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The in-plane thermal conductivity of Bi,S,CaCuOg was studied as a function of magnetic field
along thec axis. Above 5 K, as recently reported(H) decreases, then shows a kink followed by
a plateau. By contrast, below 1 K, the thermal conductivity was founthdoeasewith increasing
field. This behavior is indicative of a finite density of states and is not compatible with the
vanishing quasiparticle transport due to a field-induced phase transition as recently proposed to describe
the plateau regime. Our low-temperature results are in agreement with recent works predicting a
field-induced enhancement of thermal conductivity by Doppler shift of the quasiparticle spectrum.
[S0031-9007(98)08250-7]
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Until very recently, thermal conductivity in the vortex which—as recently pointed out [4]—have been hitherto
state of high¥,. cuprates was analyzed using a pictureneglected in analyses of thermal transport in the cuprates.
which was originally developed in the context of conven- A standard two-thermometer—one-heater method was
tional superconductors. According to this scheme, vorused to measure thermal conductivity. Two Ruthips
tices constitute new scattering centers for heat carrierwere calibrated in magnetic field and used as thermome-
and their introduction leads to a decrease in heat corters. Figure 1 presents the in-plane thermal conductivity
ductivity. Even in the absence of a satisfactory accounof two optimally doped Bi2212 crystals at temperatures
of vortex-quasiparticle interaction in unconventional su-just above 5 K T, is 89 K for sample 1 and 88 K for
perconductors, this picture provided a qualitative explanasample 2) as a function of a magnetic field applied along
tion of the field-induced decrease itH) observed in the thec axis. Our results in this temperature range confirm
investigated region of field-temperature plane. Howeverthe behavior originally reported by Krishara al. [1]:
recent results reported by the Princeton group on the thegfter an initial drop,x(H) presents a kink and then be-
mal conductivity in the mixed state of EBr,CaCuyOg comes quasiconstant. These authors attributed the plateau
(Bi2212) [1] and La-,Sr.CuQ, [2] have demonstrated of x(H) to a sudden disappearance of quasiparticle (QP)
the need for a more vigorous exploration of transport intransport due to the opening of a gap induced by the mag-
the vortex state of the cuprates. Notably, their study ohetic field. However, as we already argued in a com-
«(H) in Bi2212 [1] indicated that for temperatures below ment presenting the data on sample 1 [5], the existence
20 K, above a threshold fiel#,(T), x becomes insen- of a strong hysteretic behavior seriously weakens this
sitive to the magnitude of magnetic field applied along

the ¢ axis. The authors proposed tht —which varies T:'84K T:_;)SK
roughly asT?—is the signature of a phase transition, O 1001 sample #1 sample #2 1.00
and the high-field plateau regime represents a new quasi |l /3k — \
particle-free superconducting state. In their suggested 5 ff%% i }
scheme, the low-energy excitations of the parént ,- s 0991 ?ﬁg‘% ‘ \0 0.98
order parameter is suppressedtii(T) due to the open- - ! e@g \\
ing of a larged,>—y» + id,, gap [3]. T % 5,

In this Letter we present a study of the field dependence <098 \ e ) -0.96
of thermal conductivity at various temperatures down to X \ovobb wz;ow%
0.1 K. Our results reveal an increasir@H) at subkelvin ‘ R

0.97 0.94

temperatures. We will argue that this is a strong indication
for the presence of field-induced delocalized excitations
which cannot be understood within the scenario invoked

[1,3] to explain the plateau observed at higher temperag5 1.

tures.
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o Field dependence of
s.  Moreover, our results highlight the relevance.(m)/«x(H = 0) for two different samples. Note the initial
of field-induced Doppler shifts of the energy spectrumdecrease, the kink, the “plateau,” and the large hysteresis.
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interpretation. Indeed, if the high-field state was a suinstead of presenting a plateau(H) increases with the
perconducting state free of quasiparticles, one cannot sesagnetic field. Furthermore, this field-induced enhance-
why it should show such an extreme sensitivity to thement of thermal conductivity becomes more pronounced
details of the sample’s thermomagnetic history. In theirwith decreasing temperatures. This behavior has strong
reply [6], Krishanaet al. confirmed the existence of a hys- implications for the debate on the origin of the plateau
teretic behavior with a sample-dependent intensity. Theyeature observed at higher temperatures.

suggested that the disorder in the crystallographic struc- We begin by noting that the lattice conductivity can
ture could induce textures and defects in the vortex latticenly be reduced by magnetic field due to additional
forbidding the phase transition occurringft(T) togoto  scattering by vortices or by quasiparticles. The only way
completion everywhere in the crystal. In this waly;—,-  to explain a field-inducethcreasein thermal conductivity
domains with low-energy excitations would survive in theis to invoke an enhancement of the available excitations of
gappedd,>—,» + id,, superconducting state. They fur- the superfluid condensate. There are two possible origins
ther argued that in the sweep-down tracecff), the flux  for unpaired electrons in the mixed state. First, there
distribution would be more uniform, with a lower den- are localized excitations of the normal core. The second
sity of d,-—,» domains, and consequently, a lower den-source is provided by the Doppler shift of QP energy
sity of electronic heat carriers. However, this proposedspectrum due to the superfluid flow around the vortices.
explanation of the hysteresis is not completely satisfac- Vortex cores can be excluded as a plausible source
tory. It supposes that sweeping the magnetic field up t@f heat transport in our context of investigation. Let
10H,(T) leaves the density of the hypothetical domainsus recall that in as-wave superconductor, the energy of
unchanged—which is necessary to keep so flat a plateathe first bound state inside the vortex coresAg/2Er
Moreover, it fails to explain the sign of the hysteresis in[8], which for cuprates would yield a fraction of meV.
sample 2. In a d—,» type superconductor, according to analytical

To follow the temperature dependence Bf(T), we [9] and numerical [10] works, one does not expect
studied the thermal conductivity of sample 2 at lower tem-bound states inside the vortex cores at all. Nevertheless,
peratureg7T < 1 K). For these measurements, instead oftunneling spectroscopy measurements have shown the
sweeping the magnetic field at a constant temperature, wexistence of bound states inside the vortex cores of
used an alternative procedure: a constant magnetic fiedBCO [11], but the energy of the first one is 5.5 meV
was applied abov&, and then thermal conductivity was (60 K). In Bi2212, the very recent detection of vortices
measured as a function of temperature. This was to avoidy tunneling spectroscopy [12] revealed a pseudogap
the well-known problems related to inhomogeneous pendsehavior in the vortex core and no evidence for bound
tration of vortices in a zero-field-cooled sample. Indeedstates. Considering all these points, it is fairly sure that
by studying the magnetization of the sample€lat 5 K, at temperatures as low as 0.18 K, the electronic states
we found the field of complete penetration to be 3500 Oeinside the vortex cores—if they exist—would not be
For this reason, it is impossible to resolve any kink inoccupied. Furthermore, they would be localized and
«(H) for fields smaller than 3500 Oe by zero-field-cooledcould not contribute to heat conduction.
measurements. Since this is the case for the expectedExtended excitations associated with supercurrents
magnitude ofH; below 4 K (see Fig. 4 below), we per- around vortices constitute the only other source of field-
formed our low-temperature measurements after coolinghduced excess conductivity known to us. As first pointed
the sample in finite magnetic field in order to attain a ho-out by Volovik [13], for an anisotropic superconducting
mogeneous field in the sample.

Figure 2 shows the temperature dependence of thermal - T - T - T
conductivity x(T)/T for various magnitudes of magnetic 0.26 1 E A
field. Like previous measurements of heat conduction E 1
in BSCCO [7], our study did not resolve a cubic term 0.22
in k(T) characteristic of ballistic phonon conductivity \¢

down to the lowest temperature investigat&d= 0.1 K). —0.18+ H(koe) ||
Thus, the separation of the electronic and lattice compo- a0

nents of the zero-field thermal conductivity is not straight- ~—0.14 —o—06 I
forward. Here we will concentrate on the effect of the T e 12
magnetic field which can be analyzed independently. ~0.10 —v—920 I

As seen in the figure, in this temperature ranges 1
mostly enhanced when the sample is cooled down below  0.06 ; . ; . ; T -
0.0 0.2 0.6 0.8

T, in a finite magnetic field. Figure 3 shows the field pro- 0.4
file of thermal conductivity extracted from(7T) data at T (K)
various fields together witk (H) at 5.5 K already Shown i 5 Temperature dependence of the thermal conductivity

in Fig. 1 and obtained by sweeping upwards the mags(7)/7 with a magnetic field applied abové.. Note the
netic field. The figure shows that at low temperaturescrossing of the 0.6 and 0.0 kOe curves.
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1.95 : : it can be naturally explained if one assumes the presence
e S, . of nodes (or very deep minima) in the superconducting
~1.201| —+—03 / = / gap of Bi2212 at this range of temperature and field.
—v—0.4 =11 H
T 1| —a-oss . Iz et B Thg presence of a large backgrounq due to the lattice
g | / _— MR / /: contribution to heat conduction constitutes an obstacle
2110 :/ 1 Hkoe™) ./ ] to a quantitative check of this picture. The inset of
= /:// //;/E Fig. 3 shows the variation ok(H)/«(0) versus +H
T 1.051 // T ./,/ 1 at T = 180 mK. As expected, the increase k(H) is
~— e /& .
X1 00 '7/ :///§ proportional toy/H. However, at these low temperatures,
U e — 4 a reliable comparison with the theory would necessarily
0.95. R SR | he ] include the effects of impurity band states [18]. Indeed,
: : . . : . the magnitude and the exact field dependence of the
0 8 16 001 01 1 10 thermal conductivity depends strongly on the energy
H (kOe) dependence of the density of stafé&), which is in turn

_ _ ) a function of the concentration of impurities and the phase
FIG. 3. Field profile x(H)/x(H = 0) for various tempera- ghift introduced by their scattering potential [19].

tures, left panel: linear-linear; right panel: linear-log. At low :
temperatures, thermal conductivity increases with the magni- One remarkable feature of recent theoretical works

tude of the magnetic fieldH,, represents the expected position On heat transport by field-induced quasiparticles close
of minimum for 0.55 K (see text). The inset in the right panel to the nodes is the prediction of a nonmonotonic field
showsk(H)/«(0) versusyH at 0.18 K. dependence ok at finite temperature [4,20]. This is a
consequence of the energy dependence of the relaxation
time of the QP scattered by impurities. In the presence
gap, their contribution will dominate the variation of the of magnetic field, the Doppler shift of excitations due to
density of states, even at small magnetic fields. Theyhe finite local superfluid velocity leads to a decrease in
are induced by the Doppler shift of energy spectrumthe relaxation time at low fields which can exceed the
(e — & — pr.vy) due to a finite local value of superfluid parallel rise inN(g) and disrupt the monotonic increase
velocity v;. This effect is negligible in the presence of of thermal conductivity. Hence, this theory is able to
a gap much larger than the expected stilf > p.v;)  provide a unique explanation both for a monotonically
which is the case of conventional superconductors ahcreasingk(H) at low temperatures and a nonmonotonic
low field. For ad,—,- gap, on the other hand, the field dependence at higher temperatures without invoking
linear energy dependence of the density of states (DOSjortex scattering of quasiparticles. In this picture, the
[N(e)/No = £/A¢] leads to a/H dependence of DOS. position of the minimum ink(H) is predicted to be
This basic relationship can be derived easily: the increasg /H,, = (kzT/aA)*> where H,, is the upper critical
of the density of states calculated on a vortex lattice celfield, A, is the gap maximum over the Fermi surface,
will be N(H) « % fff pr - Vs(r)rdr, whereR =« 1/~/H  anda is a vortex-lattice-dependent constant of order unity.
is the intervortex distance. Sineg(r) « 1/r, this leads A close examination of Fig. 2 shows thatT) curves at
to N(H) = 1/R « /JH. Experimental evidence for the H = 600 Oe andH = 0 intersect atl’ = 0.4 K, which
existence of this type of field-induced delocalized exci-is indicative of a temperature-dependent minimum in
tations in high?, cuprates was first provided by specific «(H). This becomes evident in the right panel of Fig. 3,
heat measurements on YBCO [14]. The field-inducedvhere a logarithmic plot highlights the low-field region.
shift of the energy spectrum produces effects similar to amssuming H, = 200 T, a = 0.5, and Ay = 2.14kpT,,
increase in temperature. This equivalency is at the origim rough agreement is found between the theoretically
of the scaling behavior predicted for the field-temperatureexpected position of the minimum and the experimental
dependence of specific heat in unconventional supeidata for7T = 0.55 K. It is important to emphasize that
conductors [15]. The experimental observation of thes¢he ordinary electron-vortex scattering which dominates
scaling relations in specific heat of YBCO [16] and the transport properties of the mixed state in conventional
thermal conductivity of URBt[17], indicates that a con- superconductors—and may be present to some extent in
vincing picture of the effects of the magnetic field onthe cuprates—is neglected in this model.
the density of states in unconventional superconductors What are the implications of our results for the present
is now emerging. Recently, Kibert and Hirschfeld [4] debate on the nature of the anomaly discovered by
pointed out that one implication of this picture for the Krishanaet al? The grey zone in Fig. 4 represents
transport properties of the mixed state of the cupratesur zone of exploration in théH,T) plane where the
would be an increase in thermal conductivity with mag-thermal conductivity was found to increase with the
netic field at low temperatures in contrast to the decreasmagnetic field due to a finite density of states. This
seen at intermediate temperatures. The observation oégion is above theH(T) line theoretically predicted
a field-induced increase ir by lowering temperature by Laughlin [3] and experimentally established from 5
happens to be compatible with this prediction. Thereforeto 20 K. It may be that the transition cannot be seen
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10 — — T : preted as signatures of a splitting of ttie -, state. For
3 "plateau” region _#l example, Franz and Tesanovic [10] have proposed that the
existence of al,>—,» + id,, State could be at the origin
1 of the bound states observed in the vortex cores of YBCO

by tunneling spectroscopy [11]. Furthermore, the obser-
vation of a spontaneous split of the zero-bias conductiv-
ity peak at 7 K in YBCO [21], was attributed to a phase
transition at the sample surface from a pdrevave to a
time-reversal violating state.

In conclusion, our results show that the new high-field

0.1 :I]—
superconducting state in Bi2212 identified by the emer-

0.01 ——— —— - gence of a plateau in the field dependence of the thermal

HH (T)

d,.; state

0.1 1 10 conductivity cannot be simply attributed to a vanishing of
T (K) low-energy excitations in the superconducting state. At

. _ L . low temperaturex increases with a weak magnetic field,
FIG. 4. « was found to increase with magnetic field in

; implying a nonzero density of states.
the grey zone of the(H,T) plane. Full circles represent . o
experimentalH, (T) extracted from Ref. [1]. The solid line is ~ We are indebted to L. Fruchter for magnetization

the theoretical prediction by Laughlin. The grey region showsmeasurements. Fruitful discussions with him and with

the zone of exploration in th&7, T) plane. L. Taillefer, P. Hirschfeld, and Y. Barash are acknowl-
edged. This work was partly supported by Grant-in-Aid
for Scientific Research from the Ministry of Education,

in the thermal conductivity profile simply due to the Science, Sports and Culture, Japan.

lack of resolution. Nevertheless, the rise of the thermal

conductivity with so low a magnetic field implies that the

“high-field” state must have a nonzero residual density of

states, and consequently deep minima (or nodes) in the

superconducting gap. Thus, if a phase transition occurs

in the electronic system, its nature or consequences for Green St. Urbara. IL. 61801-3080

;Tﬁqp?;ezt;gg'ccteze?;rC:”;tea:fe avz‘?thd';fﬁ;ergz fzonr};o;’;’;‘aéz;s [1] K. Krishanaet al., Science277, 83 (1997).

. . . 'AZ] N.P. Onget al., Physica (Amsterdam282C-287C 244

suppressing the excitations of the sgperc_onductlng state i (1997).

the whole sample. Already, presenting his model on field- ;31 R. Laughlin, Phys. Rev. Let80, 5188 (1998).

induced transition to @,.—,> + id,, [3] state, Laughlin  [4] C. Kiibert and P. Hirschfeld, Phys. Rev. Le80, 4963

pointed out that the expected gap is too small to account  (1998).

for a complete vanishing of QP transport. Moreover, he [5] H. Aubin et al., Science280, 9a (1998).

stressed the inherent difficulty in explaining a large field- [6] K. Krishanaet al., Science280, 9a (1998).

induced gap exceedirigT*, the temperature at which the [7] C. Uher, inPhysical Properties of High Temperature Su-

transition occurs. perconductors,edited by D.M. Ginsberg (World Scien-

The strong hysteretic behavior cannot be easily ex- _ {fic, Singapore, 1992), Vol. IV, p. 159.
plained by the presence of trapped vortices. It is puzzling[®! €: Caroli, P. de Gennes, and J. Matricon, Phys. Lit.

. . ; . 307 (1964).
that reversing the orientation of the field sweep produces[g] M. Ichioka et al., Phys. Rev. B53, 15316 (1996).

a chg_nge in thermal (;onductivity which i§ of[herwise in'[lO] M. Franz and Z. Tesanovic, Phys. Rev. Le30, 4763

sensitive to the magnitude of the magnetic field. A bro- = (199g).

ken time-reversal symmetry associated with the splitting11] |. Maggio-Aprile et al., Phys. Rev. Lett75, 2754 (1995).

of thed,»—,> state may provide a more promising route to[12] Ch. Renneet al(unpublished).

explain the origin of the hysteresis. Indeed, the field pro{13] G.E. Volovik, JETP Lett58, 469 (1993).

file in the sample is associated with a superfluid currenfl4] K. Moler et al., Phys. Rev. Lett73, 2744 (1994); Phys.

of the order ofJ,., the critical current. When reversing Rev. B55, 3954 (1997).

the magnetic field ramping direction, the most dramatid1>] S.- Simon and P. Lee, Phys. Rev. L&, 1548 (1997).

change in the sample is the direction of the field profileﬁ% E' zs‘égfg\tlvaé-{ zry;hsivﬁé\e,nfgffgs(%33333')

_Ia_rr:d the d!r_ec_:tlon of circulation of the_ screening purrgnts[w] C. Kiibert and P. Hirschfeld. Solid State Commaes,
e sensitivity of thermal con_ductlwty to the dlr_ect_lon 459 (1998).

of C|rculat|on of_these screening currents may |nd|catetlg] See the very recent work by May Chiao al., cond-mat/

that these situations are not symmetric, which would be "~ 9810323 for a quantitative comparison with theory in the

the case in the presence of a current associated with bro- case of YBCO.

ken time-reversal symmetry in the superconducting statg20] Y. Barash and A. Svidzinsky, cond-mat/9801076.

Some other experimental results have been recently intef21] M. Covingtonet al., Phys. Rev. Lett79, 277 (1997).

627

*Present address: Loomis Lab of Physics, UIUC, 1110 W.



