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Thermopower in superconductors: Temperature dependence of magnetic flux in a bimetallic loop
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The thermopower of superconductors measured via the magnetic flux in a bimetallic loop is evaluated. It is
shown that by a standard matching of the electrostatic potential, known as the Bernoulli potential, one explains
the experimentally observed amplitude and the divergence in the vicinity of the critical temperature.
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The thermopower is a widely used tool to study electronicfurther measurements in this direction and the thermopower
properties of conductive materials. An exception are superjoined the family of puzzling transport properties in super-
conductors, where the supercurrent cancels any diffusive cusonductors.
rent so that the zero net current or voltage are observed. This Alternative measurements of the thermopower via the su-
feature is known from 1935 and since then there were @erconducting fountain effector the charge imbalance in
number of attempts to access diffusive currents in an indiredhe conversion regidfi confirmed the theory of Gal'perin,
wayl Gurevich, and KozuB.These satisfactory results eliminated

Already in 1944 Ginzburg noticed that in inhomogeneous? Presence of any anomalous thermoelectric force that would

systems like bimetallic loops, the counter-flowing supercurP0SSibly cause the giant magnetic flux.
rent creates a magnetic fléxThe boom in this field came  AS Ginzburg summarized in his 2003 Nobel Lecture, the

30 vyears later. In 1974 Garland and Van Har”ngenquestion of thermopower in superconductors remains largely

proposed a simple phenomenological théagd Gal’perin unclear to daté? This state of art documents a theoretical
Gurevich, and Kozub published a microscopic treatmentd'scuss'on that has started 8 years ago and remains open so

base_d on the Boltzm_an_n-type a_pproach. These theories Marinescu and Overhaug@have analyzed the theory of
predicted fluxes of similar amplitudes and temperaturégpperin, Gurevich, and Kozdand concluded that its fail-
dependences. o , ure indicates a conceptual mistake in the underlying Boltz-
In the same year Zavaritskii presented gxperlmentanatqﬂann type transport theory developed by Bardeen, Rick-
and he was soon followed by othér$.Experimental results ayzen, and Tewordé Marinescu and Overhauser made an
were a surprise. Zavaritskiiand Falcé observed the ex- ad hocmodification of the transport theory by including the
pected temperature dependence, but Pegrum, Guénault, agdmentum exchange between the condensate and quasipar-
Picketf and Van Harlingen and Garlahdhonitored a ther- ticles. With this modification, a good agreement between
mally induced magnetic flux by five orders of magnitudetheory and experimental data was reached.
larger. Moreover, the theory predicts that clos&tdhe flux The modified transport theory, however, is in conflict with
@ diverges asi®/dT= (T,~T)™, while a steeper divergence other properties of superconductors as discussed recently by
dd/dTec (T~ T) %2 was observeli® The experimental situ- Gal'perin, Gurevich, Kozub, and Shelank®v.From the
ation in the late 1970s is reviewed in Ref. 9. time-reversal symmetry they showed that the theory of Ma-
The giant flux stimulated a number of theoretical rinescu and Overhauser predicts dissipative currents also in
studied®1® that explored various additional componentsequilibrium systems with inhomogeneous chemical compo-
ranging from a trapped flux, over impurities, over interfacessition, i.e., in any real superconductor. Perhaps we should
to an influence of supercurrent flow. Most of thesenote yet another argument against the modified transport
ingredients bring only a minor correction to the original theory. Measuremenis'® confirmed predictions based on
prediction. It was speculated, that the only sizable contributhe kinetic equation proposed by Bardeen, Rickayzen, and
tion can come from the trapped flux, which increasingly Tewordt?!
leaks into the ring as the temperature approaches its critical In this paper we will show that to explain the giant
value. magnetic flux no anomalous thermal force is needed.
All these speculations were terminated by measurementShe giant flux appears due to the mechanism which adds
of Van Harlingen, Heidel, and Garlaf#l.To avoid the to the flux evaluated in previous theorfgbWe demonstrate
penetration of the external magnetic field they used thehat the additional magnetic flux can be described in a simple
toroidal geometry and convincingly demonstrated that themanner with the help of the Bernoulli potential. Our
large magnetic flux with thed/d T« (T.—T)"32 divergence  approach parallels the textbook theory of thermopower in
is a genuine effect. By comparing a number of samplesiormal metals in that we evaluate the net current in the
they could conclude that the flux is proportional to thesample from the requirement of the electrostatic potential
thermopower in the normal state and therefore that it is infmatching.
deed caused by the thermal diffusion of electrons. The Let us note that the presented approach fulfills the legiti-
lack of at least a qualitative theory has discouragednate request of Marinescu and Overhauser to cover properly
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T. Lead lation is not complete. Accordingly, the supercurrent density
Indiun is a sum of the counterflowjg; and a missing counterflow
A \ je ie., j=-jqi+je™, where x is a distance from
SQUID the surface enclosing the cavity. We call the component
D i O je”* a diamagnetic current, as it screens the bulk of
, superconductor from the magnetic field, which is present in
U the toroidal cavity.
(AL \ Our aim is to find amplitude$ in indium and lead. The
Flux transtormer total current)=d?r (j +j ) is the integral of the current den-
Toroidol cavity sity across each cylinder, i.d= 271 ,,\, jin, and due to con-

tinuity condition alsoJ=-27tpp\pp jpr Sincel depends on
the temperature, the surface values of the diamagnetic cur-
rent densitieg, pp, cChange along the temperature gradient,

, while the produc\j stays constant.
the balance of forces between the superconducting and nor- \ow we specify the condition for the total curredt

mal electrons. Indeed, the Bernoulli potential has originallyt,qm the requirement of the scalar potential matching.
been identified from the balance of forces. Unlike forads As was observed by Bok and Kl&hand with a higher
hocadded to the kinetic equation, forces derived from a Scabrecision by Morris and Brow?:26 current in the supercon-

lar (Bernoulli) potential cannot result in an artificial dissipa- 4,ctor induces perpendicular electric field. It is well

tion. , i ) pproximated by the electrostatic potential of Bernoulli
We will use notation related to the experimental setup o ype?3

Van Harlingen, Heidel, and Garlatfdshown in Fig. 1. The

sample is a toroid with the internal cylinder from the lead nsl

and the external one from indium. The magnetic fibixn ="M (2)
question is restricted to the volume between cylinders, i.e., it

is inside the toroidal cavity. The diamagnetic currértor- ~ Wherens is the density of superconducting electrons. The
responding to the fluxb flows on the outer surface of lead Velocity of the superconducting electrons at the surface is
and the inner surface of indium. The flux is linear in the given by the current density

current J B LVT . J

FIG. 1. The toroidal sample of Van Harlingext al. (see Ref.
16). The measured flus is in the toroidal cavity.

1 r - ;15 en, ~ 2mraen’ @
®=J-—ueD In—", (1) x=0
2m Feb where plus applies for indium and minus for lead, in which
whereD is the length of the sample, amg, p, are the radii the total current flows in opposite direction. The first term is
which enclose the flux. ’ due to the compensating supercurrejyis the second term
The experiment is aimed to measure the transport coeffiS caused by the diamagnetic currgnt _
cient Lt which determines the diffusive electric currgih The electrostatic potential has to be continuous, therefore

=-L;VT caused by the temperature gradi&ft As already Fhe potential' differences created by the temperature gradient
mentionedj 4 is not observable since it is cancelled by thein I€ad and indium has to be equal

supercurrentj=—jq4;. The theory of Garland and Van _ - _

Harlinger? uses the London gauge to find the vector potential #eiT2) = ¢peT0) = ein(To) = @in(To)- “@
A=-ug\?, where\ is the London penetration depth. The This is the central equation in our approach. From the set
flux is then an integral along the bimetallic loop, (2)—(4) one can directly evaluate the currehand the mag-
(I)G: ﬁdrA :_ﬂoﬁdr )\ZLTVT netic flux (1)

The London gauge is justified only for small fluxes. The Condition (4) is a simple quadratic equation, which in-
datd® show, however, that the flux is large so that it is of cludes material parameters of both, lead and indium. The
form ®=N®,+ds, whereN is an integer quantum number experiment® explores temperatures close to the critical tem-
of the superconducting condensate anglis the elementary perature of indiunT"=3.4 K, therefore only a small fraction
flux. Estimate®® indicate thatdg<®,, therefore to under- of electrons remain superconducting<n" in the indium
stand the giant flux, we can neglakg while we have to find arm. Since the critical temperature of led b=719 K is
which stateN is the most favorable for the system with the considerably higher, the majority of electrons are supercon-
imposed temperature gradient. Measured vafuefsN range  ducting, nSPb:nPb, and consequently the difference of Ber-
up to 250. These values are sufficiently large for the classicailoulli potential in lead is much smaller than the potential
approximation, wheré\ is treated as a continuous variable. difference in indium. Briefly, lead effectively short-circuits
Accordingly, we will not assume quantum restrictions of theends of indium, so that4) reduces top,(T,)=¢(T1) and
flux ®. material parameters of lead drop out.

The mechanism by which the flux arises is as follows. The second simplification follows from the relation
The diffusive current generates magnetic field, which isbetween the superconducting density and the London
screened by the counterflowing supercurrent. In the surfacgenetration depth,\>=m/(u¢e’ny). This allows us to
layer of the London penetration depth thickness, the cancekxpress the conditiofd) on the potential as,,(T1)/\5(T1)
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20 Somple T4 . flux given by formula (5) approacheS(I)—>%CDn, where
D, ==l (To=T)WraIn(r/rpy. The flux d,, develops

200 2 when indium makes a transition to the nornrabnsupercon-
ductive state, while lead remains superconducting. The
s factor% results from the unrestricted integration of the dia-
> 150} 4 magnetic current into the bulk of indium valid only for
9'; ; A <w. Assuming the upper integration limid=[{dx j, one

finds that® — ®,. Unfortunately, details of the flux in the
narrow vicinity of T, have not been measured. One can
merely speculate thab, is the upper limit of the diverging
0 flux ®.
Finally, we want to clarify the simple potential matching
used before. First, the potential has to match across the
1 1 1 1 1 . . .
76 5 4 3 2 1 0 whole sample while Eq4) was obtained by matching only
T,~T (mK) at the inner surface. At the outer surface the Bernoulli poten-
tial (2) is zero everywhere so that the matching is clearly
FIG. 2. Thermally induced magnetic flux in a toroid. The dots Satisfied. The potential profile between the inner and outer
are the experimental data of Van Harlingen, Heidel, and Garlangurfaces is nontrivial since the current profile is complicated

(see Ref. 1§ the line is according to formulés) of this paper with by itself. Indeeq, the screening currents.in indium and in lead
T,=T,~7 mK andT,=T. spread over different London penetration depths, and they

have to match across the whole interface with the current
continuity satisfied at each point. We plan to evaluate the
current and potential profiles in future. Complete three-
dimensional solutions are numerically too demanding, so far
only simplified geometries has been studfi@dhe present
(I):_EMOLT(TZ_TI)D\(TI) +)\(T2)]rmlnm. (5)  theory is based on our belief that matching at the surface
2 I'pp points of the interface is sufficient.
Second, we have ignored the role of the flat pieces in the
In this expression, the thermoelectric coefficieqtand the  upper and lower end of sample. In these pieces, the tempera-
London penetration depth are of indium. To make the ex- ture gradient is absent, nevertheless, the potential difference
pression compact we write VT=T,-T;. across each piece is nonzero since the current density at the

In Fig. 2 we compare experimental data of Van Harlingen matching corner to lead is higher than the current density at
Heidel, and Garland with formula (5). The diameters the Indium corner. Sendin§T to zero in(3) and using ob-
of toroid arer;,=3 mm andr,,=1 mm. Material parameters tained velocities in2), we find that the potential differences
are the thermoelectric coefficient of the normal metal,across the upper and the lower flat pieces are identical and
L1=9.82xX 10> A/Km, and the London penetration depth thus cancel.
at the zero temperature\,=400 A. All the parameters Third, the Bernoulli potential2) is the simplest approxi-
are from Ref. 16 as values for sample T-4. The onlymation of the electrostatic potential. Why we ignore more
open question is the temperature dependence of the Londemphisticated potentials that include the thermodynamic
penetration depth close to the critical temperaturecorrectiond” and nonlocal correctiond® due to the finite
T9=3.4K. We use the asymptotc BCS relation Ginzburg—Landau coherence length? Both these corrections
N=No/V2-2T/T.. result in a surface dipotéwhich makes the potential match-

In the linear region,T,-T,<T.-T,, the theory agrees ing more complex. On the other hand, with the surface di-
with the experimental data within experimental errors. Perpole there also appears a dipole at the interface of indium
haps we should return to the original aim of the measuremenind lead. We expect that these dipoles tend to cancel in the
and conclude that experimental d&taonfirm that the ther-  final matching condition.
moelectric coefficient; close belowT; has the same value In conclusion, we would like to encourage measurements
as above. of thermoelectric coefficients in superconductors. Since the

In the nonlinear region the theory deviates from data. Thigletection of magnetic fluxes is extremely sensitive and fluxes
is no surprise since the presented theory is locally linear in 02 &, can be conveniently monitored, it should be possible
the temperature gradient. Moreover, additional nonlinear efto accesd.; in a wider temperature region, not merely few
fects are caused by the so called thermodynamic correctiomilli-Kelvins below T,.
to the electrostatic potential:?® We aim to discuss these  Far fromT, the present theory is not valid, since the mag-
corrections in a next paper. netic flux becomes small and it has to exhibit the quantiza-

We should mention that formulé) has been derived tion. Fluxes smaller than the elementary flux are covered by
under a tacit assumption that a width, of the indium the former theory;* as confirmed by Zavaritskiand Falcd,
cylinder is sufficiently larger than the London penetrationwho monitored fluxes of the order of T0and 10'®,, re-
depth N. This is satisfied for all reported temperaturesspectively.
since at T,<T.—0.1 mK one finds \(T,)<1.6um Interesting features might appear at the intermediate re-
while  w,=0.25 mm. For \(T,)—Ww,, the magnetic gion, where fluxes are comparable to the elementary flux.

=-vn(T2)/Nn(T2). The net current is now a solution of a
linear relation and the resulting magnetic flux reads
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For instance, the earlier discussed sample has the classical We are grateful to Van Harlingen for a kind permission to

estimate of thermally induced flux equal tdd/mK at the
temperaturd =T.—65 mK. It should be thus in an access of
experiment to observe whether the flux increases in sbgps
or smoothly.
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