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The diffusion of vortices down a thermal gradient produces a Josephson signal which is detected as a vortex
Nernst effect. In a recent report by >at al. [Nature406, 486 (2000], an enhanced Nernst signal identified
with vortex-like excitations was observed in a series of L&r,CuQ, (LSCO) crystals at temperatures 50—
100 K aboveT,. To pin down the onset temperatufe of the vortexlike signal in the lightly doped regime
(0.03=x=0.07), we have reanalyzed the carrier contribution to the Nernst signal in detail. By supplementing
Nernst measurements with thermopower and Hall-angle data, we isolate the off-diagonal Peltier conductivity
a,y, and show that its profile provides an objective determinatiom,of With the results, we revise the phase
diagram for the fluctuation regime in LSCO to accommodate the lightly doped regime. In the cuprate
Bi,Sr,_,La,CuQ;, we find that the carrier contribution is virtually negligible fpin the range 0.4-0.6. The
evidence of an extended temperature interval with vortexlike excitations is even stronger in this system.
Finally, we discuss how , relates to the pseudogap temperaflifeand the implications of strong fluctuations
between the pseudogap state anddiveave superconducting state.
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[. INTRODUCTION did not provoke much theoretical comment. More recently,
Corson et al® investigated the conductivity in thin-film
Close to the the upper critical field linel,(T) of a  Bi,S»LCaCyOQg at terahertz frequencies, and found that the
type-ll superconductor, vortices exist in a “vortex liquid” kinetic inductance of the superfluid is observed as high as 25
state as highly mobile excitations. In this mobile state, the< aboveT,.
vortices readily flow in response to a weak applied tempera- In Nernst measurements ond 3SrCuQ, (LSCO), Xu et
ture gradient toward the cooler end of the sample. By th@' observed that the Nernst signal remains anomalously en-
Josephson effect, the vortex motion generates an electric
field E=BXV that lies perpendicular to both the vortex ve-
locity v andB= uqH [Fig. 1(a@)]. In general, the appearance
of a transversé in the presence of a thermal gradient and
magnetic field is known as the Nernst efféth weak fields,
the Nernstsignal E,/|VT| increases linearly witl, but, at
higher fields, the curve dE, vs T tends to develop negative
curvature. The Nernst coefficiemtis defined as the Nernst
signal per unitB in the weakB limit. Because a field-
antisymmetricE, may be measured to high resolution, the
Nernst effect provides a highly sensitive probe for detecting

vortices. (b)
From the purview of conventional superconductivity, the c. E
search for vortices high above the critical temperatlige - @ \ 0,
seems quite unrewarding. Abovie,, the average value of "‘e‘ ‘
the condensate density; is zero. Although fluctuation ef-
fects produce small evanescent droplets of superconductivity y o.(-VT)
detectable by susceptibility and resistivity, the existence of a
Nernst signal in the fluctuation regime aboVg is not ex- -VT
pected. Indeed, vortex Nernst signals in the fluctuation re- ® -
gime do not seem to have been reported for any Tow-  FiG. 1. (a) Geometry of the Nernst experiment in the vortex

superconductor. In the first Ettinghau%eméperiment on a Jiquid state. Vorticesdisks with vectorsflow with velocity v down
cuprate (YBaCu;O;), however, Palstrat al” noted that the  the gradient- VT|x. Phase slippage induces a dc sighalthat is
signal extended-10 K aboveT,. antisymmetric inH. The lower panel(b) shows the currents,

Later Nernst experiments on cupraigsstricted to opti- =0y,E; andJ/ = a;(—d;T) produced by théE field and thermal
mally doped samplesfound that the vortex signal extends gradient, respectively, in the normal state. The slight difference be-
aboveT, by roughly the same intervdr® Because the rela- tween theiry components engenders the carrier Nemst signal
tive temperature intervat-0.1 is small, these observations (anglesé and 6, are defined in the text
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hanced 50—-100 K abovE., from which they inferred the In zero field, the applied gradient drives a charge current
existence of vortexlike excitations in the putative “normal densityJ=a(—VT) along the length of the sampJeve de-
state.” Starting at a relatively small and neafiyndependent fine the Peltier conductivity tensar; by Jj=aj;(—4;T) and
value at high temperatures, begins to diverge at an onset for brevity write «;; = «]. To satisfy the boundary condition
temperatureTl,, until it peaks neafl; at a value 500-1000 J =0, there must exist aR field to drive a currentrE, in

times larger than the value at onset. Because of the specifige opposite direction o is the electrical conductivily
symmetry properties of the Nernst sign&||BxVT), Xu

et al. argued that the excitations are vortexlike. Moreover,
they noted that the anomalous signal is very sensitive to Nd Jo=0Etal—a.T 1
doping (which suppressed. to ~8 K), and smoothly K= OB a(= o). @)
evolves to the familiar vortex signddelow T.. A closely  With J,=0, we haveE,= — (a/c)(—d,T), which is the sig-
similar extended fluctuation regime was also observed in unnal detected in a thermopower experiment. The thermopower
derdoped YBaCus0, . coefficient isS= a/o.

The important issue of whether the observed excitations |n a finite field, the two currents in Eq1l) spawn Hall-
correspond to magnetic vortices or are excitations in &ype currentgantisymmetric inH) flowing along they axis
strongly correlated statgor, e.g., holes bound to vorticity in [Fig. 1(b)]. One is the familiar Hall current,E, while the
an Qlectronlc stajas at present open. Indeed, the notion thatyiher is theoff-diagonal Peltier currentay,(—d,T), where
vortices of whatever origin can be detected 50—108b¢ve o,y anday, denote the Hall and off-diagonal Peltier conduc-

Tc remains as surprising and chaIIe_ngmg to(@sd many in tivities, respectively. These two off-diagonal currents are op-
Fhe community as when they were first observgd. Hef‘ce’ aSposite in direction and nearly equal in magnitu@Ehe stan-

in Ref. 7, we refer to them generically asrtexlikeexcita- o4 Bojtzmann-theory expressions for these currents are
tions in this paper. We also refer to the region betw&en  gien in the Appendiy. Because of the experimental bound-
and'_l',,_geneflcally as a fluctuation” regime(A Q'SQUSS'QH ary conditiond, =0, any residual difference between the off-
of this issue in relation to the pseudogap state is given in Se(aiagonal currents leads to a wellk which is then detected

Hence the total current alongis

V.) .
. . . T as the Nernst signal. Hence we have
Our goal in this paper is to sharpen the distinction be- g
tween a vortexlike signal from that produced by normal-state Jy=ay(— dxT)+ oy Ex+ oE,
charge carriers in order to address several issues raised in
Ref. 7 (we also provide extended discussions of many issues B o« T4+ oE.=0 2
that were only touched on theréThe onset temperature of =| ayx= Oy | (= xT) + 0By =0. @

the vortex signall’,, appears to increase with decreasing hole o ]
densityx. Is T, finite in thex—0 limit? If not, how doesr, ~ We have dropped a term(—4,T), which is important in
behave in this limit? How significant is the normal-state car-conventional metals but negligible in cuprateee Appen-
rier contribution tov in the smallx regime? Can a more diX). Using the Hall angle tai=o,, /o in Eq. (2), for the
objective separation of the vortex signal be obtained througiNernst coefficient due to charge carriers alone we obtain
a better understanding of the normal-state Nernst effect? Are E 1
these excitations seen in other cuprates? IN= y a_XY_Stang - 3)
The smallx regime requires a more careful analysis of the |o,T[B | o B
carrier Nernst signal because the normal-state thermopower ) ] o
is strongly enhanced. We introduce a new method suitable At first glance, it may seem thaty is just the ther-
for this limit, and apply it to La_,Sr,Cu0, (LSCO) and the mopowerS reduced by the Hall angle_ta?n(smc_e it derives
single-layer cuprate BSr, ,La,CuQ, (Bi 2201). We isolate from a_t.current transverse to the applied gradlgwaever,
the key quantity in the Nernst experiment—the off-diagonaly Writing Eq. (3) as v=tand,—tan6]/B, with tand,
Peltier current—and show that it provides an objective pro-= @xy/ @, we see that the reduction factor involves a cancel-
cedure for separating the vortex signal that is particularlyation between the two anglesand ¢, [see Fig. 1b)]. As
suited for the smalk regime. The results enable us to obtain Shown by Sondheimémwithin Boltzmann theory the cancel-
a revised phase diagram for fluctuations in LSCO that idation is exact ifd is independent of energy (see the Ap-
valid in both the small- and largesegimes. In Bi 2201, we PendiX. [Because of this cancellation, the rafig/E, in a
find that the vortexlike signal, relative to the normal carrier N€rnst experiment does not represent a “Hall angle” for en-
contribution, is even larger than in LSCO. Hertgmay be  fropy currents) _ _ _
obtained directly from the original Nernst signal without A useful order-of-magnitude estimate ofvy| is

need for isolating the Peltier current. |Stan6/B|, reduced by a factor of 1Qto account for the
Sondheimer cancellatipnFor LSCO in the range 0<x
II. ISOLATING THE PELTIER CURRENT <0.17,S=10 pV/K and tanf/B= 1072 T71, we estimate

vn|=<10 nV/KT, which is what is generally observed. This

To explain our procedure, we recall the various Charg‘JTuIe of thumb anticipates that whe® is of the order of
currents generated in a Nernst experim@nitially we con- 100 wVIK, |vy| may become as large as 50 nV/K3ee
sider the normal-state terms ohlyVe take the thermal gra- below).

dient —VT||x and the fieIdH||2; The Nernst signal is the  Diagonal and off-diagonal responsEven if we disregard
H-antisymmetric electric field||y per unit gradientFig. 1).  the Sondheimer cancellation, the carrier Nernst si¢oging
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off-diagona) is “small” compared with the(diagonal ther- ll. EXPERIMENTAL RESULTS
mopower signal whenever tar1. By contrast, the vortex The Nernst experiments are carried out in a thermal gra-

Nernst signal represents the “large” response of the vortices;. .
to an applied— VT. If the flux-flow Hall angle targ;<1 (as Ej|ent(4 K/em below 50 K and 8 K/em aboyepplied along

in the cuprates the vortex velocityv is very nearly| % The temperature differenc®T between the _sample ends
(—VT). Hence the Josephson fiel} represents the diago- (measured with chromel-alumel thermocouples ~0.5 K

nal response of the flux moticieven though it appears as a Pelow~50 K and~1 K above(the crystals are all cut to a
transverse Hall-type signalOn the other hand, the small length between 1.0 and 1.5 mniThe Nernst voltag&, is
velocity componenb,=wv,tané transverse to- VT leads to ~ Measured with a nanovoltmetéteithley 2001 with preamp

a signal detected as the flux-flow thermopower which is 1801 while the field is slowly ramped at a rate of 0.4 T/min
the small off-diagonal signah the vortex liquid. This rever- Petween—8 and 8 T(or =14 T in high-resolution runs

sal of roles for the Nernst and thermopower signals in goind 10" t0 rampingH, we regulateT to a stability of=1 mK
from the normal state to the vortex-liquid state reflects thdthis takes 30 min The drift of the voltmeter in zero
well-known duality between vortex and charge currents, and? (~10 nV over a 1-h periods sufficiently small to guar-

is the primary reason why the Nernst experiment is so usefifntée a reproducibility in the Nernst coefficient of
for detecting vortex motion. The vortex Nernst signal reflects™ 1 NV/KT (about four times higher in resolution than at-
the primary response of vortices to an applied gradient,tained in Ref. 7. _ -

while the carrier Nernst effect is a relatively feeble off- The need to measure nV signals reproducibly in a tem-
diagonal response that is further attenuated by the Sondrerature gradientintroduces specific experimental constraints
heimer cancellation. for single crystals. The present method of sweeping the field

For our present purpose, we are interested in the temperéjn poth directiqn}; atfixedtemperature is quite necessary to
ture range when the diagonal vortex signal has fallen to val@ttain accuracies better than 100 nV/KT. The alternative,
ues comparable with the carrier signal. The contribution of@ster, method of sweepinin a fixed field(with a repeat in

the vortices to the observed Nernst signal may be written akeversed fielil is error prone and unreliable even Tt is
s swept at the rate of 1 K/min. The reason is apparently the

an off-diagonal term;,, that adds to the normal-state term | \axation fi fthe t " dient withi
: : very long relaxation time of the temperature gradient within
aQV (now relabeled wit). Repeating the steps above, we herycrys?al In our experience, such F():onsllanltlgalces versus

find that the combined Nernst signal is comprised of thre ) . .
, though useful for a qualitative overview of are of lim-

terms, viz. )
ited accuracy.
E al, al
y xy | Pxy
V= =|—+——Stand| 5. 4
[0,TIB | ¢ o B @ A.LSCO

In Ref. 7, we assumed that the Sondheimer cancellation Vith the higher resolution, we have remeasuseth a

was sufficiently complete to reduag, below a threshold of serie_s of LSCO sampled 1, L2, L3, L4, andL5 with x
~4 nV/KT. Hence any increase aof above this threshold (T)=0.03(0 K), 0.05 (<4 K), 0.07(12 K), 0.12(28.9 K),

was identified with the vortex termag,/o-. This “threshold and 8'.2?_(?'53K)br?5p?9ti\ﬁly(Sdigd t_ar[]ﬂ were ?Iso Tt?]a_
criterion” is valid for moderately large, where|S| is small. ~ >1'ed IN-4~.3, BUL NOLIN-4 an ). The variation of the

However, whenx<1, another approach is needed. For'\IernSt sign_aIEy/_|VT| with H (_jisplayed in Fig. 2(for
samples withx<0.07, the thermopowe$ (which sets the _sampIeLéllz) S quite reprlesfentatlve of LhSCO' At 23 K,hfor
scale fora;;) rises to values in the range 100-3Q@0V/K. Irgztlﬁzce;‘ie{ drﬁeizte{e_p; r?(;gczheir:o Vgat?rr‘a'g())(ﬁezt Sv;IL?es
This strong enhancement means thgt may significantly 67 gV/K hf.“_h i Id’ PP 9
exceed the threshold, the Sondheimer cancellation notwith= K a_t Igh Tielas. .

. On warming acrosg . (=28.9 K), the overall magni-
standing. f the signal d doesH.,). Remarkably, in-

Our metho is based on measurgnd tary separately - (2 ° i NS CTRASER (Ot ERERLY R o

at eachTl. By subtracting the product Stané from v in Eq. T rises to 60 K, high abovd,. We note that a negative

4), we obtain the total off-diagonal Peltier term . :
@ 9 curvature is present even at 40 K. This would not be ex-

o oS ah pected from the normal-state Nernst signal in a system with
NS/ S AT A (5) such short carrier lifetimes. From such curvesis deter-
T Jops 7 g mined from the initial slope at each selectedrhe T depen-

dence ofv is displayed in Fig. 3 for the three most under-

An important point is thatr,, must decrease to zero as doped LSCO samplefor later discussiofSec. \j, we note
T—0 because it is a carrier-entropy current, just likéthe  thaty continues to increase up to 14 T in the curves at 27 and
same is true o). By contrast, the vortexlike contribution 30 K]
af(y strongly diverges a3 — T, from above, as the phase  As previously reported,v in sampleL3 (x=0.07) is very
stiffness of the superconducting condensate increasds. If small and nearlyT independent {5 to —10 nV/KT be-
is very small(as inL2), the vortex term appears as a di- tween 300 and 130 K Below ~130 K, it begins an inexo-
vergent signal ag decreases. This is a key point in what rable increase that ultimately reacheg 2/KT at 12 K. Us-
follows. ing the threshold method, we previously identified 130 K as
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FIG. 3. (@) The T dependence of in very underdoped LSCO
(samplesL1, L2, andL3, with x=0.03, 0.05 and 0.07, respec-
tively). At low T, the different behaviors af in L1 (compared with
L2 andL3) indicate distinct origins of the Nernst signal. Lri

FIG. 2. The field dependence of the Nernst sigBal|VT| in
La, _,Sr,CuQ, (sampleL4, x=0.12) at fixedT from 5 to 60 K.E,

[)lsles s1t_eeply ;\éhgrh-l eﬁcef%sHm d(ES T :t %\0 K. For T just (open squargsv is entirely from the carriers, while ih2 andL3,
elow T (= 28.9 K), Hy=0, andE, vs H shows a very pro- is from vortexlike excitations. The lower pangb) displays

nounced negative curvature. The curves continue to display CUNVas 4 /B measured i 1—L 3 [symbol associations are the same as

taltjbrsvue?l'to 50 K. Note the relatively slow decay of the signal at 14 Tin (a)]. Above 150 K, cancellation is nearly complete between the
-

two normal-state current§tan /B anday, . At lower T, however,
the onset temperature. However, a gradual increase startirfgsSignificant residuaby is observed, especially i1.
near 130 K is also apparent in both samples (x=0.05)

andL1 (x=0.03).InL2, v continues to increase at lower  Hence, removal of the contributicBtan# has made the
T. Significantly, however, in the sample with the lowest dop-gnset of the vortex term quite unambiguous. Our results
ing L1, v attains a broad peak and thelecreasesoward  ghow that even ax=0.05, fluctuation effects arising from
zero. As discussed above, the latter behavior is characterlstb“air formation are observed starting at 40 KLI8, the onset

of vy. of the vortexlike term at 90 K may also be identified by the

In very underdoped samples, the thermopower is so Iargﬁ]fI - : - G
; _ ection point(arrow). To estimate the vortex contribution
(S~300 pV/K at 100 K inL1) that the maximum value of a,Jo in L2 andL3, we assume their normal contribution
Xy! '

vy (40 nV/KT) greatly exceeds the 4-nV/KT threshold. The "~} .

juxtaposition of the last two curves shows especially clearly®xy/ 7 has nearly the same form &g, /0B in L1 apart from

that the threshold method should be supplanted with anothét Slight re-scalindas suggested by the similarities in the

technique more appropriate for samples with very l&ge profiles ofStanQ/B in Fig. a_b)]. In L2, we believe this
Using the measured thermopower and Hall angle, wdrocedure is qun_e reliable, since the tc:fq(ly is so closely

have obtained the curveStand displayed in Fig. &) for ~ Matched to that in.1 above 40 K(and a,, must approach

L1-L3. The two panels in Fig. 3 illustrate the SondheimerZ€r0 asT—0). InL3, the assumption is less objective. How-

cancellation at temperatures above 150 KL&1(x=0.07),  ver, errors incurredof magnitude+10 nV/KT) are rela-

|v| is ~10 nV/KT at 150 K whereaStan6/B= 110 nV/ tively insignificant because/;'y/o rapidly inflates to values

KT. Hence both the normal-state off-diagonal currentsl—2 wV/KT.

Stang and aQy/O' must be closely matched in magnitude The steep increase in the vortex-like contributiond. ih

[see Eq(3)]. This cancellation is much less effective at low @ndL3, displayed as the shaded regions in Fig. 4, is rather

T, especially inL1. striking. InL2, we note that _the anomalous signal starts near
SubtractingStan /B from v, we obtain the Peltier curves 40 K even thoughr; is nominally zero(below 4 K). These

ayyloB shown in Fig. 4. InL1, a,, /0B (open squargs Plots represent one of our key findings.

rises to a broad maximum near 100 K before falling toward

zero asT—0. This behavior, characteristic of normal carri-

ers, allows us to identify,, with aQy atallTinL1. Sample B. Bi 2201

L2 displays a closely similar profilesolid triangle$ except The systematic variation of transport properties and hole
that, below 50 K, the decrease is interrupted by the onset afoncentration with La contentin single-layer Bi 2201 was
the vortex term at 40 Karrow). been investigated by Andet alX° With increasing hole den-
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FIG. 4. TheT dependence of the Peltier off-diagonal temy in
L1-L3 obtained by subtracting Stan6/B from v [see Eq(4)]. In
L1 (x=0.03), the profile ok, (decreasing to zero d—0, open
squarey identifies it as arising entirely from the carriers. In
L2 (x=0.05) andL3 (x=0.07), however, the onset of the vortex
term aiy is apparent as an inflection poifarrows. The shaded
regions are estimates of the vortexlike temjl,/oB in L2 andL3.
Note that, at sufficiently low [below the melting lineH,(T)], the
vortex Nernst signal must vanish as the vortices become a(saltd
shown.

koH (T)

FIG. 5. Variation ofE, /|VT| vsH in Bi,Sr,_,La,CuQ; (sample
B2 with y=0.5) at temperatures 25—-120 K. Compared with LSCO,
the curves display more pronounced curvatures at temperatures high
aboveT,.

Bi 2201, which leads to greatly reduced normal-state off-
diagonal currentStané and ay, .

Applying the new method tB1 andB2, we now find that
the curves ofa,,/oB and v differ only slightly (by
~10 nV/KT in the range 70-150 K(Figs. 7 and 8 Thus
there is little difference(given the measurement uncertain-

sity (decreasingy), T. goes through the familiar dome-
shaped curve, attaining its maximum valae35 K aty

=0.41
We have investigated three samp$, B2, andB3 in ————————————
whichy (T.)=0.6 (17 K), 0.5 (29 K), and 0.4(32 K), re- [ .o/ Y Bi,Sr, La CuO, |

spectively. Magnetization measurements show a relatively Y,
sharp Meissner transition di,, and the virtual absence of /O-m’ y

diamagnetic screening abovsee below. The field depen- 1F " ~—m—0.6 5
dence of the Nernst signal B2 (Fig. 5 is representative of : / X\ —0—0.5 ]
the three Bi 2201 samples. Beldly, the trace ofE, vs H ] —4—04 ]

displays a highly pronounced curvature. In comparison with F
. X . ¥
LSCO, the negative curvature persists to higher temperatures N
aboveT,. As the hole mean free pattVIFP) is very short 2 o1 J
(see below it is clear that the curvature cannot arise from z
the normal-state contributior, . Rather, the strong sensitiv- :

ity to these moderate fields is consistent with a superconduct-
ing fluctuation origin.

The values ofr measured in a field of 1 T are displayed in
Fig. 6. The gradual decrease mfover an extended range of
T aboveT, bears a striking resemblance to the profiles in

0.01F

LSCO (see Fig. 2 of Xuet al’). The values ofT , are also (; . 1-20
quite similar. K
We have also measur&hnd tarn in B1 andB2 (but not T(K)
in B3). In contrast to very underdoped LSCBOtand/B is FIG. 6. TheT dependence of in Bi 2201 (samplesB1, B2,

generally quite small in these samples. As seen in Figs. 7 anghqg3 with y=0.6, 0.5, and 0.4, respectivghAt all T, we deter-

8, the largest values attained Btand/B, 10 and 6 nV/KT  mined v from the values ofE,/|VT| observed at 1 Tesléhis

in B1 and B2, respectively, are an order of magnitude slightly underestimates when curvature is pronounced neBy;
smaller than in samples1-L3. Most of the suppression see Fig. 5. T, decreases systematically as the hole concentration
comes from the shorter MFRs determined from taf) in increasegfrom B1 to B3).
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FIG. 7. TheT dependence of (solid circleg, Stan6/B (open
circles measured in samplB1. The Peltier termu,, /B (solid
triangles is obtained as the sum of these two curtasrefer to left
scalg. T, is estimated fromv using the threshold criteriofvertical
arrow) (vy is less than 2 nV/KT up to 300 KThe magnetization
curve(from the zero-field-cooling curve measured in a 10 Oe field
shows a sharp Meissner transitionTat=17 K (solid squares

ties) whether we use or ay, /0B to estimateT, (this could
not have been anticipated, however, without isolatig).
The strongly suppressesitané provides very strongjuan-
titative arguments against identifying the increase inelow
T, with the normal state carrierf-rom Fig. 8, the observed
ayy in B2 increases by-50 nV/KT between 80 and 50 K. It
would be difficult to imagine a scenario in which this in-

100 v T v
B|28r2_yLayCu06' 0
8ol y=0.5
T =28.9K 15
[
60 |
- l {-4
< 40 =
> i — o
d 5
> 1-6
‘l— Stang | &
O O——O0~—0o-|
ol —o° 1-8
D /BN
| ’ e _g—9-]
-20 N 1 . 1 v .
0 50 100 150
T (K)

FIG. 8. TheT dependence of (solid circleg, Stan6/B (open
triangles, and «,, /0B (solid triangle$ in sampleB2 (left scalg.
As in Fig. 7,T, is indicated by the arrowi{y is ~—10 nV/KT up
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FIG. 9. Thex dependence of, and the contours of the vortex-
like Nernst signal in LSCO. For the very underdoped samples
L1-L3, T, is determined fromw,, as explained in the text. For
L1-L3, the numbers by the contour lines refer to the magnitude of
ay,/oB derived from Fig. 4. For samples with>0.07, we have
used the procedure of Xet al. (Ref. 7) to determineT,, (the con-
tour values are then the magnitudes:of vy). Data for the two
samples wittk=0.10 and 0.17 are taken from >at al.

crease comes from the hole carriers wistané is actually
decreasing from 6 te-3 nV/KT over the same temperature
range]

In addition, as mentioned above, the Nernst sighalvs
H develops increasingly pronounced negative curvature be-
low 50 K. Curvature in fields less than 8 T cannot arise from
hole carriers with such short lifetimes. We find these argu-
ments supporting vortexlike excitations in the ranfeto
~80 K especially compelling in Bi 2201. In Figs. 7 and 8,
we have also displayed the relatively sharp Meissner transi-
tion determined from the diamagnetic susceptibility Ba
andB2, respectively. The comparison emphasizes that in the
large interval betweeii, andT,, v rapidly diverges, but the
Meisnner response is essentially non-observable.

IV. PHASE DIAGRAM OF FLUCTUATIONS

With the results in samples1-L3, we have revised our
previous phase diagram for LSC@rigure 9 shows the val-
ues of T, together with the contours iny/a estimated in
sampled.2 andL 3 (shaded regions in Fig.)4For samples
at higher dopingX=0.10), we display contours correspond-
ing to values ofv— vy, since, as explained above, our pro-
cedure is unnecessaryxf>0.07.

In the revised diagram, vortexlike excitations are absent at
all T in the sample wittx=0.03. Between 0.03 and 0.07,
increases very steeply from 0 to 90 K with a slap€, /dx

to 300 K). The magnetization curve shows a sharp Meissner tranof at least 2400 Kthe slope is larger i ,=0 atx=0.04 as

sition atT,=29 K (solid squares

well). T, peaks at~128 K atx=0.10, and then decreases
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120 - - - - it is close to thex=3 state, where spin-density-wave fluc-
Bi Sr La CuO_ A tuations(or stripe fluctuationsappear to be strongest. Our
27 2.y Ty 6 H H H H H )
inclination, however, is to interpret the peaking ©f as
100 F A simply reflecting the sharp interruptignear 0.} of the ris-
ing trend of T, with decreasing, but these interesting trends
deserve further study.
80T 10nV/KT~_ i This general trend suggests that the energy scale associ-
) ated with pair formation is largest at small falling nearly
< eol onset | linearly asx increases. Because of strong fluctuations, long-
~ range phase coherence—necessary to sustain a Meissner
= effect—occurs at & . that is much lower thafr,, .
40 .
V. PSEUDOGAP AND STRONG FLUCTUATIONS
20 . A key point of interest is the relation of the vortex-like
excitations to the pseudogap state?In LSCO, information
onT* is largely derived from heat capacity. The shoulder in
q_o T 016 . 014 : 012 5.4 v(T)=ce(T)/T (wherec, is the electroinc heat capacity

provides the estimate thaft* is equal to~350 K at x
La content y =0.08, and decreases linearly t090 K at x=0.22141°
However, there appears to be a lack of corroboration for the

FIG. 10. They dependence of , and the contours of the vor- estimatedT* from nuclear magnetic resonané&MR) re-

texlike Nernst signal in BiSr, _,La,CuG;. The numbers next to the laxati inf d reflectivity. in-pl istivi ¢
contours refer to the magnitude of- vy determined by the proce- axa lon, Inirared retfiec VILy, In-plane resistivity, or tun-
dure of Xuet al. (Ref. 7). The solid line forT, is from Onoet al. neling. The NMR relaxation rate T{T does not show the

(Ref. 11 (open circles ard’, measured irB1—B3). The contours Proad maximum that is a key signature of the pseudogap,

bear a strong resemblance to those in LSE®. 9. while p does not display the shoulder seen in other under-
doped cuprates.

nearly linearly with x, but at the slower rated(T,/dx In Bi 2201, Fischer’s group recently reported that the gap

~—510 K). in the density of states observed by scanning-probe tunneling

We have also plotted, and the contours of the anoma- spectroscopy is observed up te-68 K (but the sharp “co-
lous Nernst signab— vy for B1, B2, andB3 in the phase herence” peaks at the gap maxima collapsdlat11 K).
diagram of Bi 2201(Fig. 10. T, decreases with increasing The c-axis resistivity profile, however, suggests a much
hole content(decreasingy), as observed in LSCO fox  higherT* (100, 125, and 250 K for La contenys=0.4, 0.5,
>0.12. The scale of , is similar to that in LSCQas isT,).  and 0.6, respectively’

The phase diagrams in these single-layer cuprates brings The available evidence implies thgt is roughly a factor
out several interesting features. The fluctuation regime exef 2 lower thanT* in LSCO and Bi 220Xor much closer, if
tends to a maximum temperature 100—130 K that is considwe use the tunneling data in Bi 220Mith the improved
erably higher than the maximufr, in either cuprate. In this resolution forT, achieved here, the uncertainties now lie
large interval, vortexlike excitations are readily detected, buthiefly in T*. [We note, however, that estimatesTof in any
no Meissner signal appears unti is reached. The contrast cuprate vary considerably, depending on the particular ex-
is especially dramatic iB1 andB2 (Figs. 7 and 8 perimental probe used. The differences may arise from the

The onset temperature has a different dependence on dopighly anisotropic nature of the pseudogap magnitude and
ing thanT,. Instead of mimicking the shape @f vsx, T,  the fact that a particular experimental technique is sensitive
peaks at 0.10 in LSCO. Hence the fluctuation regime is noto excitations at a particular wave vecipi
ticeably skewed toward the underdoped ditl@lso extends With these caveats stated, we note that the contours in
more deeply into the smaX-region than the superconduct- Figs. 9 and 10 are consistent with tkedependence of *
ing phase@ We note that the skewedness is evident in all the(away from the lightly doped regimeThis suggests that the
contours up to 100 nV/KT in Fig. 9, not just il,. It is  energy scale for destroying the vortex excitations depends on
intriguing that in strained films of LSC&, which display a  x in the same way a3*. This trend, suggestive of strong
~20% improvement ifT, compared to bulk samples, thg  pairing tendencies in the lightly doped regime, recalls early
Vs X curve shows also a similar skewednét® contour at theories of cuprate superconductivifiwhich proposed that,

50 nV/KT in Fig. 9 matches well th&, curve in the strained in the single-layer parent material, pairing correlations are
films'?. In Bi 2201, the less complete data set also showslready “built in” in the spin4 antiferromagnet.

that the fluctuation regime extends to higfieat lower hole Fluctuation regimeThe physical picture suggested is that
concentration(larger y). The asymmetry suggests that the the pseudogap state, while distinct fratrwave supercon-
strength of the fluctuation regime, as measured by the magluctivity, is nevertheless closely similar in important aspects.
nitude of v— vy, tends to increase monotonically with de- Pairing correlations seem to be already intrinsic at high tem-
creasingx (until it suddenly collapses whexis too smal). peratures in the pseudogap state, and fluctuations between
The peaking off , atx=0.10 in LSCO is interesting because the two states become ever stronger as we cool away from
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T*. Even at temperatures 50—100 K abdye these pairing Nernst signal and the carrier Nernst signal near the former’s
correlations begin to support vortexlike excitations that areonset temperatur&,. The total Nernst signal is comprised
detectable as an anomalous Nernst signal. Closefto of a term in the off-diagonal Peltier curreat, and a term
(within 10—20 K), the phase-rigidity length inflates dramati- involving the Hall angleStang. Combining measurements
cally to reach macroscopic length scales. This increase ief the latter with the Nernst effect, we may back out thg
reflected in the rapid growth of as reported by Xwetal!  current. We show that in LSCO samples witk<0.07 (in
(the concomitant increase in kinetic inductance also becomeshich Sis very large, the profile ofa,,/oB very clearly
observable at Terahertz frequen€i@s this interva). In the  shows the onset of vortexlike terniarrows in Fig. 4. Our
conventional picture of strong phase fluctuations, the case fanalysis allows the phase diagram in LSCO to be revised to
an extended fluctuation regime aboVgwas made by sev- accommodate the lightly doped regime. The fluctuation re-
eral theorist$%?! In theories of strongly interacting systems, gime (which harbors these vortexlike excitatigms observed
a discussion of fluctuations between the pseudogap state atal extend to a maximum temperature of 130 K and to be
d-wave superconductivity in the $P) theory was recently skewed toward the underdoped side. Applying the same pro-
published by Lee and Wef. cedure to three samples of La-doped Bi 2201, we show that
Perhaps the most interesting question raised by these eite carrier contribution te is essentially negligible. It§ar-
periments is whether the vortex-like excitations are the fatial) phase diagram shares many similar features with that of
miliar vortices in a superconducting condensate or electronitSCO. We emphasize the deep penetration of the vortexlike
excitations specific to the pseudogap state. Is it possible thategime into the pseudogap state, and interpret the results in
closer toT,, the excitations are more properly regarded agerms of strong fluctuations between the pseudogap state and
vortexlike defects of the pseudogap state rather than Abrikothe d-wave superconducting state. We discuss whether the
sov vortices? We elaborate further on two points mentionedortexlike excitations are identical with vortices of the super-
above. The first is theontinuity between the anomalous conducting condensate or interesting electronic excitations of
Nernst signal abov&, and that in the Abrikosov state below. the pseudogap state.
If we view the Nernst signd, /|VT| as a function of botl

ar_1dT, it i_s apparent that the fluctugtion regime covers a very ACKNOWLEDGMENTS
wide region in theH-T plane. In this paper, we have traced
the large fluctuating regime as we move along Thaxis in The research at Princeton was supported by the U.S. Na-

zero field. The fluctuation regime uncovered is actually partional Science FoundatioMMRSEC Grant No. NSF-DMR

of a very large region of thel-T plane(as may be seen by 98-09483. N.P.O. and S. U. acknowledge support from a

scanningH at fixedT). As noted in the curves in Fig. 2, the grant from the New Energy and Industrial Tech. Develop.

vortex Nernst signal at temperatures ndarcontinues to  Org., JapariNEDO). We wish to thank P. W. Anderson, J.

increase withH (up to 14 T . We do not observe a decrease Clayhold, S. Kivelson, P. A. Lee, A. J. Millis, V. N. Muthu-

of the Nernst signal that might flag the crossing of a.5” kumar, J. Orenstein, and Z. Weng for helpful dicussions.

line regardless of how close we getTg. A detailed analysis

of the low-T data shows that the high-tem_pera_ture fluctuat_ion APPENDIX: CARRIER NERNST COEEEICIENT

regime connects continuously with the high-field fluctuation IN BOLTZMANN APPROACH

regime belowT . (the extended phase diagram of the fluctua-

tions will be reported elsewhereBy the continuity argu- Here we summarize the standard expressions for the

ment, the vortexlike excitations—if distinct—must evolve Nernst coefficient in conventional metals. Carriers diffusing

smoothly into Abrikosov vortices a6decreases towards,.  in a thermal gradient- VT in the presence d& and a weak
The interesting counterpoint is that the onset of the Meissfield B satisfy the Boltzmann equation

ner response is relatively shafipigs. 7 and 8 The resistiv-

ity profile also implies that conventional amplitude fluctua- af% (ex— ) eE  9f° ey XB of,
tions in the sense of Aslamasov and LafRiaccur in a fairly Ve oo T (TVD A oot
narrow interval. Unlike in conventional superconductors, the

diagmagnetic response and resistivity do not “see” the large Ok

fluctuation regime uncovered by the Nernst signal ablve =T s (A1)

These two experimental points are seemingly at odds from
the viewpoint of conventional theories of fluctuations, but weynere g, = f,— 2 is the difference between the perturbed
believe they provide very important hints. Resurgent interes
in this interesting regime seems likely, and we may expect,
the Nernst effect to play a key role in elucidating its proper-
g(\alzr(;%rb:agr.éétii;ensmwty to Zn and its extension into the gkﬁg(km(f)g%-lhr - where g(©® (|i”e§‘r in—VT) giyes a
Summary We have applied the Nernst effect to investi- " "¢ 9 (m_ear n —VT and B) gives the off-diagonal
gate vortex motion at elevated temperatures in crystals otFrm ay. By iteration of Eq.(Al), we have
La, ,Sr,CuQ, and BySr, La,CuGs. To address the lightly
doped regime specifically, we have adopted an experimental
procedure to sharpen the difference between the vortexlike

istribution functionf, and its valuef{ at equilibrium
nd 7, are the velocity and lifetime in statg). To find the
Peltier conductivity elements, we may €&t 0, and expand

ot (e~ w)
9= —ng e —F (=¥, (A2)
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@ ewxB ag® K)[kgT/ec](6/B)p. Using the valueser~0.5 eV, and
9= T (A3)  (6/B)=4x10"2 at 100 K (to approximate optimum-doped
LSCO), we find thatyy=6p nV/KT, which is still small.
The off-diagonal current, is justeg*)v, integrated over the Isothermal versus adiabatic conditianis Nernst experi-
Fermi surface. Hence the off-diagonal conductivity[is  ments on metals in which the electronic thermal conductivity
terms of the mean-free-patitk)=v, 7] is «® dominates the phonon conductivigP", the (electronig
0 thermal Hall conductivityk,, generates a transverse gradient
S (ex—n) ( B i) viXB dlx (A4)  —%T. This leads to a transverse current comparable to the
yX " T de) VY h kK’ other transverse currents in E®), which now reads

In two-dimensional systenjsvith an arbitrary dependence of
I(k) on k], we may use the swept-area representafion Jy= ay( = KT+ oy Ext+ a(—d,T) + o,

reduce this complicated expression to
a

Ayy— Oyx—
yx~ Oyx

2e’B (= oxT)+a(—a,T)+0oE,=0. (A9)

Axy™ 2772
(2m)"Th Under adiabatic conditionghe transverse edges are free to
where4,(e)=gdl,l, is the area swept out Hy(k) ask goes ~float” to different —temperatures we have —o,T

of0
f del ~ 7| (e~ wae),  (a5)

: : _ h ; h "
around a contour at energy. As oy, is proportional to = (0xT) kyx /[ P+ K] As§um|ng f<_e>Kp , and writing
A(w), 2 we find kyx! K*=noyy /o, wherey is a positive number of order 1,
we get the equation
2 1,2
m KgT| doyy
= — | A
T3 e | ge (A6) o

ay— (1+n)oy—I|(—3d,T)+cE,=0. Al10
This recalls the familiar relation betweenand o: y 7) yXU( <) y ( )

w2 kéT do Physically, the transverse thermal gradient produces a current
=3 e | ge (A7) that augments the Hall current,E, .
© Technically, under adiabatic conditions the measufgd
Substituting Eqs(A4) and (A7) into Eq. (3), and using does not give the Nernst coefficient. Heroic efforts are re-
the small Hall-angle approximationr(,/o= ), we have quired to “short out” the transverse gradie(for example,
by thermally anchoring the transverse edges to each other
ay oxyall w? k&T 6[dln 6 with a piece of thick wirg. Fortunately, in the cuprates, the
T T s olBT 3 e Bl ge (A8) phonon conductivityx,, is more than ten times larger than

«®. Hence the phonons act as a shorting fluid that kegps
If 6 is only weakly dependent on energy & (a good ap- negligibly small. Measurements of,, in YBCO were re-
proximation in conventional metalswe have a nearly exact ported by Zhangt al?* In LSCO, Kyy IS much smaller, and
cancellation of the two contributions ang is very smalf® barely detectablé& The standard geometry in Fig. 1 is effec-
To estimatevy in casef(e) has an anomalously strong tively in the isothermal limit for conductors in whick®
power-law dependencee?, we write vy=(86 wV/ ~ <«P"
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