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Quantum force in a superconductor
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Moscow District, Russia
~Received 14 June 2000; revised manuscript received 31 October 2000; published 8 June 2001!

In order to account for a contradiction of the Little-Parks experiment with Ohm’s law and other fundamental
laws, the thermal fluctuation is considered as a dynamic phenomenon and an extra force, called the quantum
force, is introduced. A persistent current can exist at zero voltage and nonzero resistance because of the
quantum force induced by the thermal fluctuation. Not only the persistent current but also a persistent voltage
~a direct voltage in the equilibrium state! can exist in an inhomogeneous superconducting ring. The directions
of the persistent current and the persistent voltage coincide in a ring segment with lower critical temperature
and are opposite in other ring segments with higherTc . Consideration of a superconducting ring interrupted by
Josephson junction shows a connection of the quantum force with a real mechanical force.

DOI: 10.1103/PhysRevB.64.012505 PACS number~s!: 74.20.De, 64.70.2p, 73.23.Ra
m
ct
m
s

w

he

e
p

e

te
th

d
ir-

th
y
-

d

at
-

the

the

e
ut

gle
ing

ing

p
c-
cur-

ive
mal

-

ed
at
ian
al
Superconductivity is a macroscopic quantum pheno
enon: some macroscopic effects observed in supercondu
cannot be described by classical mechanics. One of the
the Little-Parks ~LP! experiment1 repeated in numerou
works ~see, for example, Ref. 2!. It is considered3,2 that the
LP experiment was explained as long ago, as 1963.4 But this
explanation is not perfect. More perfect consideration sho
a contradiction of the LP experiment in a loop2 with some
habitual knowledge. This contradiction is explained in t
present work.

The resistance oscillations observed at the LP experim
is interpreted as a consequence of oscillations of the su
conducting transition temperatureTc .1,3,2 It is assumed3 that
Rl(T)5Rl(T2Tc) in the resistive transition region wher
the resistanceRl5* ldlr/s2 changes fromRl5Rln to Rl50.
HereRln is the resistance along the loop in the normal sta
s is the area of the cross-sectional of the wire defining
loop.

The Tc oscillations is explained by the fluxoi
quantization.4,3,2Because of the quantization the velocity c
culation

E
l
dlvs5

p\

m S n2
F

F0
D ~1!

of superconducting pairs can not be equal zero when
magnetic fluxF contained within a loop is not divisible b
the flux quantumF05p\c/e. Therefore the energy of su
perconducting state increases and as consequence theTc de-
creases whenFÞnF0 , DTc}2vs

2}2(n2F/F0)2.3 The
magnetic fluxLI s induced by the screening currentI s5s js
5s2ensvs is smallLI s!F0 at T.Tc ~when the density of
superconducting pairsns is close to zero! and thereforeF
5BS1LI s.BS.3 HereB is the magnetic induction induce
by an external magnet;S is the area of the loop.

It is important that the theoretical dependenceDTc

}2(n2F/F0)2, where vs
2}(n2F/F0)2 has minimum

possible value3 describes enough well the experimental d
~see, for example, Fig. 4 in Ref. 2!. Consequently, supercon
ducting states with minimum (n2F/F0)2 value give the
main contribution. This means that not only the averagevs

2
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5tlong
21 * t long

dtvs
2 but alsovs5t long

21 * t long
dtvs is not equal zero

at FÞnF0 andFÞ(n10.5)F0 . vs50 at F5(n10.5)F0
because the permitted states with opposite direction of
velocity have the samevs

2 value. vs'(p\/ml)(n2F/F0)
in a homogeneous loop whenF is not close to (n10.5)F0.

Thus, according to the LP experiment and in spite of
Ohm’s lawRlI sc5* ldlE52(1/c)dF/dt a direct screening
currentI sc's2ens(p\/ml)(n2F/F0) flows along the loop
at a constant magnetic fluxFÞnF0 and FÞ(n10.5)F0,
and RlÞ0. The latter is evident from the experiment.2 The
measured resistance2 Rm'Rl /4 in a homogeneous loop. Th
LP experiment contradicts not only to the Ohm’s law b
also some more fundamental laws because a dissipation~fric-
tion! forceFdis should act atI sc5s jscÞ0 andRlÞ0, and an
energy dissipation with powerRlI sc

2 should take place.
This contradiction has a explanation having a sin

meaning. It is obvious that in a stationary state the screen
current is equal superconducting current

j s5
2ep\

lm^ns
21&

S n2
F

F0
D . ~2!

It can be nonzero when the whole of loop in superconduct
state, i.e.,̂ ns

21&21Þ0, and Rl50. ^ns
21&5 l 21* ldlns

21 is
used because thej s value should be constant along the loo
in the stationary state. (ns ought be considered as an effe
tive density in order to take into account the Josephson
rent through segments withns50.) Therefore the LP oscil-
lations are observed only in the region of the resist
transition where loop segments are switched by the ther
fluctuation between superconducting state~when ^ns

21&21

Þ0, j sÞ0 but Rl50) and normal state~when ^ns
21&21

50, RlÞ0 but j s50). These oscillations cannot be ob
served below the resistive transition wherej sÞ0 but Rl50
all time and above this transition whereRl5Rln but j s50 all
time.

Thus, the LP experiment is evidence of a motion induc
by fluctuation in the thermodynamic equilibrium state
nonzero dissipation. Such phenomena are called Brown
motion.5 There is an important difference from the classic
©2001 The American Physical Society05-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 012505
Brownian motion. According to the classical mechanics
average velocity of any Brownian motion should be eq
zero whereas the LP experiment is evidence of the persis
current ~i.e., a direct current in the equilibrium state! j PC

5 j scÞ0 at FÞnF0 andFÞ(n10.5)F0.
The persistent current

j PC5q(
p

v f 0S E~p!

kBT D5
q

m (
p

S p2
q

c
AD f 0S E~p!

kBT D ~3!

is a quantum phenomenon. It can exist in states with disc
spectrum* ldlp5n2p\, at the energy difference betwee
adjacent permitted statesE(n11)2E(n)>kBT, when the
summation(p can not be replaced by integration. Herep
5mv1(q/c)A is the generalized momentum of a partic
with a chargeq; A is the vector potential. At continuou
spectrum @at E(n11)2E(n)!kBT# j PC5q(pv f 0
5q*dvv f 050 because the distribution function in the equ
librium state f 0 depends onv only throughE(p)/kBT and
the kinetic energy is proportional tov2 in a consequence o
the space symmetry. Therefore, according to the class
mechanics any direct~nonchaotic! current can only be in a
nonequilibrium state and it is postulated that the aver
value of the fluctuation force introduced by Langevin f
description of the classical Brownian motion is equal ze
FLan50.

In a superconducting loop the difference between adjac
permitted states of the kinetic energy

Ep5sE
l
dlns

2mvs
2

2
5

sp2\2

lm^ns
21&

S n2
F

F0
D 2

~4!

is proportional to ^ns
21&21 and of the energy of the

magnetic flux induced by the superconducting curr
EL 5 LI s

2/2c2 5 (Ls2e22p2\2/c2l 2m2^ns
21&2)(n2F/F0)2

5(Ls/ ll0
2)ns8Ep is proportional to ^ns

21&22. Here l0

5@c22m/4e2ns(0)#1/2 is the London penetration depth atT
50; ns85@ns(0)^ns

21&#21; ns(0) is the density of supercon
ducting pairs atT50. At weak screening, when the LP o
cillations are observed, (Ls/ ll0

2)ns8,1 and consequently
EL,Ep .

Superconducting pairs, as condensed bosons, have
same value of the momentum circulation* ldlp5n2p\.
Therefore theE(n11)2E(n) value for superconducting
pairs in a loopl at ^ns

21&21'^ns&Þ0 is much more than the
one for electronEp(n11)2Ep(n)5(2p2\2/ l 2m)@(n11)2

2n2#'2p2\2/ l 2m because the average number of sup
conducting pairssl^ns& is very big in a real case. For a re
length l .4 mm of the wire defining the loop2 2p2\2/ l 2m
.kB1K. Therefore the persistent current in normal me
mesoscopic systems6 is observed only at very low
temperature.7 In superconductor the screening persistent c
rent j PC5q(pv f qu5 j s is observed even in macroscop
samples~for example at the Meissner effect! becauseEp(n
11)2Ep(n)'sl^ns&(p

2\2/ l 2m)@kBT even nearTc .
Consequently, in the region of the resistive transition

fluctuations switch the loop between qualitatively differe
states: the superconducting state^ns

21&21Þ0 with strongly
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discrete spectrumuEp(n11)2Ep(n)u@kBT, in which the
circulation of the phase gradient¹w5p/\ of the wave func-
tion of superconducting pairs has a definite value* ldl¹w
52pn, and the state with continuousp spectrum, in which
^ns

21&2150, RlÞ0, the energyEp(n)50 for any n value
and therefore* ldl¹w is ‘‘bad’’ ~vague! number. The later
means that the ‘‘random phase’’ assumption is valid
^ns

21&2150 and therefore the average velocity should
equal zero in the equilibrium state.8

Thus, the average value of the momentum circulation
superconducting pairs changes between* ldlp5* ldl@2mvs
1(2e/c)A#5(2e/c)F and * ldlp5n2p\ at the switching
between^ns

21&2150 and ^ns
21&21Þ0. At (Ls/ ll0

2)ns8!1,
when the A change is small, the momentum change
the unit volumeDP.(m/e) j s . These momentum change
induced by fluctuations explain the contradiction of t
LP experiment with habitual laws. The persistent curre
j PC5 j scÞ0 can exist at nonzero dissipationFdisÞ0 because
the momentum circulation should return to the qua
um valuen2p\ at switching to the state witĥns

21&21Þ0.
The momentum circulation does not change system
cally during a long timet long at * t long

dtFdis5t longFdisÞ0 be-

cause at reiterated switching* ldlFdis1* ldlDPv50. DP
5Nsw

21(kDP(k); DP(k) is the momentum change atk
switching in the state witĥns

21&21Þ0; v5Nsw/t long; Nsw

is the number of switching fort long.
At the closing of the superconducting state in the loop,

well as at the Meissner effect, superconducting pairs are
celerated against the force of the electric field*ldlE
52(1/c)dF/dt. In order to eliminate the contradiction with
the Newton’s law a force Fq may be introduced, Fq

5DPv. Because theDP is induced by quantization it is
natural to call Fq as quantum force. The necessity to intro-
duce the Fq is conditioned by the well known dif ferenc
between superconductor and a classical conductor with-
finite conductivity. It is important that the quantum force
can not be localized in any segment of the loop in princi
because of the uncertainty relationDpD l .\. The vs be-
comes nonzero when the momentum takes a certainvalue
Dp!pn112pn52p\/ l , i.e., when superconducting pair
cannot be localized in any segment of the loop. Fq should be
uniform along the loop becauseDP} j s .

The quantum forceFq takes the place of the Faraday
voltage2(1/c)dF/dt which maintains the screening curre
in a conventional loop withRlÞ0. Therefore thej PC5 j sc

Þ0 is observed atRlÞ0 anddF/dt in the LP experiment.
The periodic variation of the resistance with magnetic fie
Rl(F/F0) is observed in the LP experiment2 because the
probability of superconducting stateP(^ns

21&21Þ0)}exp
2(Ep1EL)/kBT decreases atFÞnF0. The approximation,3

in which only state with minimumun2F/F0u is taken into
account, describes enough well the experimental data2 be-
cause in the superconducting stateuEp(n11)2Ep(n)u
@kBT even in the fluctuation region nearTc .

Thus, the LP experiment is evidence of a direct~noncha-
otic! one-dimensional Brownian motion. The Brownian pa
ticle in this case is the superconducting condensate. Its
5-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 012505
netic energy changes randomly in time: theEp ~and alsoEL)
is increased by the quantum force and dissipates after
switching a loop segment in the normal state. The quan
force induced by the fluctuations is the Langevin forceFLan.
Contrary to the classical Brownian motionFLan5Fq

5DPvÞ0 at j PCÞ0 andRlÞ0.
Because the LP experiment is explained by the fluctua

switching betweenj sc5q(pv f cl50, where the distribution
function f cl is in the equilibriumf 05 f cl aboveTc , and j sc
5q(pv f quÞ0 where f qu is in the equilibriumf 05 f qu be-
low Tc , it is useful to consider the motion along the loo
both superconducting pairs and electrons at the trans
betweenf cl and f qu . The reduction ofj sc at RlÞ0 can be
described by the classical Boltzmann transport equation9 be-
cause the ‘‘random phase’’ assumption is valid at^ns

21&21

50. But the j sc appearance contradicts classical mechan
For a phenomenological description of the transitionf cl
→ f qu , a new termN may be added to the Boltzmann equ
tion

d f

dt
5

] f

]t
1v

] f

] l
1qEV

] f

]p
5N2

f 1

t
~5!

N5d f /dt1 f 1 /t during a timeDtqu of the transition f cl
→ f qu and N50 during any other time,*Dtqu

dtN5 f qu

2 f cl1*Dtqu
dt f1 /t. p is the generalized momentum. Ther

fore EV52¹V is the potential part of the electric fieldE
52¹V2(1/c)]A/]t: qEV5]p/]t5m]v/]t1(q/c)]A/]t
5qE1(q/c)]A/]t52q¹V. The distribution function f
5ns1 f e describes both superconducting pairs and electro
q5e for electron andq52e for superconducting pair.f 1
5 f 2 f 0 is the deviation of the distribution functionf
from the onef 0 in the equilibrium state. It is assumed th
the equilibrium distributionf 05 f cl at ^ns

21&2150 and f 0

5 f qu at ^ns
21&21Þ0. The difference betweenf 15 f 2 f cl and

f 15 f 2 f qu is not important in our consideration because
mean time between collisionst is infinite for superconduct-
ing pairs and the equilibrium distributions for electronsf e

are approximately the same at^ns
21&2150 and ^ns

21&21

Þ0.
The balance on the average forces

]P

]t
2Fp2Fe5Fq2Fdis ~6!

is obtained by multiplication of the transport equation~5!
by the momentum and summing over thep states. Here
P5(pp f5psns1(pp fe5Ps1Pe ; Ps5psns is the mo-
mentum per unit volume of superconducting pairs;Pe
5(pp fe is the momentum per unit volume of norm
electrons; Fp52]((ppv f )/] l 52](nq^pv&)/] l is the
force of the pressure; Fe52eEV(pp] f /]p5eEVnq
52eEVns1eEVne is the force of the electric field;ne is the
density of normal electrons;nq5ne12ns is the total density
of electrons;Fdis5(pp f1 /t is the dissipation force; and
Fq5(ppN is the quantum force. Fq5(ppd f/dt
1(pp f1 /t during Dtqu .
01250
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The quantum forceFqs5(ppd f/dt acts directly on su-
perconducting pairs *Dtqu

dtFqs5(pp fqu2(pp fcl5DPs

5(m/e) j PC@11(Ls/ ll0
2)ns8# and Fqe5(pp f1 /t acts on

normal electrons through the Faraday’s voltage* ldlE
52(L/c)dI/dt. The dissipation forceFdis strives to retain
zero average velocity. ThereforeDPe5*Dtqu

dtFqe

5*Dtqu
dtFdis5ne(e/c)Ls js / l .

Both Ps andPn return to initial values after the transitio
f qu→ f cl because of the dissipation force. After the switchi
of a l b segment in the normal state withRbn5rnl b /sÞ0,
when the resistance of otherl a segmentRa50, a potential
differenceV and a pressure difference is induced by the
viation Dnq of the electron density from its equilibrium
value (Dnq!nq). But * ldlFp52* ldl](nq^pv&)/] l 50 and
* ldlFe5enq* ldlEV52enq* ldl¹V50.

The order ofFp andFe magnitudes can be estimated b
relations Fp'2^pv&Dnq /D l and Fe'q2nqDnqD l
5q2/nq

21/3(D l /nq
21/3)2Dnq /D l . BecauseDnq!nq the char-

acteristic lengthD l over whichnq changes is much longe
than the distance between electrons:D l @nq

21/3. In any metal
^pv&'q2/nq

21/3.9 Consequently, the force of the pressu
Fp!Fe is not important in our consideration.

The time of theDnq appearance is very short because
capacitance is very small. After this short time thej sc value
is the same in the superconductingl a , j sc5 j s1 j na , and in
the normall b , j sc5 j nb , segments. The dissipation force ac
on superconducting pairs through the electric force]Ps /]t
5Fe522ens¹V and d js /dt5(2e2ns /m)Ea5(2e2ns /
m)@2,Va2(Ls/c2l )d jsc /dt#. The current of normal
electronsj na5rnEa in the l a segment andj nb5rnEb in the
l b segment. Because * ldl¹V5 l a^¹Va&1 l b^¹Vb&
5^Va&1^Vb&50 the electric field Ea52^Vb&/la
[ 2(Ls/c2l )d jsc/dt] in the la segment and Eb5^Vb&/ l b

@2(Ls/c2l )d jsc /dt# in the lb segment. At la@ l b , when jna
! j sc , ^Vb&.RbnI sc.RbnI s exp2t/tRL, where tRL5( l a / l
1 l al0

2/Lsns8)L/Rbn is the decay time of the current.
At T.Tcb^Tca only l b segment with lowest critical tem

peratureTcb is switched in the normal state by the fluctu
tion. In this case RbÞ0, Ra50 and 2^Va&5^Vb&
5LI sv( l a / l 1 l al0

2/Lsns8). Thus, not only the persistent cu
rent I p.c but also the persistent voltageVPV5^Vb& can be
induced by fluctuations in an inhomogeneous loop. This
sult was published first in Ref. 10. The possibility of th
persistent voltage is a direct consequence of the existenc
the nonchaotic Brownian motion at whichFLan5FqÞ0. The
average force of the electric fieldFe5enqE should be not
equal zero in an inhomogeneous loop, in which the dissi
tion force Fdis has different value in segments, becauseFq
should be uniform along the loop and according to Eq.~6!
Fe.Fq2Fdis ~becauseFp!Fe). In a homogeneous loop
Fe5Fq2Fdis50 because the switching probability of an
segment is the same andFdis is uniform along the loop.

The inhomogeneous superconducting loop withVPVÞ0 is
an electric circuit in which thel a segment with higherTc is
a power sourceWs5^Va&I sc,0, and thel b segment with
lower Tc is a load,Wl5^Vb.I sc0. The powerWs induced
by the thermal fluctuation cannot exceed (kBT)2/\ because
5-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 012505
the energy of fluctuation iskBT and the frequency of switch
ing v,kBT/\ in accordance with the uncertainty relatio
ConsequentlyVPV5(RbWl)

0.5,kBTc(Rb /\)0.5 in any case.
(kBT)2/\.10210 Wt at T510 K and (kBT)2/\
.1028 Wt at T5100 K. Therefore, at a real valueRb
51 V, VPV,1025 V510 mV for a low-Tc superconductor
with Tc'10 K andVPV,1024 V5100 mV for a high-Tc
superconductor withTc'100 K. These voltage values ar
large enough to be measured experimentally.

The persistent voltage can be induced also in an inho
geneous normal metal mesoscopic loop11 in which the per-
sistent current can exist.6,7 The mesoscopic loop, in which
electrons are scattered in only segment, is like the inho
geneous superconducting loop considered above. Supe
ducting condensate can be considered as a big particle w
is scattered on the normal loop segment similar to the w
electrons are scattered on impurities. In details the prob
of the persistent voltage in an inhomogeneous normal m
mesoscopic loop will be considered elsewhere.

The transition betweenf cl and f qu states can be induced
,

,

01250
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not only by the fluctuation but also by temperature chan
and by mechanical interrupting and closing of the superc
ducting loop. In the first case the loop can be considered
dc generator in which heat energy is transformed in elec
energy.12 In the second case the mechanical energy is tra
formed to the electric energy. In order to close the loop
terrupted by Josephson junction, an additional work*dbFq
5Db^Fq& should be expended because the energy is
creased onEp1EL'Ep'(s/l2)(F0

2/4pR)(n2F/F0)2 at
the I sc appearance. The Josephson current decreases e
nentially with increasing of break widthb and has a negli-
gible value whenb exceeds some nanometers.13 Conse-
quently in order to close the loop atn2F/F051/2 the
quantum force, the average value of which equalsFq

'(s/l2)(F0
2/2lDb)0.25, should be overcome, whereDb

'10 nm. At l 54 mm, when F0
2/2l'3310220 J, ^Fq&

'(s/l2)3310212 N. This consideration shows that th
wave function can have an elasticity and that the quan
force can be connected with a real classical force which
be measured.
-
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