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It is shown that the low-frequency spectral density of the voltage noise in a current-
biased Josephson junction with critical current I0, shunt resistance R, and small capa-
citance is eIOIt /nV in the limit eV»ks I'g/I'o) and I )Io, where V is the voltage and

I is the current. The noise arises from zero-point current fluctuations in the shunt re-
sistor. The rounding of the current-voltage characteristic caused by the quantum fluctua-
tions and the effects of nonzero junction capacitance are calculated.

PACS numbers: 74.50.+r, 05.40.+j, 72.70.+m

In this Letter we report calculations of the volt-
age noise in a current-biased resistively shunted'
Josephson' junction (RSJ) when quantum correc-
tions to the noise of the shunt resistor are taken
into account. We show that the limiting noise as
T -0 is set by zero-point fluctuations in the shunt
resistor. ' We predict that measurements of the
noise in a junction with appropriate parameters
should allow a direct observation of zero-point
fluctuations. Furthermore, the calculated noise
should enable one to estimate the limiting sensi-
tivity of SQUID's and Josephson video detectors
and mixers of high-frequency electromagnetic ra-
diation.

Likharev and Semenov' (LS) and Vystavkin et
al. ' have calculated the voltage spectral density
of a current-biased RSJ with zero capacitance
when the current noise of the shunt is in the clas-
sical limit h~, «k, T, where ~, =2eV/k is the
Josephson (angular) frequency at the average volt-
age V. We extend these calculations to the quan-
tum limit 5+I»k ~T where zero-point energy fluc-
tuations in the shunt become significant. The cal-
culation by Stephen' of fluctuations in the pair
current of a junction biased near a self-resonant
step can predict the linewidth of the Josephson
radiation emitted by a voltage-biased tunnel junc-
tion in the quantum limit. " This calculation does
not apply to the case of present interest because
the apparent pair shot noise predicted arises
from photon number fluctuations in a lossy reso-
nant cavity coupled to the junction and is not in-
trinsic to the RSJ.

We consider a Josephson tunnel junction with
critical current I, and capacitance C shunted with
resistance R. We assume that V always lies be-
low 2b./e, where b, is the energy gap, so that the
Riedel singularity is unimportant. Furthermore,
we take the temperature T to be well below the

transition temperature, where the quasiparticle
tunneling current is small compared with the cur-
rent in the shunt resistance, so that we can ne-
glect noise from the quasiparticle tunneling cur-
rent. ' The only significant noise source is the
current noise, I„(t),in the resistor, which has
a spectral density, including zero-point fluctua-
tions, '

S,(to) = (hto/7IR) coth(kto/2k, T)

at angular frequency f l. We compute the spectral
density of the voltage noise, S„(&u),for a current-
biased RSJ at an angular frequency &.

It is convenient to introduce the dimensionless
units and parametersi =I/I „v=V/I, R =to~/
(2~I,R/q, ), r = 2nk, T/I,y„8= ~/(2~v~/q, ),
S,.(g) = S,(~)(2nR/I, tlat, ), S„(e)= g, (oo) (27t/I, @,R),
P, = 2pIoR'C/cpo, and tt=—eI,R/ksT.

We calculate the properties of the RSJ from the
instantaneous phase difference across the junc-
tion, 5(t), which evolves in dimensionless time
t/(p, /27tI, R) according to the Langevin equation

p, I+th +ines=i i+„ (2)

The use of a noise term which includes quantum
fluctuations, Eq. (1), in the classical equation,
Eq. (2), yields the noise characteristics of the
junction in all regimes from the thermal to the
quantum limit, as has been explicitly shown by
Senitzky' for simpler quantum-mechanical sys-
tems.

We first consider the limit" P, «1 in which the
term p, tI may be neglected in Eq. (2). In the limit
in which noise-rounding effects are negligible
(i & 1), the I Vcharacter-istic is' v = (i' - 1)"' and
Eq. (2) may be solved analytically using the LS
method. ~ One calculates the Fourier components
of the voltage fluctuations taking into account the
mixing down of high-frequency noise at harmon-
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ics of the Josephson frequency and finds the spectral density'

S„(8)= g !~„!'S,.(8-kv).

Here, Q is an integer, and4

ki(i -v) I& I 1 (k —1)(i -v) l~-&
I (k + 1)(i —v) I&+~ I

~.l= &. .+ -- +
8 —kv 2 8 —(k —1)v 8 —(k + 1)v (4)

Evaluating the s„in the limit 8/v - 0, that is, when the measurement frequency is much lower than the
Josephson frequency, we find

S„(0)= [i'S, (0) + —,'S, (v)]v '+O(8'/v' g S;(-kv)/k~), 8 «v. (5)

s„(0)=a,*' „'+'—„(~)*cat(' ), (7)

where R~ = BV/BI is the dynamic resistance. The
inset of Fig. 1 shows the temperature dependence
of S~(0) for particular values of I, (assumed to be
independent of temperature) and R at fixed bias
current. For comparison, the LS result in the
classical limit is also shown.

It is instructive to consider several limits of
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FIG. 1. Low-frequency spectral density S~ (0) of the
voItage noise vs current for 5 values of ~ =eI pR/k'gT
with P, «1. Inset shows g& (0) vs & for Ip=l mA, I
= 1.4 mA, and 8 = 0.86 0 (chosen to give V = I oR and
K = 10 at 1 K). Dashed line shows the LS classical re-
suIt.
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Even in the extreme quantum limit in which S,
-kv, the sum still converges, so that the last
term is of order 8'/v, which is negligible in the
limit 8«v. Substituting Eq. (1) into Eq. (5), we
find the result, valid for i&1,

S„(0)= (2Frn'/~)[1+ (ev/2i') coth(wv)],

where rn= ev/&i=i /v, or, in dimensioned units,

8~(0) =eV(Ip/I) RD'/wR =eIp R /mV. (8)

Thus, to observe quantum effects we require ~
—= eI,R/ksT» 1. At the particular bias V =I,R,
Eq. (8) reduces to S~(0) =eipR'/v, which is just
the voltage spectral density of the shot noise due
to a current I, flowing through a resistance R.
However, it should be clear from the derivation
that Eq. (8) arises not from an intrinsic shot
noise in the pairs tunneling through the barrier
but rather from the zero-point fluctuations of the
shunt resistance which have a current spectral
density h~/~R.

To compute the noise rounding of the I-V char-
acteristics or to include the effects of a nonzero
capacitance, we have used numerical techniques.
Although we have computed the general case T
w 0, we report here results only for the T =0 lim-
it in which Eq. (1) becomes 8'cu/mR. We used a
Digital Equipment Corporation LSI-11 computer
to integrate Eq. (2) with use of a noise driving
term obtained by digitally filtering pseudorandom
white noise. We obtained the mean voltage by
averaging the instantaneous voltage over typical-
ly 104 Josephson cycles, and determined the low-
frequency spectral density of the voltage noise by
averaging the fluctuations in the voltage after low-
pass digital filtering. The accuracies of the aver-
age voltage and the spectral density are believed
to be + 5%%up and + 10% for 'L & 1, and + 10/p and + 20%
for i~ 1. Figure 2 illustrates the noise rounding
of the I-V characteristics due to zero-point fluc-
tuations for" j3, = 0.1. For a given depression of
the critical current below the noise-free value,

!Eq. (7): (i) For eV «ksT (vv «1), we obtain the
LS result' g„(0)= (2ksTRD'/mR)[1+ —,'(I,/I)']; (ii) for
eV»ksT (vv»1), we obtain S„(0)=RD'[2ksT/pR
+eVI, /mRI']. For eV«ksT(i/Ip) (vrD»z), this
yields the Nyquist result Q~(0) =2k&TR/m, while
for eV»ksT(i/Ip)' (van'«v), we find the quantum
limit
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FIG. 2. I-V characteristics at T = 0 withP, = 0.1 for
4 values of wI' —= 2&eR/C 0, showing rounding due to
zero-point fluctuations. Dashed line shows noise
rounding in the thermal-noise limit for a similar de-
pression in critical current as for the case wl = 0.05.

the rounding extends to much larger values of
voltage than in the equivalent thermal-noise case"
because the noise in the resistor at the Josephson
frequency increases with voltage.

Figure 3 shows the effects of increasing p, . The
dynamic resistance increases markedly at low
voltages [Fig. 3(a)] as p, increases"; hysteresis
occurs for P, ~ 1. Figure 3(b) shows the corre-
sponding spectral densities of the voltage noise,
with the dotted line taken from Eq. (6). For e
&0.5 the noise rounding is small, and the com-
puter and analytical results are indistinguishable.
The increase in noise with increasing P, for a
given voltage at low voltages reflects the higher
dynamic resistance, but for all p, at very low
voltages the noise decreases with decreasing volt-
age beca,use of noise rounding. At high voltages,
the noise decreases with increasing P, at a given
voltage because the noise currents are filtered
out at frequencies above - 1/RC.

We have not included in our calculation the pos-
sibility of macroscopic quantum tunneling"' '
(MQT), which would permit the junction to tunnel
between states of meta, stable equilibrium that ex-
ist for I &IO For an undamped junction, the tun-
neling rate is expected to diverge as C- 0, and
it is likely that MQT would alter the junction
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FIG. 3. (a) I-V characteristics at T = 0 for Kt'
= 2%eR/4 0

= 0 0194 (R = 40 &) with P~ = O.l, = 0.5, 1,
(b) Spectral density of the voltage noise for the curves
in (a); dotted line is taken from Eq. (6). The dashed
portions are of lower accuracy.

characteristics and enhance the noise rounding.
However, since MQT is predicted to decrease
rapidly as the damping increases, "we do not ex-
pect it to make a significant contribution in the
highly damped limit considered here.

In conclusion, we note that the quantum effects
calculated here should be observable, provided
that one can obtain the limit ~ »1. Writing v = (e/
A;sT)(p, cp,j,/2&c) ", where j, is the critical cur-
rent density and is the capacitance per unit
area, of the tunnel junction, we see that the limit
requires a high current density and/or a low tem-
perature. At 1K, with j,=19' A cm ', P, =1,
and q =0.04 pF p,m ', we find ~=10, a value at
which quantum corrections are considerable (see
inset of Fig. 1). Our results for P, «1 should al-
so be applicable to point contact junctions and
microbridges to the extent that these devices can
be represented by the RSJ model.
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Temperature dependence of polarization of poly(vinylidene fluoride) (PVF2) has been
measured under ac fields of 100—400 kV/cm at 50 Hz at temperatures ranging from 22 to
150 'C. It is found that PVF2 is a ferroelectric with its transition temperature Rt - 140 'C.
Above this temperature, which is about 30'C below the melting point, no remnant polari-
zation can be measured.

PACS numbers: 77.80.Bh

Since the discovery of large piezoelectricity
and pyroelectricity in poly(vinylidene fluoride)
(PVF, ) films, there have been intense investiga-
tions on this polymer during the last ten years. '
These investigations are mostly concerned with
origin and characteristics of piezoelectricity and
pyroelectricity of PVF, . Recently, on the basis
of ferroelectriclike hysteresis loops of polariza-
tion" and dipole orientation, ' it has been suggest-
ed that PVF, is a ferroelectric rather than an
electret as it is commonly known. ' However, the
transition temperature, which is an important
characteristic of ferroelectric materials, has not
been observed so far for PVF, . The purpose of
this Letter is to present the first results on the
temperature dependence of polarization of PVF„
which show the presence of a transition tempera-
ture above which remnant polarization is not ob-
served.

PVF, samples used in these studies are capaci-

tor-grade films of 6 p, m in thickness obtained
from Kureha Chemical Corporation. These films
are biaxially oriented and contain both o.- and P-
phase crystalline regions of approximately equal
amount. 4 These films were first annealed at
150 C for about half an hour under slight tension
in order to prevent shrinkage and structural
changes that may occur at high temperatures.
Film surfaces were then cleaned with acetone and
aluminum electrodes were evaporated on both
sides.

Electrical displacement D, electric field E, po-
larization P, and residual polarization P„arere-
lated by the following well-known equations:

D= EpE+P,

P = e,y'E+ P„(E),
where E'p is the free permitivity, and g is the
susceptibility at low field. In this paper, we are
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