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Quantum force in a superconductor

A. V. Nikulov
Institute of Microelectronics Technology and High Purity Materials, Russian Academy of Sciences, 142432 Chernogolovka,
Moscow District, Russia
(Received 14 June 2000; revised manuscript received 31 October 2000; published 8 Jyne 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
guantum force induced by the thermal fluctuation. Not only the persistent current but also a persistent voltage
(a direct voltage in the equilibrium statean 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 higher Consideration of a superconducting ring interrupted by
Josephson junction shows a connection of the quantum force with a real mechanical force.
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Superconductivity is_ a macroscopic quantum phenom—:tlgr}gftI dtv? but a|SOU_s=t|Enlgft, dtv, is not equal zero

enon: some macroscopic effects observed in superconducto&@b#n‘gfo and® # (n+0.5)d, v—°”g:O at®=(n+0.5)d,
. ; . . . Us .
canno.t be described by cIa;smaI mechamcs: One of them Because the permitted states with opposite direction of the
the Little-Parks (LP) experlmerf't repeated in numerous velocity have the same? value Do~ (whiml)(n—®/d,)
works (see, for example, Ref.)2lt is considered? that the in a homogeneous Ioopswh@ ié, r?ot close to fi+0 5)(1)0
LP experiment was explained as long ago, as f%Qt this Thus, according to the LP experiment and in spite of the
explanation is not perfect. More perfect consideration Show%)hm’s law R/l .~ [, dIE= — (1/c)d®/dt a direct screenin
a contradiction of the LP experiment in a IGopith some = s JIMI =" 9
habitual knowledge. This contradiction is explained in theCUTentlsc~s2eny(m#/ml)(n—®/®y) flows along the loop
at a constant magnetic fluk#n®d, and ® # (n+0.5)d,

present work. ! i im
The resistance oscillations observed at the LP experimer@"d Ri# 0. The latter is evident from the experimenthe
d resistarfc®,,~R,/4 in a homogeneous loop. The

is interpreted as a consequence of oscillations of the supef?€asure

conducting transition temperatufe.»32 1t is assumedithat P €xperiment contradicts not only to the Ohm’s law but
R(T)=R/(T—T.) in the resistive transition region where also some more fundamental laws because a dissipdition

the resistanc®, = [,d|p/s? changes fronR =R, to R=0. tion) force F 4 should act at,.=sj,.#0 andR,;# 0, and an

. . . . 2
HereR,, is the resistance along the loop in the normal state®Nergy dissipation with poweR I, should take place.

sis the area of the cross-sectional of the wire defining the ThiS contradiction has a explanation having a single
loop. meaning. It is obvious that in a stationary state the screening

The T. oscillations is explained by the fluxoid CUrrentis equal superconducting current
quantizatiorf:>? Because of the quantization the velocity cir-

culation i _ zemh (n—g) v
S -1 (D :
4 ® Im(ng *) 0
fldlvszﬁ n-— 30 1) It can be nonzero when the whole of loop in superconducting

. . state, i.e.,(n; 1) "1#0, andR,=0. (n;H)=1"1f,dIn ' is

of superconducting pairs can not be equal zero when thgsed because thg value should be constant along the loop
magnetic flux® contained within a loop is not divisible by jn the stationary staten( ought be considered as an effec-
the flux quantumd = zfic/e. Therefore the energy of su- tive density in order to take into account the Josephson cur-
perconducting state increases and as consequende e rent through segments withy=0.) Therefore the LP oscil-
creases whemb#n®g, ATx—vZx—(n—®/D)%° The |ations are observed only in the region of the resistive
magnetic fluxL I induced by the screening current=sjs  transition where loop segments are switched by the thermal
=s2enws is smallLIs<®, at T=T. (when the density of fluctuation between superconducting stéehen (n_*)~?
superconducting pairgg is close to zerpand therefored #0, js#0 but R=0) and normal statéwhen (n)~*
=BS+LI~BS?> HereB is the magnetic induction induced =0, R#0 but j;=0). These oscillations cannot be ob-
by an external magne§is the area of the loop. served below the resistive transition whete:0 butR,=0

It is important that the theoretical dependenddc gl time and above this transition wheRe= R, butj=0 all
x—(n—®/Dy)2, where v2x(n—®/Dy)? has minimum  {ime.
possible valuédescribes enough well the experimental data Thys, the LP experiment is evidence of a motion induced
(see, for example, Fig. 4 in Ref).Zonsequently, supercon- py fluctuation in the thermodynamic equilibrium state at
ducting states with minimumn(-®/®,)? value give the nonzero dissipation. Such phenomena are called Brownian
main contribution. This means that not only the average motion® There is an important difference from the classical
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Brownian motion. According to the classical mechanics thediscrete spectruniE,(n+1)—Ep(n)|>kgT, in which the
average velocity of any Brownian motion should be equalirculation of the phase gradieWip= p/# of the wave func-
zero whereas the LP experiment is evidence of the persistetibn of superconducting pairs has a definite vajyelVe

current (i.e., a direct current in the equilibrium statg,c  =27n, and the state with continuogsspectrum, in which
=] 0 at®#ndy andd # (n+0.5)D,,. (ng;Ht=0, R#0, the energyE,(n)=0 for any n value
The persistent current and thereforef|dIV e is “bad” (vague number. The later

means that the “random phase” assumption is valid at
E(p)) 3 (n;171=0 and therefore the average velocity should be

, E(p)) ¢ q
JPC_q}p: Ufo( kgT ) m zp: P=2AlTo kgT equal zero in the equilibrium stafe.
Thus, the average value of the momentum circulation of

is a quantum phenomenon. It can exist in states with discret@uperconducting pairs changes betwdealp= [,dI[2mv,
spectrumf,dlp=n27#, at the energy difference between +(2e/c)A]=(2e/c)® and [,dIp=n2x# at the switching
adjacent permitted statds(n+1)—E(n)=kgT, when the between(n; )~1=0 and(n; })~1#0. At (Ls/\2)n.<1,
summationZ, can not be replaced by integration. Hg¥e |\ hen the A change is small, the momentum change on
=mv+(g/Cc)A is the generalized momentum of a particle the ynit volumeAP=(m/e)j,. These momentum changes
with a chargeq; A is the vector potential. At continuous jnqyced by fluctuations explain the contradiction of the

spectrum  [at  E(n+1)—E(n)<kgT] jpc=qZpvfo | p experiment with habitual laws. The persistent current
=qJfdvvfy=0 because the distribution function in the equi- —

orium statef depends ow only iOUGhE(p)/koT and IS omentam. circulaton. should reti o the. quant-
the kinetic energy is proportiona in a consequence o o =1y —1

the space symmetry. Therefore, according to the classic%j?evizﬂggﬁn? t :i\;\gtﬁgl[?ogntodghees S;a;? Vg;:g?li; e> s;;?e.m ati-
mechanics any diredhonchaoti¢ current can only be in a . . ——
nonequilibrium state and it is postulated that the averagé‘aIIy during a long timéong atfﬁoﬁt':diszt@':disiof'
value of the fluctuation force introduced by Langevin for cause at reiterated switchinfjd!F 4s+ [jdIAPw=0. AP
description of the classical Brownian motion is equal zero=N_!>,AP(k); AP(k) is the momentum change a

Fran=0. switching in the state witifng ") ~*#0; @ =Ngy/tiong; New
In a superconducting loop the difference between adjacent the number of switching fOlliong-
permitted states of the kinetic energy At the closing of the superconducting state in the loop, as
well as at the Meissner effect, superconducting pairs are ac-
2mu2  sw?h? d\2 celerated against the force of the electric fieftHlE
Ep:sﬁdlns 2 - Im(ng ) (”_ 3()) (4) = —(1/c)dd/dt. In order to eliminate the contradiction with
S

the Newtors law a force Ky may be introducedF

is proportional to<n;1>*l and of the energy of the =APw. Because theAP is induced by quantization it is
magnetic flux induced by the superconducting currennatural to call F; as quantum forceThe necessity to intro
E, = L1%/2c? = (Ls?e?27?h2/c?1?m?(ng; 1)?) (n— /D)2 duce the F is conditioned by the well known difference
=(Ls/|)\(2))nng is proportional to <ns—1>—2_ Here \, between superconductor and a classical conductor with in
=[c22m/4e’ng(0)]¥2 is the London penetration depth &t  finite conductpity. It is important that the quantl_Jm f_orcg
=0; n.=[ng(0)(ng })]™%; ng(0) is the density of supercon- C€an not be localized in any segment of the loop in principle

ducting pairs aff=0. At weak screening, when the LP os- because of the uncertainty relatichpAl>7%. The vg pe
cillations are observed,L&/1\N2)n/<1 and consequently COMES nonzero when the momentum takes a cevtiine

E <E,. Ap<ppy1—pn=27#/l, i.e, when superconducting pairs

Superconducting pairs, as condensed bosons, have t§&nnot be localized in any segment of the ldépshould be
same value of the momentum circulatighdlp=n2=#.  uniform along the loop becausePjs.
Therefore theE(n+1)—E(n) value for superconducting ~ The quantum force~, takes the place of the Faraday’s
pairs in a loog at(ng )~ *~(ns)#0 is much more than the Voltage—(1/c)d®/dt which maintains the screening current
one for electrorE,(n+1)—Ey(n)=(27%42/I?m)[(n+1)?>  in a conventional loop witiR #0. Therefore thejpc=jsc
—n?]=~27%h2/1°m because the average number of super-0 is observed aR,;#0 andd®/dt in the LP experiment.
conducting pairsl{ng) is very big in a real case. For a real The periodic variation of the resistance with magnetic field
lengthl=4 um of the wire defining the lodp27242/12m  R(®/®d,) is observed in the LP experiménbecause the
=kglK. Therefore the persistent current in normal metalprobability of superconducting sta@((ns‘l)‘l# 0)xexp
mesoscopic systefisis observed only at very low —(Ep+E)/kgT decreases ab#nd,. The approximatior,
temperaturé.In superconductor the screening persistent curin which only state with minimunin—®/®,| is taken into
rent jpc=02vfq,=js is observed even in macroscopic account, describes enough well the experimental *claga
samples(for example at the Meissner effg¢diecauseE,(n cause in the superconducting stakEp(nJr 1)—Ep(n)|
+1)—Ep(n)~sKng)(w?:2/1?m)>KkgT even neaf.. >kgT even in the fluctuation region neay,.

Consequently, in the region of the resistive transition the Thus, the LP experiment is evidence of a diréatncha-
fluctuations switch the loop between qualitatively differentotic) one-dimensional Brownian motion. The Brownian par-
states: the superconducting stang’l)*lqéo with strongly  ticle in this case is the superconducting condensate. Its ki-
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netic energy changes randomly in time: g (and alscE, ) The quantum force= =2 ,pdf/dt acts directly on su-
is increased by the quantum force and dissipates after thgerconducting pairs fAtquthqs=Eppfqu—EprCFAPs
switching a loop segment in the normal state. The quantum: (m/e)j,d 1+ (Ls/IA3)n.] and Fee=2,pf1/7 acts on
force induced by the fluctuations is the Langevin foFgg,.  normal electrons through the Faraday’s voltag|E
Contrary to the classical Brownian motiofr ,,=Fq  =—(L/c)dI/dt. The dissipation forcd 4 strives to retain
=APw#0 atjpc#0 andR,;#0. zero average velocity. ThereforeAP = [, ud'[Fqe
Because the LP experiment is explained by the fluctuation- r \ ~ qtF . .=n,(e/c)Lsj./I. !
switching betweerjs.=q>vf,=0, where the distribution ;
function f, is in the equilibriumfy=f., aboveT., andjg.
=q2pfq#0 wherefy, is in the equilibriumf,=f,, be-
low T, it is useful to consider the motion along the loop
both superconducting pairs and electrons at the transitio
betweenf andf,. The reduction ofis. at Rj#0 can be - . . A,
described by the classical Boltzmann transport equitiien viation An, of the electron_densny from its eciumbrlum
% . 0 . -1 Vvalue Ang<ng). But [,dIF ;= — [,dld(ny(pv))/dl=0 and
cause the “random phase” assumption is valid(iaf ) J\dIF=en,f,dIE,= —enf,dIVV=0
- i i i i e :
=0. But thej, appearance contra@cts classical mgqhanms, The order offF, andF, magnitudes can be estimated by
For a phenomenological description of the transitity relations  Fy~—(pu)Ang/Al  and  Fe~q2ngAngAl
—fqu, @ new term\'may be added to the Boltzmann equa- _ 2/ ~1/3 |} ~113)24 Al ° he ch
=q°/ng " (Al/ng ng/Al. BecauseAng<n, the char-

tion acteristic lengthAl over whichn, changes is much longer
than the distance between electroas>n_ Y. In any metal
df of  of of fa T q
—=— 4y —+qE —=N— — (5 (pv)=~qny """ Consequently, the force of the pressure
dt ot =4l ap T Fp<Fe is not important in our consideration.
) ) . The time of theAn, appearance is very short because the
N=dfldt+f,/7 during a timeAt,, of the transitionfe  capacitance is very small. After this short time fhe value
—fqu and A’=0 during any other timefy; dtV=fq, s the same in the superconducting je.=j<+jna, and in
—fot fay, dtfa/7. pis the generalized momentum. There- the normaly,, js.=jny, Segments. The dissipation force acts
fore Ey=—VV is the potential part of the electric fieHd on superconducting pairs through the electric fos€x /at
=—VV—(1/c)dAlot: qEy=aplat=mav/dt+(q/c)dAldt  =F.=—2enVV and djs/dt=(2e’ns/m)E,=(2eny/
=qE+(g/c)dAlat=—qVV. The distribution functionf m)[ — VV,—(Ls/c?)djs./dt]. The current of normal
=n¢+ f, describes both superconducting pairs and electronglectronsj ,,=p,E, in thel, segment ang,,=p,E, in the
g=e for electron andg=2e for superconducting pairf, I, segment. Because [,dIVV=I1,(VVy)+I1(VVy)
=f—f, is the deviation of the distribution functiofi = =(Va+(Vp,)=0 the electric field E,=—(Vp)/la
from the onef, in the equilibrium state. It is assumed that [ —(Ls/c2l)djsc/dt] in the I, segment and F=(Vp)/l,
the equilibrium distributionfo=f, at (ng*) =0 andf, [—(Ls/c?)djs./dt] in the |, segmentAt |,>1y, when j,,
=fq, at(ng ') *#0. The difference betweein = f — f and <jSC12 (Vo) =Ronl sc=Rpnl s€xp—time,, where g =(la/l
f,="f—fq is not important in our consideration because thetla\g/LSn5)L/Ry, is the decay time of the current
mean time between collisionsis infinite for superconduct- At T=T.(Tca Only I, segment with lowest critical tem-
ing pairs and the equilibrium distributions for electrohs  peratureT.y, is switched in the normal state by the fluctua-
are approximately the same &b ')"'=0 and(nj!)~t tion. In this case R,#0, R,=0 and —(Vg)=(Vp)

Both P andP,, return to initial values after the transition
fqu— fci because of the dissipation force. After the switching
of al, segment in the normal state witR,,=p,l,/s#0,
when the resistance of othgf segmentR,=0, a potential
differenceV and a pressure difference is induced by the de-

qu>

#0. =Llsw(l4/I +1,03/Lsn). Thus, not only the persistent cur-
The balance on the average forces rent |, but also the persistent voltagé,,=(V;,) can be
induced by fluctuations in an inhomogeneous loop. This re-
JP sult was published first in Ref. 10. The possibility of the
ra Fp—Fe=Fq—Fuis (6) persistent voltage is a direct consequence of the existence of

the nonchaotic Brownian motion at whiﬂlan=F_q¢0. The
average force of the electric field,=enyE should be not
equal zero in an inhomogeneous loop, in which the dissipa-
tion force Fys has different value in segments, becaiize
mentum per unit volume of superconducting pai,  Should be uniform along the loop and according to &)
=3 ,pf, is the momentum per unit volume of normal Fe=Fq~Fas (becauseF,<F.). In a homogeneous loop
electrons; F,=—a(Z,pvf)/dl=—a(ng(pv))/dl is the Fe=Fq—Fqs=0 because the switching probability of any
force of the pressure;F.=—eE,X,pdf/op=eEn, segmentis the same aids is uniform along the loop.
=2eEyns+eEyn, is the force of the electric field), is the The inhomogeneous superconducting loop Wity #0 is
density of normal electronsy,= n.+2n is the total density ~an electric circuit in which thé, segment with higheT; is

of electrons;Fqs==,pf;/7 is the dissipation force; and a power sourcalV;=(V,)I.<0, and thel, segment with
Fq=2,pN is the quantum force. Fq=X,pdf/dt lower T is a load,W,={V,>1,0. The poweV, induced
+2ppfi/7 during Atg,. by the thermal fluctuation cannot excedgT)%/% because

is obtained by multiplication of the transport equati(s)
by the momentum and summing over tpestates. Here
P=Z,pf=psns+2,pfe=Ps+Ps; Ps=psns is the mo-
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the energy of fluctuation ikgT and the frequency of switch- not only by the fluctuation but also by temperature change
ing w<kgT/# in accordance with the uncertainty relation. and by mechanical interrupting and closing of the supercon-

ConsequentlWVp,= (R,W,) °<kgTs(R,/%)°® in any case. ducting loop. In the first case the loop can be considered as
(kgT)2A=10" Wt at T=10 K and (gT)¥#%  dc generator in which heat energy is transformed in electric

~10 8 Wt at T=100 K. Therefore, at a real valug, energy*? In the second case the mechanical energy is trans-
=1Q, Vpy<10'5 V=10 uV for a low-T, superconductor formed to the electric energy. In order to plose the loop in-
with T,~10 K andVp,<10* V=100 nV for a high-T, terrupted by Josephson junction, an additional wpdib Fq_ .
superconductor witif,~100 K. These voltage values are =ADb(Fy) should be expended because the energy is in-
large enough to be measured experimentally. creased ONE,+E; ~E ~(s/\?)(Pf/4mR)(n—D/Pg)* at

The persistent voltage can be induced also in an inhomadhe | s appearance. The Josephson current decreases expo-
geneous normal metal mesoscopic bojm which the per- nentially with increasing of break width and has a negli-
sistent current can exiéf. The mesoscopic loop, in which gible value whenb exceeds some nanometetsConse-
electrons are scattered in only segment, is like the inhomoduently in order to close the loop a—®/®,=1/2 the
geneous superconducting loop considered above. Supercoguantum force, the average value of which equBls
ducting condensate can be considered as a big particle which (s/A?)($3/21Ab)0.25, should be overcome, whergb
is scattered on the normal loop segment similar to the way=10 nm. At =4 um, when ®3/21~3x10 %° J, (Fo)
electrons are scattered on impurities. In details the problem-(s/A?)3x 1012 N. This consideration shows that the
of the persistent voltage in an inhomogeneous normal metatave function can have an elasticity and that the quantum
mesoscopic loop will be considered elsewhere. force can be connected with a real classical force which can

The transition betweefy, andf,, states can be induced be measured.
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