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Unusual magnetic-field dependence of the electrothermal conductivity in the mixed state
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In the mixed state of a superconductor, the electrothermal conduc®itywhich measures the electrical
current density produced by a thermal gradient, is supposed to be independent of both the magnetic field
and the details of the vortex motion. Measurements of the thermopower and resistivity yfC¥E2;_ 5,
Bi,Sr,CaCu,0g, 5, and ThLBa,CaCuy,0Og. s show an unusual, sharp structure i at low field. In
Bi,SrL,CaCuyOg, 5, the extra contribution is negative, causing a sign change of the thermopower versus applied
magnetic field. The possible origins of the low-field anomaly are discussed.

I. INTRODUCTION electric current flows during the measurement, the ther-
mopower tensors, relating the electric field to the thermal
The electrothermal conductivity, relating electric currentsgragient, E=SVT, is S=Po ! and the usual, longitudinal
to thermal gradients, is, in principle, the least varied of allhermopower is
transport properties of superconductors in the mixed state.
Nearly featureless, it should be independent of the magnetic Sux= PxxPxx— PxyPxy (3
field,? independent of the vortex viscosityand remain un- . o .
changed for pinned and unpinned vortices. It should be equéﬂ{herep_ is the resistivity tensor. The last term is th_e Nernst
to its value in the normal state? S|gngl_t|mes thg tangent of_the Hall angMtand , which is
Microscopically, the electrothermal conductivity is also a"€gligible for highT. materials because of the smaliness of
remarkably direct probe of the mixed state. Whereas modf’¢ Hall angle and the comparable magnitudes of the ther-
transport quantities represent a balance between a drivif§oPower and Nernst voltage. Keeping only the first term
force and viscous relaxation, the vortex viscosity plays ndJ!Ves the usual scalar equation, valid for the cuprates:
role in the electrothermal conductivity. This permits study of S=p 4)
the driving force, which, in this case, is ultimately due to the p-

normal carriers in the vortex core. The apparent “featureless- The microscopic forces giving rise to the thermopower

ness” of the electrother_mal co_nductivity merely EXPreéSseignal are not the same in a superconductor as in metals or

the fact that the excitations within the vortex core can besemiconductorg.ln a metal, the picture is simple—the elec-

treated as normal, nonsuperconducting electrons. _tric force from charge carriers which have migrated cancels
We have found that the situation is more complicated Withye force from the thermal gradient. In the superconductor,

the cuprate superconductors. We have measured & prgsmperature gradient generates a current of normal electrons
nounced low-field peak or divergence of the eIectrotherma\INithin each vortex corei= — PV T. with the subscript in-
conductivity in YBa&Cuz0O;, Bi,Sr,CaCuy,0Og, s, and Fe ntoe P

. dicating the normal-state value dP, corresponding to
TI,Ba,CaCu,0g, 5. The peak or divergence narrows and I ) :
e .normal-core excitations. Charge continuity requires a super-
moves to lower magnetic field values as the temperature is

increased. In BiST,CaC,0s, 5 the contribution is negative conducting backflow current around the vortex, which in turn

in sian. causing a sian change of the mixed-state therproducesaLorentz force moving the vortex perpendicular to
mopgw,er 9 9 9 the thermal gradiemThe resulting transverse motion of the

vortex creates an electric field parallel to the original current,
E=—v, XB. Consideration of the sign of the vortex ther-
mopower, which has the same sign as the normal-state ther-
The electric currentj,, and heat currenfy,, which give ~ mopower, confirms that the superconducting backflow is the

A. Mixed-state thermopower

rise to thermoelectric phenomena are given by source of the Lorentz force on the vortex.
The microscopic origin of the thermopower voltage is
jo=GE— PVT, (1)  very similar to the origin of the mixed-state resistivity. The
key difference is that the resistivity is measured with an ex-
= —TPE+ VT, %) ternally applied current; whereas, in the thermopower mea-

surement, the vortex cores themselves are the source of the
whereo is the electric conductivityi is the thermal conduc- ~current. The comparison is made explicit by expressing the
tivity, and P is the electrothermal conductivifySince no electric field in terms of the Lorentz forc€&, , and vortex
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viscosity, 7. E=BXF, /7. During the measurement of the ity Which gives rise to the electric field is, in each case,
vortex resistivity, the Lorentz force on the vortex is limited by the same vortex viscosity, which cancels when we

form the ratio. The electrothermal conductivity is limited by
the dissipation of the normal-core excitations, not the vortex
viscosity.

|3L=jeext>< Cf)o, where fext is the externally applied current

density andff)o is a vector in the direction of the magnetic
field with magnitude of the flux quantum. During the ther-
mopower measurement, the Lorentz force from the thermally

excited normal core current k:sL: PVTX CISO. The experi-
mental ratio of the thermopower electric field to the resistive
electric field is Equation(5) indicates that the electrothermal conductivity
R R . R R is also independent of the magnetic field. The physical rea-
ET BX(PVTX®g)/y P VT ith STIE g  son for the independence of the magnetic field is that each
ER BX (JoxeX Do)l 7 B e w liea: (5 vortex creates its own local backflow current density. The
R R measured, field-independent value of the mixed-sfte
wherej.,; andVT are experimentally controlled parameters. should be identical to the normal-state vallgg,, because
The key point to notice is that the vortex viscosity cancelsthe amount of current is determined by the normal-core
from the ratio of the measured electric fields. The vortexexcitations: The normal-state value is expressed by the usual
viscosity does not play a rolén the experimentally deter- Boltzmann integral over occupied states, as in standard text-
mined electrothermal conductivity because the vortex velocbooks

B. Magnetic-field independence of the electrothermal
conductivity
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e dk df ) ity. A study of the superconducting transition widths of ther-
Ps= Pn:ff 23| T ge/ e mvirle), (6)  mopower and resistivity curves at various fixed magnetic
_ _ . _ . field strengths confirmed the similarities of these two
where u is the chemical potential and is the scattering quantities’ For the present work, we wished to examine the
lifetime. detailed magnetic-field dependence of the electrothermal

_ Experimentally, for low-temperature superconductors, it isgonductivity. Accordingly, for each sample the temperature
md_eed the case.that the electrothermal Co.nd-uctlwty belowyas first stabilized and the magnetic field subsequently
T. is found to be independent of the magnetic field and eq“aéwept to a succession of 61 field values betwedr® T and

to its normal-state value. In the case of niobium, the equality, 15 1+ ith emphasis on small field strengths. Only after

of Eszan.d P, was established expe_rlmentally by Fiory ar?dthe field stabilized at each value was the thermopower mea-
Serin? Figure 4 of Ref. 2 shows their data on the magnetic- - ) ) .
X . ; surement initiated. The field was oriented along ¢heis of
field dependence dP in both superconducting and normal each compound
niobium. The value ofP was found to be constant, field P '

independent, and continuous across the phase boundary from V\/_e_reprodumbly measure tr_]ermoelectnc voltages with a
the superconducting to the normal phase. precision of 1.5 nanovolts. Since the cuprates have ther-

mopower signals of a few microvolts per kelvin, using a

AT of 0.5 K across the sample means that our signal-to-noise

ratio for thermopower measurement typically exceeds a few
Previous studies of the mixed-state thermopower of théhousand at the highest magnetic field strengths.

cuprates have concentrated on comparisons with(4gin- The Bi,Sr,CaCw,0g, s thin-film sample, withT.=80

dicating the proportionality of the thermopower and resistiv-K, was prepared by atomic layer-by-layer molecular beam

II. EXPERIMENT

FIG. 4. Ratio of the ther-
mopower to the Nernst voltage in
Bi,Sr,CaCu,0gq, 5. The two sig-
nals are measured simultaneously
and the ratio cancels effects of the
vortex viscosity. The low-field
anomaly remains, confirming the
behavior of P. The field depen-
dence of the Nernst signal is
shown in the lower right panel,
with decreasing temperature from
left to right.
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epitaxy (ALL-MBE ), in which the surface chemistry is con- highest temperature and in the high-field limit ddesbe-
trolled layer-by-layer as the film is grown, as has been deeome independent of the magnetic field, as was found for
scribed in detail elsewhefeThe YBa,CuzO,_5 (Ref. 8 conventional, lowT . materials It is tempting to identify the
and TL,Ba,CaCu,0g. s (Ref. 9 samples were commer- high-field, asymptotic, constant value & with the the
cially available epitaxial films withT, = 87 K and 105 K, normal-state valueR,,. In this case, the temperature depen-
respectively. dence of the constant part reflects thalependence of the
We verified that none of our measured curves were hysnormal-state thermopower continued beldw.
teretic. We further verfied through normal-state measure- At low field, contrary to expectation from conventional
ments that P, was independent of magnetic field, superconductors, the value Bf increases rapidly with de-
dinP,/dH<1073 T~ 1, creasing field. The increase becomes more pronounced at
The current used during the resistivity measurements walewer temperature. It is difficult to determine whether the
100 pA. The high current was used to generate resistivadata indicate a low-field divergence Bf or a narrow maxi-
emf’s of the same order of magnitude as the thermal emf’'snum, with P continuing to decrease at still lower field val-
from the thermopower measurements. The resistivity resultaes. The increased error at low field complicates the deter-
were unchanged when the current was ten times smaller onination. The data af=77 K seem to indicate a maximum
larger. We verified the linearity of the thermopower voltageand the data at other temperatures are not inconsistent with
with the thermal excitation, varying the applied temperaturehat interpretation. Some data from other samples below are
gradient from 0.03 K/cm to 0.50 K/cm. also suggestive of a narrow maximum.
Our sample temperature was controlled with a Cethox
temperature sensor. Temperature fluctuations were less than
30 mK at all fields and temperatures. Thermal excitation of B. Bi;Sr,CaCuz0s4 5
the sample for the thermopower measurement was achieved Results for BiLSr,CaCu,0sg. 5 are more striking and are

with light from a tungsten lamp which was fed into the shown in Fig. 2. Here the low-field anomaly is negative in
sample region via a light pipe. This heating method is intrin-sign. The negative sign of the low-field featureRractually
Sica”y independent of the magnetiC f|e|d, a“OWing a Calibra'causes a Sign Change Of the mixed_state thermopower as a
tion of the very slight field dependence of tiietype ther-  function of magnetic field and temperature. The raw ther-
mocouples which monitored the sample temperaturgnopower data, showing the sign change, are shown in the

gradient. _ lower right panel of Fig. 2.
Corrections to the thermopower from the last term in Eq.

(3), the Hall rotation of the Nernst signal, which were nec-
essary in the case of niobiuhare, as previously mentioned, C. YBa,Cuz0,_;

insignificant in the case of the highs cuprates. In Results from YBaCuzO;_ 5 are shown in Fig. 3. In high
TI;Ba,CaCyOg,, and Bi;Sr,CaCl,0g. 5 we confirmed — agnetic fields and especially at the highest temperatures,
this at by measuring all four signals—resistivity, Hall, p apnr0aches a constant, field-independent value. At low

Nernst, and Seebeck. The correction was less than 0.3% %Ids there is a very sharp increase Rf which broadens

the total signal at all field values. and moves to higher magnetic fields with decreasing tem-
We have corrected for the thermopower of the Au voltage,arature. as in Figs. 1 and 2.

leads by subtracting the zero-field thermopower signal. Th
small positive magnetothermopower of the gold-wire leads

introduces a very small systematic underestimgte of thg IV. DISCUSSION
sample thermopower because the measurement gives the dif- _ _
ference of the sample thermopower and wire thermopower. A. Comparison with the Nernst effect

Accurate absolute thermopower calibrations are not available Ag gescribed in Sec. | A, dividing the thermopower by the

for our wires in all fields and temperatures. We have, howyggistivity eliminates the vortex viscosity and permits us to
ever, estimated the magnitude of the error in our data byyiract the driving force, in this case, the thermally excited
remeasuring one sample with Cu wire leads. Since the magyormal-core current. Details of the experimental procedure
netothermopower of the Cu wires is at least five times largeyhich allow comparison of the two measurements were de-
than for Au wires aff>60 K,'* comparison of the two re- scrined in Sec. II. In order to remove any remaining concerns
sults lets us place bounds on the total error. The maximumpoyt the data because the two measurements are not simul-

underestimate of the sample thermopower is probably aroungineous, we found another method to cancel the vortex vis-
5% at the lowest temperature and near 0.1% at the highegbsity, which confirms the results.

temperature measured. Measurements below the irreversibil- The Nernst effectN(H), arises from the entropy associ-

ity line of YBa,Cu3O;_; provide even stricter upper ated with the suppression of the condensate at the vortex
bounds. core’? In a temperature gradient, the vortex lowers its free
energy by moving to lower temperature, producing a trans-
. RESULTS verse voltage. As Huebertéhas stressed, the Nernst effect
and the thermopower arise from physically distinct forces, so
direct comparison of the two signals is often not meaningful.
Results for the magnetic-field dependence of the electroin our case, it is only important that the entropy per vortex,
thermal conductivity, P, at various temperatures in the which drives the Nernst effect, is well behaved as the mag-
Tl,Ba,CaCuyOg, s sample are shown in Fig. 1. Only at the netic field is reduced.

A. Tl ,Ba,CaCu,0g4, 5
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Unlike the electrothermal conductivity, the ratio $fH) ity, oyy. The two terms are easily distinguished by their
to N(H) may not have a direct physical interpretation, but isdifferent dependences on the applied magnetic field strength.
useful as an experimental verification. In both the ther- Perhaps more relevant for the thermopower are some
mopower and Nernst measurements, the vortex line velocityecent measurements of the Righi-Leduc effect in
is limited by the vortex viscosity. For BBr,CaCw,Og. 5, it  YBa,Cuy0;,** which have characterized thermal transport by
was possible to measure both signals simultaneously, ensuhe quasiparticles beloW.. From these measurements we
ing identical conditions for comparing the two signals. Re-learn that the entropy carried by the quasiparticles is, as ex-
sults for the ratio ofS(H) to N(H) in Bi,Sr,CaCu,0Og, s  pected, independent of the applied magnetic field, but that
are shown in Fig. 4. It is apparent from the data of Fig. 4 thatheir mean free path is not. Vortices are significant scatterers
the low-field behavior oP is real and is not an artifact of the of quasiparticles below .. .

experiment. In addition, the data in Fig. 4 fo=76 K, 66 K, We account for the quasiparticle contributionRaoby re-
and 50 K suggest strongly that we have measured a locauiring that all the currents—normal core, supercurrent, and
extremum ofP, instead of a low-field divergence. the uncondensed quasiparticles—sum to zero, as usual in the

thermopower measurement

B. Absence of pinning effects with conventional vortices ja=(0'n+ oot qu)é_(Pn+ Pqp)ﬁTZO . )

The data in Figs. 1, 2, and 3 all display sharp features near ) L .
the magnetic-field strength where the thermopower and relhe sum of the ele_ct_rl(_:al con_duct|V|t|es is just the inverse of
sistivity signals approach zero. It would seem natural to asth® measured resistivity, which means that the ratio of the
cribe the observed behavior to the onset of strong vortef'€rmopower to the resistivity is
pinning. The main difficulty is that the microscopic mecha-
nism is missing. Within the conventional understanding, pin- S/p=Pn+Pqp, (8)

ning forces should not affect the electrothermal conductivity,, nare the quasiparticle contributioRy,, presumably would

Indeeq, its insensitivity to pinning contributes much to it_s have to account for the sharp peak or divergence of the mea-
attractiveness as a probe of the mixed state. We now mentiaf}, aq electrothermal conductivity at low field.

briefly the reasons why_ pinning of conventional vortices The difficulty is thatP,,, which follows the Boltzmann
should not alteiP. Later, in Sec. IV D below, we do note a form, Eq. (6), is a smooth function oH at low magnetic

possible way out, using a model much discussed for the Clhiald. From Ref. 14 we know tha®.... from Eq. (6) depends
prate superconductors, in which the pinning forces may, ir%( ap

. A n the magnetic field only through the relaxation time,
the end, lead to the peaks such as might be seenin Figs. 1, f#(H), from scattering by vortices. From the data of Ref. 14

and 3.
: . we observe thaP,, must follow
BecauseP is a measure only of the current density ex- ap
cited by the thermal gradient across the vortex core, a sta- 1
tionary vortex should have a finite electrothermal conductiv- P (9)

=
Lot : ; rmal c ap '
ity just as the moving vortex does. It is the dissipation of the alH|+b
normal excitations W',thl'n th%_core Wz"?h limits, nog_thgl where the coefficienta, is proportional to the quasiparticle
vrc]arte;]( pinning potzntla;]. As discusse mbii?hc. fllA,IdIVI NG scattering cross section presented by the vortices, and the
the thermopower by the resistivity to obtalh should re-  qeficient, b, represents scattering from other sources. At

move effects of the vortex viscosity. : .
. . . . these temperatures, even in very pure Y¥B8a;0- single
The discussion above pertains to linear effects of the vor- P yp ¥88;0; sing

. , . L - " crystals, the coefficienty, is not small in comparison with
tex viscosity and there remains the possibility that nonlineag, o '\, rtex scattering term. The measured relaxation time,

forces could, in principle, affect the experimental results. InT(H)' and thereforeP, from Eq. (9), is well behaved as

that case, the electric field would show a nonlinear depeng, goes to zero. Indeed®, from Eq. (9) varies monotoni-

dence on the driving force. As described in Sec. Il, the Mea, v with H, unlike the measured data. Finally, we deter-

sured thermopower voltages did not deviate detectably frorpnined that the data of Figs. 2 and 3 increase much faster than
linearity in the applied temperature gradient, despite gradi

. 1 . 1/H at low field, which most probably cannot be explained
ents which ranged overs;lorders of magnitude. by quasiparticle transport alone.

C. Effect of normal quasiparticle transport T<T, D. Charge redistribution effects

A growing amount of evidence from recent experiments If the data of Figs. 1, 2, and 3 are related to the onset of
has indicated the strong possibility that many of the cupratstrong vortex pinning, then the observed divergent response
superconductors possess an unconventional superconductiisgreminiscent of the critical behavior of the electric polar-
order parameter with zeros at the Fermi surface. It is reasonzation in charge-density-wave materials near the pinning/
able to expect that the normal carriers at the zeroes of the gagepinning transition. In charge-density-wave systems below
should also contribute to electric and heat currents belowhreshold, the electric field polarizes the conden¥hiEhe
T.. Indeed, recent measurements in %Ba;O,_ 5 have polarization increases in strength with increasing electric
shown that mixed-state transport is strongly affected by dield, reaching a maximum at the depinning thresHél@he
high density of uncondensed normal quasipartitted®  polarization was predictédand measurédi to show critical
Studies of the Hall effeét~*" have seen separate additive behavior, corresponding to a phase transition between the
vortex and quasiparticle contributions to the Hall conductiv-pinned and unpinned states.
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The critical polarization is possible in charge-densisty- One important conclusion can be phrased in more general
wave materials because of the internal charge degree ¢érms. The electrothermal conductivify, is odd under the
freedom—positive ions moving oppositely to negative elec-operation of charge conjugation because it depends on the
trons. The conventional vortex lattice lacks this freedomsign of the transported charges. Our data indicate the pres-
Several author®? however, have recently suggested mod-ence of an additional term in the electrothermal conductivity
els of vortices in the cuprates in which the charge density a@f the cuprates, a term of either sign in materials which have
the vortex coren,, differs from the asymptotic charge den- holelike normal-state thermopowers. The obvious question is
sity far from the vortexn., . The charge differencein, has what determines the sign of the contribution. Relating the

been invoked as the origin of the second term of the Hal erm to vortex Qynamics alone would probably require
conductivity2>2 reaking the particle-hole symmetry of the vortex state. As

described above, such a scenario is already much discussed
Qy other researchers and may play a central role in under-
standing other experiments.

In a lattice of such vortices, where charge neutrality is
obeyed on average but not everywhere locally, deformation
of the lattice produce local electric polarizations. Strain on
the pinned vortex lattice due to a thermal gradient would
correspond to the strain on charge density waves below
threshold, possibly producing a measurable electric signal. We wish to thank C. S. Ting and D. M. Frenkel for useful
Whether or not this picture works microscopically for a vor- discussions. This work is supported in part by USAFOSR
tex lattice and whether or not it can generate critical behavioF49620-93-1-0310, NSF Grant No. DMR 91-22043, ARPA
of the electric response at the depinning transition, as is th&rant MDA 972-90-J-1001, the Texas Center for Supercon-
case for charge-density waves, remains an open question addctivity at the University of Houston, and the T.L.L. Temple
an interesting avenue for further theoretical development. Foundation.

ACKNOWLEDGMENTS

1C. caroli and K. Maki, Phys. ReWl64, 591 (1967). electric Power of Metalg¢Plenum, New York, 1976
2A. T. Fiory and B. Serin, Physica5, 73 (1971). 2. Freimuth, in SuperconductivityFrontiers in Solid State Sci-
3A. V. Samoilov, J. Supercond, 337 (1994. ences, edited by L. C. Gupta and M. S. MultéWorld Scien-

4In metals physics a common notation for the electrothermal con-  tific, Singapore, 1992
ductivity is L1,/T. For superconductors in the mixed state we *R. P. Huebener, R. Gross, H.-C. Ri, and F. Gollnik, Physica B

follow the notation of Ref. 1. 197, 588(1994.
SR. P. Huebener, A. V. Ustinov, and V. K. Kaplunenko, Phys. Rev.}*K. Krishana, J. M. Harris, and N. P. Ong, Phys. Rev. L&8,
B 42, 4831(1990. 3529(1995.
8H.-C. Ri, F. Kober, R. P. Huebener, and A. Gupta, Phys. Rev. B'®J. M. Harris, N. P. Ong, and Y. F. Yan, Phys. Rev. L&8, 610
43, 13 739(1991). (1994.
7J. N. Eckstein and I. Bozovic, Annu. Rev. Mater. S25, 679 V. B. Geshkenbein and A. I. Larkin, Phys. Rev. Let8, 609
(1995. (1994.
8E. I. du Pont de Nemour and Co., P.O. Box 80304, WiImington,”D. M. Ginsberg and J. T. Manson, Phys. Rev5B 515(1995.
DE 19880-0304. 187 7. Wang and N. P. Ong, Phys. Rev. Lei8, 2375(1987).
9Superconductor Technologies Inc., 460 Ward Drive, Santa Bari°D. S. Fisher, Phys. Rev. B1, 1396(1985.
bara, CA 93111-2310. 20D, . Khomskii and A. Freimuth, Phys. Rev. Let?5, 1384
10 ake Shore Cryotronics, Inc., 64 E Walnut St., Westerville, OH  (1995.
43081-2399. 2Lanne van Otterlo, Mikhail Feigel’'man, Vadim Geshkenbein, and

F J. Blatt, P. A. Schroeder, C. L. Foiles, and D. Grdigermo- Gianni Blatter, Phys. Rev. Let?5, 3736(1995.



