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Nernst effect in the vortex-liquid regime of a type-Il superconductor
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We measure the transverse thermoelectric coeffiaigpin simulations of type-ll superconductors in the
vortex-liquid regime, using the time-dependent Ginzburg-Landau equation with thermal noise. Our results are
in reasonably good quantitative agreement with experimental data on cuprate samples, suggesting that this
simple model contains much of the physics behind the large Nernst effect due to superconducting fluctuations
observed in these materials.
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[. INTRODUCTION cally derived from the microscopics in some limited
regimest*?but here we are instead using it more broadly, in
The Nernst effect in the cuprate superconductors has réegimes where its justification is “only” phenomenological.
cently become a focus of attention both experimentaily The Nernst effect in the vortex liquid can be described in
and theoreticallf=® The Nernst effect is the electric field terms of the vortices as the phase-slip voltage due to vortices

induced when the sample has a temperature gradwrt, Peing transported down the temperature gradient as heat car-
perpendicular to the magnetic field,; this electric field is ~lers. However, when one calculates the Nernst effect at

perpendicular to botN'T andH. For some cuprate supercon- Nigher temperatures in linearized TDGlwhat is happening

ductors the Nernst effect due to superconducting fluctuation$ that superconducting order parameter fluctuat|o_ns are
is detectable at temperatures far above the transition tenfraisPorted along éht? teh’.“pefaF“re grad|enr;[ and their F]Zh?je
o : patterns are twisted by this motion across the magnetic field,
perature, T.>* Ussishkin et al.” calculated the low-field "~ R : i
Nernst effect forT > T, due to superconducting fluctuations inducing a Nemst voltage; vortices play no role in the calcu

btaini Its i bl amibsolut i ' lation. In a TDGL treatment of the vortex liquid regime,
obtaining résults in reasonable agreemen solute um); there is no clean distinction between order parameter fluc-
with experimental data. They used the linearized time

- ) =¥ M tuations and vortex motion, so both of these two different-
dependent Ginzburg-Landa(fDGL) equation, which is  gounding descriptions are in some sense correct.

identical to the Aslamazov-Larkih approximation for the | this paper, we present the method for and results of
microscopics. LinearizedSaussianTDGL is applicable far  simulations of thermoelectric transport in type-Il supercon-
enough above the mean-field transition temperaft€,  ductors in the vortex liquid regime. We simulate the TDGL
where the order parameter fluctuations are small enough tequation with thermal noise. We work in the strongly type-Ii
neglect the nonlinear terms in the full Ginzburg-Landau fre€imit, «>1, where the magnetic field in the sample is as-
energy. To estimate the Nernst effect closeiTtahey also  sumed to be uniform and not fluctuating. Mostly we work in
treated the nonlinearites in TDGL in the Hartree two dimensions, but we also examine the crossover from
approximatiory. two- to three-dimensional behavior. In our study of interlayer
Prominent in the phase diagrams of the cuprate supercoigouplings we see some indication that a substantial part of
ductors in a magnetic field is thertex liquid regimewhere  the entropy carried by the vortices in the vortex liquid may
short-range superconducting correlations are sttbegause be the configurational entropy of their positions.
T<T,), but thermal phase and vortex fluctuations disrupt the Our simulations involve a dimensionless tunable param-
superconducting coherence on longer scales. The experime@ter (7) which sets the strength of the thermal fluctuations in
tally observed Nernst effect remains large in this regimie, the sample and hence can range from nearly mean-field be-
which is not accessible to analytic calculations due to itshavior with very weak fluctuations to very strong fluctua-
strong correlations and fluctuations. However, the TDGLtions with strongly suppressed superconductivity. We show
equation with its full nonlinearity and driven by thermal fluc- that for an intermediate value of this parameter our results
tuations can be numerically simulated in this vortex liquidare in reasonably good qualitative and quantitative agree-
regime, and its Nernst effect measured and compared to exaent with available experimental Nernst-effect data on over-
periments, as we demonstrate below. doped La_SKrCu0Q, (LSCO).® In this comparison all the
When the TDGL approximation is used to model proper-other parameters in the simulations are set by experimentally
ties of cuprate superconductors, for which there is not a wellmeasured quantities. We also discuss in brief the results of
established more microscopic theory, or more generallypur simulations to model experiments on,8L,CaCyOg.,
when it is used well away from the zero-field critical tem- (BSCCO.?
perature, as we do here, it constitutes a standard, widel
used, but essentially phenomenological approximation. It hai" SOME THERMO-ELECTRO-MAGNETIC TRANSPORT
the virtue that most of the parameters that enter can be de- THEORY
termined from experiments, as we discuss below. For BCS We briefly review some of the general theory of thermal
superconductors, the TDGL approximation can be systematand electrical transport coefficients in linear response in the
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presence of a magnetic field. Consider a sample at temperashole sample. For a two-dimensional sample
ture T subjected to small gradients in the poten¥ab and

temperaturé/T. One can then very generally write down the J_;e - }f JE(r)ds, 7)
transport current densities in the system to linear ord&rgn " S)g "
andVT as
and
Jo=-a0Ve¢p-aVT, (1)
-1
. Ji=g] JRnds ®
R=aVe-kVT, () S

whereJ€ is the charge transport current density a8ds the whereSis t_he area of the sample. Similar relations also hold
b 9 P - y ﬁ for three-dimensional samples. From E@8) and (8), we

heat transport current density, @, @, andk are the electri-  jpiain

cal conductivity, thermoelectric, electrothermal, and thermal

conductivity tensors. The Onsager relations for the transport .1
2 tr - o

JErdS—f r)J(r)ds). 9
coefficients tell us tha&=Ta. The Nernst coefficentr) can S(L ul(r) Sd)( Wu(r) ) ©
be defined in a configuration with a magnetic fi@dz and

VTIX along with the conditiord®=0 as We know that

By _ 1y a0y (3 Jio1) = J5(1) + Jmadr)
BVT B 0'>2<x+0'>2<y . E E E
Jiot(1) = (1) + Imadr), (10
If the system shows no Hall effe¢tike the one we have
simulated, thena,,=0 and

whereJp (1) andJE]ag(r) are the charge and energy magne-
tization current densities. It can be shown on general

oy 4 grounds$?® that there exist charge and energy magnetization
v= Boy, () densitiesM &(r) andM&(r) such that
One way to obtain transport coefficients from a simulation Jhadt) = V X M&(r)
is via the Kubo relations, thus measuring current—current
correlations in the equilibrium dynamics. Alternatively, one Jﬁag(r) =V X ME(r). (11

can apply an electric field and/or a temperature gradient and

measure the resulting currents. We have used both methods The c_harge magne_:tization of the system is nothing t.’Ut the
finding that our implementation of the latter method givescdnvennonal magnetic moment density(r). If the material

higher signal-to-noise ratio per unit computer time in thesurrounding the sample is assumed to be nonmagnetic, both

£ . ) .
regime we have been studying. The currents flowing in thé¥ (") @dM=(r) vanish outside the sample. The magnetiza-

sample have magnetization parts in addition to the transpofon currents are mostly at the boundaries because that is
parts considered above. One could write down linear reWhere the change in magnetization is the largest. Thus we

sponse relations for the total current densities analogous € that

the ones for the transport current densities but the coeffi-

cients appearing in those would not obey the Onsager rela- f Jf,(r)d8=f Jir)ds
tions. The total currents in the system can in general be com- s S

puted in a straightforward manner but one has to extract the
transport parts from these to calculate the transport coeffi- f JE(r)dS:f
cients. This involves identifying and subtracting out the mag- S tr
netization currents. The procedure we use to that end in this

work is outlined below and is based on the arguments ofrom Egs.(9) and(12), we obtain

Cooperet all3 1
é( f JE(r)ds- f ¢(r)J§(r)ds>. (13
S S

Ji(r)ds. (12
S

Let J2(r) andJ2(r) be the total charge and heat current 39
densities(transport + magnetizatiorat any pointr in the

samlple. Ifg(r) is $§ electrlch prc])tentlal at, there exists a It should be noted that there is no “heat magnetization den-
total energy currendy,(r) such that sity” M®(r) analogous toM®(r) and ME(r) for which the
JQr) = 3E(r) = (r)IE(r). (5)  heat magnetization currenl,?]ag(r)zv XMZQ(r). A conse-

o . quence of this is that unlikg® and JE,
A similar relation holds between the transport parts of these

current densities, f Jﬁ?(r)dS;ﬁ f Jt%t(r)ds
IR(r) = I5(r) = B(r)Ig(r). (6) s s
The average electric current densTﬁland heat current den- In fact, it can be shown that

sity JQ are given by averagingg(r) and J3(r) over the IRadr) = VX M(r). (14)
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Il. SIMULATIONS reservoirs are presumably the phonons, quasiparticles and

o . other excitations not included in the TDGL equation. Never-
We measure the transport coefficieny, by turning on an

e 2 g R theless, the charge and energy currents carried by the super-
electric field -V 4lly and a magnetic field ||z and measur- conducting order parametél and its fluctuations are as

ing J2*, thex component of the average heat transport CUrgiven above and can be measured and their transport prop-
rent density at constant temperature. This is done in a systegties determined within this model. Charge and energy con-
with mixed boundary conditions: it has free surfaces at theervation can explicitly be taken into account in microscopic
boundaries normal tg, while it has periodic boundary con- gerivations of the TDGL theory, where only the contribution
ditions along thex direction (and alongz when we study  due to superconducting fluctuations is retained. It can how-
3D). If, as in our model, the system does not have a Halleyer be shown that other effegtsormal state contributions,
response, under these conditions theomponent of the etc) do not contribute as significantly to the Nernst effect as
electric transport current vanishes at all poinlﬁf)(r):o. superconducting fluctuatiofs.

Thus from Eqgs(2) and(13), we obtain An important feature of TDGL for the present work is that
the parameter, which sets the time scale, does not enter in
_ JEX(r)ds the values of the transverse thermoelectric coefficients that
(%) tot . ~ . . .
R s we are studyinge,, anda,y. This allows quantitative com-
T Ty ¢>__§ V. : (15) parison to experiments to be done without estimating
y y

. . which is fortunate, because the valuerak quite uncertain.
Similarly, ay, can be measured by introducing a temperature This TDGL equation with noise has a dimensionless pa-
gradientVTIly and magnetic field [z with no external elec- rameter that gives the strength of the thermal fluctuations. To

tric potential and measurir@x)_ From Egs.(1) and(12), remove all the dimensional quantities, we uge the zero
temperature coherence length, as our unit of IenqﬂH;F,

B (f Je(x)(r)ds) ks T, 7i/€" and 7/ (agTMF) as our units of temperature, en-
J§<X> s tot ergy, magnetic flux, and time, respectively; abg, the zero-

(16) temperature order parameter magnitude, as our unit for the
order parameter. The resulting TDGL equation is then
The two coefficientsa,, are a,, can thus be obtained by

. _ o 2
measuring only the total currents in the system. They are (G +1QW = (V=IA)2W = (T= D)W = [+ £(r1),
related to each other by the Onsager relation and to the (20)
Nernst coefficient by Eq4).

The TDGL equation that we have simulated is

WITyTT s vr

with noise correlator

e 42 & \2 (L) =29Tar —r)at-t), (21
T(ﬂﬁig(ﬁ)‘l’:E(V—izA) W —ay(T-TVF)w and
— DWW + (1 1), (17) blkeTe'"

We taker to be real so there is neither Hall effect nor See- 0(@lc
beck effec€ This approximation of leaving out the Hall ef- s the fluctuation parameter, whedés the number of spatial
fect should be reasonable as long as the Hall angle is smallimensions. Whem< 1, the actual critical temperatufe is
as it generally is in the vortex liquid regime of the cupratenear the mean-field critical temperatdf&'", while if 7> 1
superconductors. We work in the type-Il limit where the then T,<TM". The model has four parameters that remain
magnetic field is assumed to be uniform and not fluctuatingafter scaling to the units specified above: the temperature, the
The noise correlator is magnetic field, the cutoff, and the strengjlof the noise.
K _ , , We initially simulate a two-dimensional system, thus ig-
(. 0)r,0) = 2rkgTolr —r') At -t). (18) noring interlayyer coupling. We discretize spaé/e and time. The

(22)

The current operators we need &re spatial grid spacing is taken to lgg This rather coarse spa-
B . tial grid is used to minimize the computer time needed to
38 =— iﬂ ‘If*<V— EA)‘P fcoc. simulate samples large compared to this microscopic length.
ot 2m’ h There are noticeable quantitative effects of using such a

coarse grid. For example, in our unk,(T=0)=1.18 with
w2 [ ow* jie" this grid, while it is 1.0 for the continuum model. However,
o ( )‘P +C.C. (19) recognizing that the model we are simulating is rather

simple, so should not be expected to give highly precise

The TDGL equation is the simplest dynamical stochastiqquantitative results, our goal in the present study is to be

equation one can obtain from the Ginzburg-Landau free enguantitatively only as accurate as might be expected of such
ergy functional. As a consequence of its simple relaxationah simple model. Although we do not know how accurate that
dynamics, it does not explicitly conserve either total chargeeally is, the general precision to which we have chosen to
or total energy. It is implicitly in contact with and exchang- work is roughly 10% —20%. The gquantitative shifts due to
ing energy and charge with local reservoirs. In reality theseur using a coarse grid in the simulations are at most of this

E _ _
Jtot_
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magnitude. We have also verified that using a finer grid spac- 25
ing would not alter our results in any significant way. Reduc-
tion of the grid spacing adds more degrees of freedom, re-
sulting in increased fluctuations, and suppressioif o&nd 20
He. However, if one also lowers the value of the fluctuation
parametery a little, this increase in the fluctuations can be
removed, and the resulting behavior of the system is onlyg15f
weakly dependent on the grid spacing. 2
In the simulations, the time step is chosen to be betweerZ,_
0.02 and 0.1 in our units, with shorter steps at higher tem-10f
peratures; we check that our results are not affected by dou
bling the time step. A first-order Euler method is used, with
10000 to 20000 time steps used for equilibration, and 5}
30 000 to 50 000 steps for averaging. The two-dimensional
data we show are for a 5050 square grid. We use the gauge
invariance of the TDGL equation to work as much as pos- 15 20 25 30
sible in terms of gauge-invariant quantities likRE| and the H(T)
gauge-invariant phase differences

— Simulation

L = === Experiment b

10 T T T T T

r!
w(r,r’,t):e(r’,t)—a(r,t)—j A -dl, (23 or
r = === Experiment E

where W=|¥|€’. The current densities are also written in
terms of these quantities.

At H=0, for the two-dimensional system there is a &
Kosterlitz-Thoules¥ transition atT,, which we locate by g
measuring the helicity modulus. =

To obtaina,,, we measure the transverse energy currentz 4}
due an electric field. We then use the Onsager relation tc |
obtain a,,=a,,/T. We find that the signal-to-noise ratio for 28 K
this measurement is significantly smaller than in a direct 2r
measurement ak,,. We have numerically verified the valid-

——  Simulation

ity of this Onsager relation by measuring, both ways. This | > _________-::::::'_' :::: ~ccmeol T

also serves as a check that we are indeed measuring th ot—— — oo ea TS
- . 0 5 10 15 20 25 30

proper transport coefficients. We also confirm that our results H(T)

agree with the analytic resulté the higher-temperature re-

gime where linearized TDGL applies. FIG. 1. Experimental data obtained from measuremgrés. 5

The temperature enters the TDGL equation both in thef the Nernst effect on overdoped LSQ®=0.2) along with the
term linear in the order parameter and in the intensity of thdesults of our two-dimensional simulations. The parameters used in
H : TMF _ — — —
noise. It can be shown that introducing a gradient in thghe simulation areTc"=40 K, He(0)=45 T, s=6.6 A, #=0.42.
linear term only adds to the magnetization currents, and thu§he critical temperature i;~ 28 K in both simulation and experi-
for measuring the transport currents it is sufficient to includg™ent nere-

he temperature gradient only in the noi rm. We have al . . . -
I/eeri;ieedi?[ﬁistr?u?nger?cdaﬁyt only in the noise te € have asgured in the experiments. For a system with negligible Hall

effect, a,, can be obtained from the measured Nernst effect
and the longitudinal resistivity. Thus for this comparison we
IV. RESULTS require both these measurements to be made on the same
sample over a substantial portion of the vortex liquid regime.
Some results for,, from the two-dimensional simula- This requirement seriously limits the number of experimental
tions are shown in Fig. 1. We have chosen to compare thegesults we can compare to.
results to the experimental results of Waeigal® obtained Figure 1, shows that there is reasonably good general
from Nernst and resistivity measurements on an overdopedualitative and quantitative correspondence between the
LSCO sample withk=0.2 andT.=28 K. For this compari- simulation and experiment, considering how simple the
son, we present the simulation results in SI units using thenodel is and that we have adjusted only the strength of the
parameters from the experimerni,(T=0)=45 T (thus ¢ thermal fluctuationsy to get this agreement. The other pa-
=27 A) and layer spacing=6.6 A. The fluctuation param- rameters are all dictated by experiment. Our results are thus
eter has been adjusted 16=0.42 to give reasonable quanti- consistent with the proposition that the superconducting fluc-
tative agreement between simulation and experiment. We séations modeled by the TDGL equation produce most, if not
the temperature scale usinB =40 K, which givesT, all, of the contributions to the large Nernst effect seen in the
=28 K in the simulation. Note that,, is not directly mea- vortex liquid regime for this cuprate sample. Of course, the
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8 T T T T 1.4
7r T 1.2F E
3T
6 T 1+ 6T 4
=5 1 3
T &5 0.8f 1
g4_ | ° 12T
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0.4} 1
J=0.014
J=0023 EF = o.2r 1
1r ‘ / ------- .
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H(T)
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FIG. 2. Three-dimensional simulation results for 24 K, with 2T 4y
interlayer coupling). Except forT¥", the parameters used here are 1.2F 31 %4 .
S A LN
the same as in Fig. 1. : Yoy ,_\ BiySryCaCus o
- 1.0 B l‘. ‘Ill | N
agreement between experiment and this simple model is no E 4T M N ‘1
; ; ih field ; . = b 0 4 S |
perfect. One difference is seen at high field in the higher ™ 0B WG
panel of Fig. 1, where the simulations give a nearly constant ? QJV,‘V:W\[}\"\
ayy, While the experiment shows more variation. 2 068 T'WM/":-.,‘_,‘:\‘# ¥ 1
One effect that is not included in our two-dimensional - o P e
simulations is interlayer coupling. For the cuprates, this can =2 04 ;’;f/‘/_
become important in the vortex liquid at low fields in the (127
vicinity of T, where there is a crossover to three- 0.2k
dimensional behavior as the correlation length normal to the 1
layers becomes larger than one layer spacing. Note that th L |

difference between simulation and experiment is large at low
fields andT=24 K. We considered the possibility that this
difference might be due to the crossover to three-dimensionai
behavior, which is not present in our two-dimensional simu-

0.0
40 50 60 70 80 90 100
T (K)

FIG. 3. (Left-hand sidg Data from the simulation withs

lation. To investigate this crossover, we have also simulated 15 35 A T.=90 K, H,=160 T and»=0.475.(Right-hand sidg

the Lawrence-Doniacf version of the TDGL equation. In
our units this is

(H+i)W;=(V, —iA )2V = (T- D)+ (€W,
+ Ay — 20 + [ W20 + £ (24

Experimentally measuredRef. 2) value of U, obtained from
Nernst measurements on optimally doped BSS@@212 with T,
=90 K andH,(0) =160 T.

An interesting point to note in Fig. 2 is that at low fields
a rather small interlayer coupling produces a strong de-
crease ina,,. Describing this in terms of vortices, as seems

whereJ is the interlayer Josephson coupling per unit areagppropriate in this low-field regime beloW, the force per
and] is the layer index. The transition temperature is locatednjt |ength on a vortex line due to the temperature gradient is

by finding the intersections of the fourth-order cumulant

(Binder ratig curves(|*/{|41?)? for different system sizes
as functions of temperature at zero magnetic field.
Figure 2 shows results fak,, as a function of field for
various values of interlayer coupling at temperaturerl
=24 K, from samples of size 615X 10 layers. For each
we set the temperature sca/&M") so thatT,=28 K as in

proportional toa,,. Naively, this force is also set by the

entropy per unit length transported by a moving vortex. This
transport entropy may come from internal degrees of free-
dom within one vortex, or it may come from the configura-

tional entropy of the many possible spatial arrangements of
the vortices. The latter does not involve internal excitations
within the vortices. In the quasi-two-dimensional layered su-

the experiment. The values of the other parameters in thperconductors that we are modeling, a vortex line running
simulations are as used in Fig. 1. As expected, the largesiormal to the layers consists of “pancake vortices” in each
value of J shows the largest deviation from the two- layer. A weak interlayer coupling has little effect on the in-

dimensional behavior. Somewhat better correspondence beernal properties of a single pancake vortex, but it does pro-
tween the behavior ak,, obtained in simulation and experi- duce an attraction between vortices in adjacent layers that

ment is obtained by adding this interlayer coupling.

reduces their relative motion, and thus can substantially re-
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duce the configurational entropy of the vortices. The fact thatiquid regime of superconductors modeled by the TDGL
at low fields a weak interlayer coupling greatly reduces thesquation with thermal fluctuations. We find that our simula-
transport entropy of the vortices, as indicated by the reductions of a two-dimensional superconductor reproduce reason-
tion of @, seen in Fig. 2, thus suggests that in this regime thebly well much of the qualitative and quantitative features of
configurational entropy of the vortices is a large part of theiravailable experimental data from some cuprate high-
transport entropy, at least within this layered TDGL model. temperature superconductors. We have also studied the
We have also performed simulations to model the BSCCQrossover from two- to three-dimensional behavior in a lay-
sample studied by Rét al? The experimental data and the ered superconductor. This crossover study indicates that the
results of the simulation are shown in Fig. 3. The quantityconfigurational entropy of the vortices may constitute a large
plotted is the measured “transport energy” of the vorticespart of their transport entropy at low magnetic field just be-
defined adJ ,=T¢pay,. We used a two-dimensional simula- low T..
tion with T,=90 K, H,,=160 T,s=15.35 A, and»=0.475.
Again, there is reasonable quantitative agreement, in abso-
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