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Thermal conductivity and thermal Hall effect from vortex motion
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In the mixed state of type-Il superconductors the motion of vortices in response to an applied temperature
gradientVT leads to a longitudinal and a transverse heat current &idhgnd VT X B, respectively, wher8
is the magnetic field. We calculate the corresponding contributions to the thermal conductivity and the thermal
Hall effect in terms of other thermomagnetic transport coefficients and the electrical resistivity. The vortex
contribution to the thermal Hall effect may be observable in superconductors with weak pinning and small
quasiparticle thermal conductivity.
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The study of heat transport is a valuable tool for the in-electrical and heat current density, respectively. We assume
vestigation of quasiparticléQP) dynamics in superconduct- in the following that these quantities are within the
ors. For example, the order parameter symmetry as well a&,y)-plane, perpendicular tB. pyy, pxy, Kex, andk,, are
the QP relaxation time can be obtained by analyzing thehe electrical resistivity, the Hall resistivity, the thermal con-
thermal conductivityk,, and the thermal Hall effedtxy.l‘lo ductivity, and the thermal Hall conductivity, respectivebyjs
This latter quantity is the thermal analog of the electricalthe thermopowefor Seebeck coefficienandQ is the Nernst
Hall effect. Whereak,, is often dominated by a phononic coefficient.S and Q are related to the Peltier coefficieht
contribution to the heat currerk,, is purely electronic. Im- and the Ettingshausen coefficientaccording to the Kelvin
portant information regarding the origin of the scatteringand Bridgeman relations,
processes as well as the dynamics of QPs in the Tigh-

superconductors was recently obtained from studies of II=ST and QT=ekyy, 3
3-10 . s .
Kyy - respectively. If more than one type of excitation contributes

Itis usually assumed that the electronic heat current in they the electrical and thermal currents the corresponding con-

superconducting state probes the QP response only, since thgctivities have to be added, elg,= kQQJFkSXPJrkzX, if

superfluid does not carry hedtHowever, it is well known  shonons, QPs, and vortices contribute to the heat current,
that in the mixed state of type-Il superconductors vortices, 4 correspondinglyk,, =k +k%,, where we have as-
move in response to a temperature gradient, if they are n WXy Xy

Yumed that ph do not contribut

. 15 . phonons do not contributekig .
e e e e e s T UGnSPr cosfient may b died o engudh
that of the phonons and the QPs. To our knowledge thi al effects(parallel toj or VT) and transverse effectpar-

vortex heat current in response to a temperature gradient h%”el t0jxB or VIxB). In the normal state the transverse
P P 9 @ffects are much smaller than the longitudinal ones in the

not been considered up to now. However, an estimate of ity fie| regimen.7<1. Herew.=eB/m is the cyclotron
magnitude is important for the interpretation of experimental

data. in particular. fok... which is small in the weak-field frequency andr is the relaxation time. In the mixed state of
a, I p Ty . type-1l superconductors, in the same magnetic-field regime,
regime usually exploited experimentally. ill find but. i h |
In this paper we calculate the thermal conductivity and''¢ St 1Nd Pxy<py BUL In contrast to the normal state,
the transverse Nernst and Ettingshausen effects are large,

the thermal Hall effect resulting from vortex motion in terms comparable in magnitude to the longitudinal thermopower
of other, well-known thermomagnetic effects such as the

Nernst or Ettingshausen effect, the thermopower, and thand Peltier effect. These large transvgrse _thermomagnetic ef-
i T ) ’ A fects are a hallmark of vortex motion in a temperature

electrical resistivity. We find that the vortex contribution to radienti2-15

the thermal Hall effect is small compared to the measure® Consi.der vortices witharea) densityn =B/®, (where

Kyy in the highT; superconductors. It may be observable in yn, = 0

other superconductors with weak pinning and with a smal(i)0 is the flux _qua_ntum moving with velocity v
QP contribution to the heat current. =(v_x,v,y,0LB=Bzin the (x,y) plane. Each vortex car-

We define transport coefficients according®to ries an entropys, (per unit length, T?e heat current associ-
ated with these moving vortices'fs

E=py +pxyi XZ+SVT+QBVT Xz, (1) T
jﬁ=nvsuTv,_=c£—E><z. (4)
Jn=TTj+ ekyoBj X 2= ko VT — Ky VT X 2. (2) 0
Both the fact that vortices move in a temperature gradient, if
We consider isotropic materials for simplicity. We take thethey are not pinned and that they carry heat are well estab-
magnetic fieldB=Bz along thez direction (z is a unit vec- lished empirically from experiments on conventional and
tor). E denotes the gradient of the electrochemical potentialhigh-T, superconductors:—*°For an overview and for a dis-

VT denotes the temperature gradient, amehdj,, denote the cussion of the equation of motion of vortices in a tempera-
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ture gradient the reader is referred to Refs. 14 and 15. Inthe 2 T T T T r T T T
second step of Eq4) we have exploited that in the mixed

state of a superconductor the vortex velogityis unambigu- oo‘fﬂz%O YBa,Cu,0,

ously related to the electric field by the Josephson relationg | 2 2 1
E=BXVv, . Using Egs(1) and(4) it is thus possible to relate = o oooo cllB=12T , jliab

the heat current in a temperature gradient to the thermopowe’s o OO%

and the Nernst coefficient. gl = o 2 -

We first consider the thermal Hall effect. In the presence ~.? N
of a magnetic field3|z the heat current arising from an ap- o
plied temperature gradieMT in the x direction is deflected LS .
and gives rise to a transverse temperature gradightn the o
y direction under adiabatic conditions, i.e., fgr,=0. Here S
VT andV, T are thex andy components of the temperature 0 1 1 L L L L 1 L L
gradient, respectively. The thermal Hall effect is measured ~ 7° 80 85 %0 95 100
without electrical current flow, i.e., for=0. The thermal T®)

Hall conductivityky, is defined as FIG. 1. Vortex contribution|k’,| to k,, calculated for YBCO
using the data of Ref. 2(see the text
V, T
3 5

VT It remains to determine the transport entrogy. It is
related to the Nernst or Ettingshausen coefficient and to the
- v . electrical resistivity. To see this we consider experimental
thrlbutlon Kxy th> th_e thermal H_aII Eﬁec;gnsgs fromhthe VOrteX conditions appropriate for a measurement of the Ettings-
neat curreng hy= S, TuLy In the y direction, wherev, y 5 sen effect. This effect consists in the generation of a tem-
=—E,/B is determined by the electrical fielfl, in the x perature gradien¥, T in the y direction resulting from an

direction. ForV, T#0 andj =0 we find, from Eq(1), thatE,  zhjied electrical currerjt, in the x direction in a magnetic
is determined by the thermopower, i.E,=SV,T. We there-  o1d B=Bz It is measured with the conditioni,= j

Kyy=k

Xy~

wherek,, is thetotal thermal conductivity. The vortex con-

fore obtain =V, T=0. To calculate the vortex contribution to this effect
E ST we proceed similarly to the derivation &, . The vortex
jﬁ,y:—nvsvTEXZ—(;TSVXT- (6) heat currentjy, i_n the y diregtion is give.n_ by jhy

0 =-n,s,TE,/B. With the experimental conditions for a

This heat current gives rise to a temperature gradient iy the Méasurement of the Ettingshausen effect, @gj.yields E,
direction, which in turn sets up a heat currejﬁy =pxxx» I-€.,v y is determined by the electrical resistivity.

= — kY, T along they direction by regular thermal conduc- We therefore obtain
tion. Herek,, is thetotal thermal conductivity, with contri-

. . . S, )
bL_Jtlo_ns fiom vortlces,_ QPs, and phonons. In the steady state, ihy=- 3TPxxe- (11)
with j, =0, we obtain 0

. . n T Requiringjh,yzjﬁ,erj'ﬁ’y:O, as above, we obtain the vor-
jny=Ihytiny=0=— ESVXT— KW T, () tex contribution to the Ettingshausen coefficient as
which yields VT s, 1
VyT s, Ix 0 XX
kK, =kye===—=—TS (8)

In the mixed state of superconductors the total Ettingshausen

coefficient is dominated by the vortex contribution, i.e. we
We may obtain the isothermal thermal conductivityea- may sete’=e€. Using Eq.(3) we obtain

sured forV,T#0, V,T=0) similarly be noting that the vor-

tex heat current along the applied temperature gradient is s, ¢€k,B QB

related to the electrical field in thg direction. Usingu_ 302 P :E-

=E, /B andE,=—QBV,T as obtained from Eq1), we find

(13

Equation(13) is well known and can also be derived from
the equation of motion of vortices in a temperature
gradient*~'* Using Eq.(13) both k}, andk}, can be ex-
, , pressed entirely using the thermomagnetic transport coeffi-
which yields cients and the flux flow resistivity.
S For an estimate df;, in high-T. superconductors we take
K., =——TQB. (10)  Values typical for YBaCusO;_ 5 (YBCO) close to optimum
Dy doping}’~?°Close to the superconducting transition tempera-

) Sv
Thx=nyS,Tv| x=— (?OTQBVXT, 9
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ture T, we haves,~5x 10 ° J/Km, |§|~2x 10 ® V/K for ductor with weak pinning may therefore be a good candidate

B~10 T, andT~100 K. Note that the sign o8 (as well as {0 Observek,,. o o .
its absolute valiedepends sensitively on the oxygére. The vortex contribution to the longitudinal heat current is

H H __ 13,15,24
charge carrigrdoping and may be positive or negative cIoseOf. the same order O.f magnlitude » SinceS=QB. -
to optimum dopinél Using these values we fink’,|~5 Since in the weak-field limit the total thermal conductivity

. Xy

- . kyyx is much larger thark,, the contribution of the vortex
4 XX Xy

X 10"" W/Km close toT.. The measured value fdk,| i n5tion to the longitudinal thermal conductivity is quantita-
YBCO close to T, is approximately | kxyrw 3

= : tively unimportant.
X107< W/Km, about two orders of magnitude larger than |y suymmary, we have calculated the contribution of mov-

|k;,l. Using experimental resuffs for S(T), Q(T), and  ing vortices to the thermal conductivity and the thermal Hall
pxx(T) of YBCO we calculateky, as a function of tempera- effect in terms of other thermomagnetic transport coeffi-
ture (Fig. 1). The strong decrease {¥;,| below about 80 K  cients, i.e., the Nernst coefficient and the thermopower, and
is due to the onset of pinning. The increasékﬁﬂ belowT, the electrical resistivity. The vortex contribution to the ther-
is due to the temperature dependence of the transport eflal Hall effect is smaller by 1-2 orders of magnitude than
tropy: s, vanishes aff =T, [looking apart from supercon- the measured value &, in YBa,CuO30;_; close to opti-
ducting fluctuations or vortex-like excitations abovg(Ref. ~ mMum doping. In superconductors with weak pinning and a
23] and for T—0, and has a maximum typically around small QP heat current the vortex contributionkig may be
T./2. In principle k%, may become a substantial contribution observable. The contribution of vortices to the longitudinal
to Kyy, if pinning is \>//veak and if the QP contribution kg, is thermal conductivity is found to be quantitatively unimpor-
small. In particular, this latter requirement is not fulfilled in &Nt

the highICPsuperconduc'Fors, since the QP relaxation ffne  \We thank A.P. Kampf and T. Lorenz for useful discus-
and thuskSy (Refs. 3—10@increase strongly beloW, . How-  sjons. This work was supported by the Deutsche Forschungs-
ever, in conventional superconductors the QP heat curregfemeinschaft through SFB 608. A.F. acknowledges support
usually drops strongly below,. A conventional supercon- by the VolkswagenStiftung.
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