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We have investigated the reduced fluctuation properties in a mesoscopic Josephson junction with the squeezed

state at a finite temperature. It is shown that the fluctuations increase with increasing temperature and the mesoscopic

Josephson junction subsystem can exhibit squeezing behaviour at an appropriately low temperature.
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1. Introduction

In recent years, the mesoscopic Josephson junc-
tion(MJJ) has been widely studied.!~3] There have
been many new quantum phenomena observed in
the systems, such as Coulomb blockade of Cooper
pair tunnelling, Bloch oscillations and Zener tun-
nelling. Recently, the interaction of a quantized elec-
tromagnetic field (QEMF) with MJJ has been in-
vestigated [*=¢] and some interesting results such as
Shapiro steps,¥] supercurrent fluctuation,!®! the col-
lapse and revival (CR) phenomenon and DC compo-

nents of the supercurrent [¢] have been obtained.

At the same time the nonclassical properties of
the QEMF have been a centre of interest in quantum
optics.l”) The squeezing of quantum fluctuations is one
of the most fundamental manifestations of the Heisen-
berg uncertainty relation, which is one of the most
It has

been shown theoretically and experimentally that the

important principles of quantum mechanics.

squeezed field can be generated by various nonlinear
systems such as Jaynes—-Cummings model,#=12] co-
operative Dicke system,[!315] etc. Recently, some au-
thors 16—18] have studied the squeezing effect of exter-
nal QEMFs acting on MJJs. However, most research
is focused on the fluctuation of QEMF at zero tem-
perature. In fact, any practical interaction of QEMF

with MJJ is in a finite temperature environment, so

the effect of temperature should be taken into account
in calculating quantum fluctuations of the MJJ sub-
system. In the present paper we explore the reduced
quantum fluctuation in MJJ with squeezed states at
a finite temperature, making use of thermal field dy-
namics (TFD).['] OQur results show that the fluctua-
tions are related to the temperature.

The paper is organized as follows. In Section 2,
the coupled field-junction system in MJJ is given. The
reduced fluctuation properties in MJJ subsystem are
investigated in Section 3. Section 4 contains a brief

discussion and conclusion.
2.Coupled field-junction system

In this paper a circular superconducting ring with
a MJJ is considered which is coupled to an external
single-mode QEMF. The Hamiltonian describing the
coupled field—junction system is (in units A = kg =

c=1)
- d-ar s it

1 2
+ oo (0- o), 1)

where Ej is the Josephson coupling energy, L is the in-
ductance of the ring, g is a charge tunnelling through
the junction, @ is the external charge which depends
on the coupling between the junction and the external
field, ¢ is the total magnetic flux through the ring, @
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is the external flux and the charge 2e comes from the
Cooper pairs.

The MJJ has a very small capacitance C' and op-
erates at a very low temperature. As a sensitive quan-
tum mechanical device, the flux ¢ and charge ¢ are a
pair of quantum mechanical conjugate variables and
satisfy the commutation relation [¢, g]=1. The exter-
nal charge @ and the external magnetic flux @ are also
conjugated quantum variables satisfying the commu-
tation relation [®, @]=i. We consider the case of small
inductance, i.e. e2FEy << L~!, which means that the
second term in Eq.(1) is small in comparison with the
third term. From the Hamiltonian (1), we obtain the
time evolution of ¢, ¢, @ and @ in the Heisenberg pic-

ture
d‘é_(tt) —i[H,q(t)] = —%[(4A + Do(t) — o(1)], (2)
W) _ 420 _ L - qu, (3)
dQ 1
o = -6 - 9(0)], (4)

where A = e2E;L. The time evolution operators can
be given by solving the above Heisenberg equations
of motion. Using the initial conditions ¢ = ¢(0),
¢ = ¢(0), @ = Q(0),& = &(0), we can express
the variable q,¢,Q and @ in terms of the field op-

erators a,a’ and the junction operators b,b" in the

forms [14-16]
. jw'C 1
q=1 (b+—b)7 ¢ = 2wlc(b+ —|— b), (5)
. JwC 1
Q=1 T(G-I—_a): = 2wc(a++a)a (6)

where w’ = /1 + 4) / VLC is formally regarded as the
angular frequency of the junction and w = 1/ VvILC
is the angular frequency of the single-mode radiation
field. The field operators a,at and the junction oper-
ators b, bT satisfy the usual Boson commutation rela-

tions

[aaa+] =1, [b b+] =1, [q,b]=0. (7)

To investigate the nonclassical behaviours of the
Josephson junction subsystem, we introduce a pair of
quadrature operators of the junction in the forms
_b+bt b—b*

X = (8)

X
1 2 ’ 2 3

they satisfy the commutation relation [X7, X3] = i/2.

For small values of A\, we can neglect the higher order

terms of A and obtain the time-dependent operator
X;(t) in the form [16-18]

X;(t) = Aja+ Ala™ + Byb+ Bjbt, (J=1,2), (9)
where
Ay :i _1 — cos(nt) + i(l + %)\) sin(nt)] , (10)
Ao :i _(1 - %A) sin(nt) — Ant — 1+ icos(nt)} , (11)
B :i (1=X)+ (14 X)cos(nt)
- i<1 + gx> sin(nt)], (12)
By =— i [(1 + %) sin(nt) + Ant
+1(1 - A)+i(1+X) cos(nt)} ) (13)
and
n=(24+Aw. (14)

3. Reduced quantum fluctuation

in MJJ subsystem

In order to investigate the reduced quantum fluc-
tuation of junction variables at a finite temperature,
it is useful to consider a thermal state instead of a
usual quantum state in MJJ. According to TFD, the
thermal state (also called the “thermofield vacuum”)
is defined by [20:21]

|0)7 = T(6)|00)q, (15)

where |06>a is the usual vacuum state of the radiation
field in a doubled Hilbert space, and the thermalizing

operator is
T(8) = exp[—6(aa — a™a™)]. (16)

The additional mode (denoted by the tilde on the op-
erators) is called the “fictitious” mode: it is intro-
duced purely as an aid to calculation, and has no phys-
ical significance. The operator T'(6) defines a canoni-

cal Bogoliubov transformation,
T%(0)aT(8) =ua + vat,
Tt(0)atT(0) =ua™ + va, (17)

which mixes normal and tildian degrees of freedom,

here

u =cosh = [1 — exp(—w/T)] /2,
v =sinh 0 = [exp(w/T) — 1]7*/2. (18)
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The parameter 6 is related to ng, the number of ther- then we obtain
mal photons, by 1 1
Ay ==, Ay =——(mA+2i), 24
no = 7(0|a*a|0)7 = sinh® 6. (19) 1= A2 =gl ) (24)
A A .
We assume that the field is initially in a squeezed By =— 9’ By = _Z(W — 2i). (25)

thermal state [21]

|, )7 = D(@)5(2)|0)r = D()S(2)T(6)[00)a, (20)
where D(a) = exp(aa® — a*a) is the displacement
operator and a = |alexp(in) is the displacement pa-
rameter, S(z) = exp[(zat? — 2*a?)/2] is the squeeze
operator and z = rexp(if) is the squeeze parameter;
the Josephson junction is initially in its lowest energy
state (the vacuum state) |0)p. At ¢ = 0, the field and
junction operators are uncorrelated, and the interac-
tion between field and MJJ takes place at ¢ > 0. At
an arbitrary time the state of the coupled system can

be expressed as
lo(t)) = " |a, z)r @ [0)s.- (21)
From Egs.(8) (9), (20) and (21) we can obtain the
variance
(AX5)?) =(X) — (X3)

=2|A;? (nocosh 2r + sinh’r
2 1 2
+lal"+ 5 ) + Bl

; 1
+ A2 [e‘ﬁsinh 2r (no + 5) + (12:|

- 1
+ A}2 [e’ﬁsinh 2r <n0+5) + a*2]
— (Aja + Aja™)2. (22)

When the variance (22) is reduced below the level as-
sociated with the vacuum state, i.e. if {(AX)?) < 1/4,
there will be squeezing in the Xj quadrature. In order
to see an apparent squeezing phenomenon, we consider

a special time
T

24X

wt =

(23)

From Eqgs.(22), (24) and (25), neglecting the sec-

ond order terms of A, we obtain

(AX1)?) :i(2n0—|—1)(sinh 2rcosf+ cosh 2r), (26)

1
= (2np+1)[cosh 2r— sinh 2r

X (mwAsinf+ cosf)]. (27)

((AX2)?)

From Egs.(26) and (27), it can be seen that the
quantum fluctuations of the junction subsystem de-
pend on the temperature. Clearly, the fluctuations
For Eq.(26),
when 8 = m, we find that the condition of exhibit-

ing squeezing in the X; quadrature, for fixed 7, is

increase with increasing temperature.

e?r — 1
2

ng < (28)
It is easily found that no squeezing in X5 when § = .
Similarly, for Eq.(27), we find that the condition of
exhibiting squeezing in X, has been given in Eq.(28)
when § = 0.

4. Conclusion

In this paper we have studied the reduced quan-
tum fluctuation properties in MJJ subsystem at a fi-
nite temperature. It is shown that, if the field initially
prepared in a squeezed thermal state and the Joseph-
son junction initially in its lowest energy level state,
the fluctuations depend on the temperature and in-
crease as the temperature increases. It is also found
that the MJJ subsystem can exhibit squeezing be-
haviour under an appropriately low average thermal

photon number.
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