of the
distribution are observed equally for the amplitude-squeezed molecular population for the amplitude-squeezed field (Figure
and the coherent fields (see Figures 3 and 5). 1b). As shown in the phase distributions at the later times<IV)

In the early time region ()-(I1)" (()—(I)) (Figures 3 and (IX) (V) '=(X)") (Figures 3 and 5), however, the phase
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Figure 7. Pegg-Barnett phase distributio¥¢) at times (1)’ —(1X)"" (shown in Figure 1) for the phase-squeezed fieles 0.5, ¢ = x) interacting
with the two-state molecular system. See Figure 3 for further legends.

distribution peaks for the amplitude-squeezed field (Figure 5) at the later times (IV)}-(1X)' for the amplitude-squeezed field
become more distinct than those for the coherent field (Figure (see Figure 1b).

3). This feature corresponds to the fact that more distinct 4.1.2. Q Function Distribution Dynamicshe feature of
collapse and revival behavior with larger amplitudes is observed phase dynamics observed in section. 4.1.1 is well-understood
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¢ = m) interacting with the two-state molecular system. See Figure 4 for further legends.

by investigating theQ function distributions at the times ) As shown in Figures 4 and 6, a single peakpat 0 is found
(IX) (h'—(@1X)") (Figure 4 for the coherent field and Figure 6 to split into two peaks with asymmetric intensities and then
for the amplitude-squeezed field). In contrast to the coherent counterrotate on the circlg| = o until they collide atp =
field, the initial Q function is shown to provide an ellipse  =+. After this collision, they split again and collide at= 0.
distribution centered aroungy (=M2, M= 8) (see Figure It is found that these splitting and colliding processes repeat,
6(()"). though the distribution peaks are gradually broadened. The
Firstly, we investigate the common features of @h&inction splitting of the single peak in the time region-Ijil) ((1) '—
dynamics for the amplitude-squeezed and the coherent fields.(lll)') is found to correspond to the collapse behavior of the
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molecular ground-state population. This feature supports the to each other. In contrast to the amplitude-squeezed field (Figure
decrease incos ¢Lin the same time region (see Figure 1c). At  6), however, the squeezing in the direction of tngg3) axis is

the time (l11) ((11)"), [@og ¢Llis found to be a minimum value  found to decrease the phase uncertainty compared with the
since the split peaks on the complex plane are shown to becoherent field and thus causes the faster splitting of the initial
located atp = +x/2 and—n/2, respectively. In the next time  Q function distribution. Also, contrary to the amplitude-squeezed
region (IIH—(V) ((I)'—=(V)"), the split peaks are shown to field, the squeezed distributions in the inner and outer regions
rotate in mutually opposite directions and then to collideat  of the circle|8| = 3o indicate the existence of th@ function

= 4. This variation leads to the increase [iip$ ¢Uin the distributions with faster and slower rotating speeds compared
time region (HIy—(V)" ((Il) —(V)) (see Figure 1c). Similar  with the coherent field case. This is considered to cause the
behavior of theQ function distribution anddos ¢[are observed faster broadening and extending of dunction distribution

in the time regions (\A-(VII) ((V) '—(VII)") and (VII)—(IX) along the circlg| = fo, the feature of which corresponds to
((vI)'—=(1X)"). Throughout these processes, the peaks are foundthe dynamical behavior of the PB phase distribution shown in
to gradually decrease and to cause a broadening, which leads-igure 7. Consequently, such dynamical behavior of the phase
to the slowly oscillating increase i cos ¢ (see Figure 1c). distributions is found to support the faster collapsée'¢lIl)"")

This behavior is considered to be due to the uncertainty relationand the longer revivaicollapse period ((IIfj—(VI)") with
between a photon phase and a photon number. smaller revivat-collapse amplitudes shown in Figure 2b.

Next, we elucidate the differences in tQefunction distribu- )
tion dynamics for the amplitude-squeezed and the coherent®- Molecular Entropy Dynamics

fields. In a comparison of Figure 4 (II) with Figure 6 (()l) It is well-known that the molecular entropy for the coherent
the squeezing in the direction of tRe(5) axis is found to cause  field starts from zero due to the initial pure state of the molecule,
the delay of splitting of the initial distribution, the feature of jncreases (with modulation at the Rabi oscillation), and then
which corresponds to those of the PB phase distributions showndecreases during the collapse process. At the half-revival time
in Figure 5 ((I) and (ll)). Since it was also found that for a  during the collapse, the molecular entropy is known to take a
larger photon number th@ function distribution needs a longer  |ocal minimum, which means the molecule returns most closely
time to split}® the broader photon-number distribution for the to a pure staté The momentarily created nearly-pure molecular
coherent field (characterized by the distribution in the inner and state is a coherent superposition of the two energy state of the
outer regions of the circlgs| = o) leads to the enhancement  molecule, while the photon state is a macroscopic superposition
of the range of the rotation speed of split peaks. Namely, in (optical Schidinger cat) state composed of the phase compo-
comparison with the coherent field, the range of the rotation nents¢ = —z/2 and+x/2.15 These features are well-observed
speed of split peaks for the amplitude-squeezed field is in the present coherent field shown in Figure 7a.
considered to reduce, so that the Spllt distributions for the As shown in Figure 9, the molecular entropies of the present
amplitude-squeezed field become more distinct and sharper atamplitude- and phase-squeezed fields are found to have features
the later times (IV)—(IX)". These features in phase distribution  similar to those of the coherent field (Figure 9a), i.e., a decrease
support the peculiar collapseevival behavior for the amplitude- 5t the times (B-(111) (1) '—(111)" and (Iy'—(Ill) ") and an increase
squeezed field: a longer first collapse time, a shorter revival gt the times (I1}-(VII) ((I1) '—(VII)' and (111)"—(VII)").
collapse period, and larger revivatollapse amplitudes. However, the variation in amplitude of the molecular entropy
4.2. Phase-Squeezed Field Cask2.1. PB Phase Distribu-  for the amplitude-squeezed field (Figure 9b) is found to be larger
tion Dynamicsln contrast to the amplitude-squeezed field case than that for the coherent field, while that for the phase-squeezed
(Figure 5), the phase distribution peak at the timé {or the field (Figure 9c) is found to be smaller than that for the coherent
phase-squeezed field is shown to be sharper than that for thefield. It is also found that the fine oscillations in molecular
coherent field (see Figure 3 (I)). Similarly to the amplitude- entropy of the amplitude-squeezed field (Figure 9b) are more
squeezed field in section 4.1, the splitting and colliding behavior remarkable than those of the phase-squeezed field. These
of the phase distribution peaks is observed. The relations amongfeatures correspond well to those of the amplitudes for the
the phase distribution dynamics and the collapswival ground-state populations for these fields and thus reflect the
behavior of the molecular ground-state population are the samedifferences observed in the dynamics of the PB phase and the
as those in the coherent field case (see section 4.1.1). The spliQ function distributions among the coherent, the amplitude-
phase peaks for the phase-squeezed field are shown to be lowesqueezed, and the phase-squeezed fields. Namely, the more
and to have larger distributions in highei regions compared  remarkable splitting and colliding features in the phase distribu-
with the coherent field case (see Figures 3 ((Hl)X)) and 7 tions for the amplitude-squeezed field are considered to cause
(1" —=(X)")). Such faster broadening of phase distribution such distinct variation in the entropy dynamics compared with
peaks corresponds to the faster decrease in the ability to destructhe phase-squeezed field.
the coherence between the molecular ground and excited states.
This supports the obscure collapse and revival behavior with 6. Concluding Remarks

smaller amplitudes at the later times (H)(V1)" for the phase- The present study elucidated the dynamics of a two-state
squeezed field (see Figure 2b). . molecular system interacting with amplitude- and phase-
4.2.2. Q Function Distribution Dynamic# contrast to the squeezed field§ = 0.5). As observed in previous studi®st

coherent field (Figure 4), the initial distribution of tkgfunction  was found for these squeezed fields that the splitting into two
is shown to provide an ellipse distribution centered aro8d  peaks and their colliding processes in the PB phase an@ the
(=m0, 0= 8) (see Figure 8 ((1). function distributions correspond to the collapse and revival

The common features @ function dynamics for the phase- behavior of the molecular population. It was also found that
squeezed and the coherent fields are the same as those discuss#tere are significant differences among the features of phase
in our previous section 4.1.2. As shown in Figures 4 (II) and 8 dynamics for the these squeezed fields and those for the coherent
(1), the splitting behavior of th€ function distribution for field. For the amplitude-squeezed field, there were found to be
the phase-squeezed and the coherent fields is found to be similabroader PB phase distributions in the early time regiof—(l)
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Figure 9. Time evolution of the molecular entropies for the (a)
coherent, (b) amplitude-squeezed, and (c) phase-squeezed fields. Th
molecular entropy of the coherent field is also shown by a dotted line
in b and c¢ for comparison.

(1" and more distinct two spli® function distributions, which
counterrotate on the circlg| = fo, in the later time region
(IV)'—(IX)". These features support the slower collapse behavior
with larger amplitudes in the early time region’{t)Il)" and

the more distinct collapserevival behavior in the later time
region (IVY—(1X)'. On the other hand, for the phase-squeezed
field, there were found to be@ function distribution squeezed

in the direction oflm(B) at early times and more obscure two
split Q function peaks distributed on more extended regions
along the circlgj| = fo at later times. These features of phase
dynamics support the faster collapse behavior in the early time
region (I)'—()" and the more obscure collapsevival
behavior with smaller amplitudes in the later time region (Fv)
(IX)" for the phase-squeezed field. From the present results, in
the case of the squeezing parameter 0.5, the collapse and

Nakano and Yamaguchi

revival behavior of the molecular population were shown to

become obscure in the following order: the amplitude-squeezed
field, the coherent field, and the phase-squeezed field. Such
differences were found to be closely related to the differences
in the phase distribution dynamics, largely affected by the

guantum statistics of the initial fields.

Further, the features of the molecular entropy dynamics,
which indicates the degree of the entanglement between the
photon and the molecular states, are also found to indicate the
differences among these fields. Namely, there are found to be
more distinct variations in the molecular entropy for the
amplitude-squeezed field than those for the phase-squeezed field.
These features in the molecular entropy dynamics are also found
to closely relate to those in the photon-phase (PB phas&and
function distributions) dynamics.

From the present study, the viewpoints of photon-phase and
information-entropy dynamics are expected to be useful for
providing the intuitive and pictorial understanding of the
dynamics for more general molecular systems (composed of a
larger number of states) interacting with various types of
guantum fields.
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