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Low-temperature thermal transport in high-temperature superconducting Bi,Sr,CaCu,Og via a
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In order to separate electronic and phonon mechanisms of thermal transport in high temperature supercon-
ducting BLSr,CaCyOg, we measured thermal conductivity of single crystals of Y-dope@BCaCyOg, an
insulating analog of pure Bsr,CaCyQg, in the temperature range between 40 mK and 2 K. Temperature
dependence of the thermal conductivity of insulating samples changesTftéroetween 1 ash 2 K to T2¢
below 200 mK, indicating saturation of the phonon mean free path with decreasing temperature. Overall,
thermal conductivity of the insulating sampléshich is due entirely to phonopss strongly suppressed in
comparison to that of the superconducting samples. Therefore, a(kmdeat the lowest temperatures, pre-
dominanj part of the total thermal transport in superconductingSBiCaCyOg is due to electrons.
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Thermal conductivity has become a popular tool to studymagnetic field, sample-dependent behavior, and simulta-
the symmetry of the order parameter in unconventional suneous theoretical wo KO lead to the conclusidif that it is
perconductors. The reason for this lies in the particular senthe vortex scattering of normal quasiparticles that is respon-
sitivity of thermal transport to the normal quasiparticle spec-SiPle for the apparent field plateau feature for temperature
trum deep in the superconducting regime, because th@Pove few K. Recent theoretical work by Vekhteral.™
superconducting condensate itself does not carry heat. ThefiQnClweS that the p'ate?“ is the result of .the transition
retical investigations predicted univers@npurity concen- rom the temperature dominated regirta low field to the :

o : _ . field dominated regime above few Tesla, where the electronic
tration independenglectrical and linear-in-temperature con-

N o thermal conductivity varies agHIn(He/H).
tribution to the thermal conductivity for a superconductor  tne |ow temperature thermal conductivitpelow few

with a dy2_y2 order parametef:* Such behavior is under- pndreds of mKwas shown to follow the/H behavior both
stood as a result of the cancellation between increases in both YBa,Cu;04 ¢ (Ref. 1) and Bi,SrL,CaCuyOg.” However,

the bandwidth of electronic Impurlty states and in Impurltythe much |arger maagnitude of th@ term in the latter com-
scattering of quasiparticles along the nodal directions of @ound was puzzlinég,since the YBaCu;Og ¢ Single crystals
dy2_2 superconducting order parameter. Detailed investigaare generally considered to be of higher quality on the basis
tion of the low temperature thermal conductivity of Zn- of the normal state properties, such as residual resistivity.
doped YBaCuw;Oq ¢ indeed revealed such a behaviosjth In an unrelated experiment, a sharp drop of thermal con-
the absolute value of electronic thermal conductivity within aductivity in two Ni-doped BjSr,CaCyOg samples was ob-
factor of 2 of expected value, a validation of the developedt€ved in zero field at about 200 miKIt was suggested that

: : . L : this feature is a consequence of a bulk phase transition into a
theories of impurity scattering in the high temperature super- ! ; .
conductorgHTS). second superconducting,z_,2+id,, (so called d+id)

12,13 H
Low temperature thermal conductivity was also measuret?tate’ where the nodes of thé,_ state are lifted, and

in another HTS compound, EBr,CaCyOg, with some un- he energy gap is finite around the whole Fermi surface. For

o ._this interpretation to be valid, it is necessary that most of the
expected results. Magnetothermal conductivity was firs

X heat current in BiSr,CaCyOg at low temperaturébelow
measured for temperature down@ K and field up to 14 . few degrees Kis carried by electrons.

After the initial decrease of thermal conductivityx of a Interpretations of the experimental results of the thermal
few percent, a sharp kink in thermal conductivity was Ob'transport studies of BBr,CaCyOg described above rely
served at a critical field oH,, with thermal conductivity crucially on the ratio of electronic to phonon heat currents. It
becoming field-independent abow,. Such behavior was would therefore be of great value to separate these contribu-
observed for the temperature range between 6 and 20 K, witlions experimentally.

both Ak andH, proportional toT?. These results were in- The background phonon thermal conductivity in the su-
terpreted as a phase transition in the condensate, with all gferconducting YBgCu;054 was measured directly by
the Fermi surface gapped in the new high field state. Withirdeoxygenating a pure superconducting sample, thereby driv-
this picture the quasiparticlgglectron$ were therefore re- ing it insulating® The thermal conductivity of this insulating
sponsible only for a few percent of the total thermal conduc-analog was taken as a measure of the phonon thermal con-
tivity Ax at zero field. Several groups were able to bothduction in the superconducting sample. It was determined in
reproduce and extend measurements of magnetothermihlis way that the phonons carried a major part of the heat
transport in BjSr,CaCyQg.”® Observation of hysteresis in current above about 100 mK, and that all of the increase of
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the thermal conductivity above the universal value for tem- i ' " "
perature up to a few hundred millikelvin can be accounted 1o Y-doped Bi-2212
for by phonons. F N
We took another approach to determine the phonon ther- [ ol ]
mal conductivity in BjSr,CaCyOs, substituting ¥* for E _/
Ca" (and thereby removing holes from the conduction
bangd to drive it across the superconductor/insulator transi-
tion. Such an approach was used previously to study the
phonon thermal conductivity in both gBr,CaCyOg and
Bi,Sr,YCu,0g compounds between 10 and 300'KThis
study demonstrated that the thermal conductivity in the insu-
lating Bi,SrL,YCu,Og represents very closely the phonon
background thermal conductivity of gr,CaCyOg in the
normal state. As the temperature is lowered belw the
influence of crystalline point imperfections in the doped
samples should decrease even further, since the long wave-
length phonons, insensitive to point defects, become the

In(p)

3

p (Qcm)

& (W/mK)

dominant heat carriers. Therefore we expect the thermal con- 0 0 1(')0 2(']0 3(')0

ductivity of the insulating Y-doped BSr,CaCyOg samples

to be a very good representation of the phonon thermal con- T®

ductivity of the superconducting g$r,CaCyOg. FIG. 1. Room temperature ot 5 K transport in
The insulating crystals used in our study weregi,sycCa .oY0eCthOss s @ Resistance of

Bi,SCa Y«Cl,0g, 5 With x~0.65, determined as de- Bj,Sr,Ca, 5YClb0q., 5 SAMple Vs temperature, showing insulat-
scribed below. This composition was chosen on the basis Ghg behavior withdR/dT<0. (b) (O) thermal conductivity of
the following considerations. Higher Y-doping lowers the Bi,Sr,Ca .Y ¢ClhOs. s Sample used in the very low temperature
quality of the crystals. Indeed, several grotip&® reported  studies(see below; (CJ) thermal conductivity of Y-doped insulat-
that highly Y-doped crystals present “islands” of distinctly ing Bi,Sr,CaCyOg from Ref. 14.
different dopant concentration, vacancies, and twinning.
Therefore, our strategy was to substitute just enougjhfér ~ mogeneities in composition. Furthermore, there are no
Ca™" in order to suppress superconductivity, and keep thaveaker peaks closely adjacent to, but distinguishable from,
highest crystalline homogeneity and quality of the samplesthe main peak$which would reflect compositional segrega-
Single crystals of BiSr,Ca;_,Y,Cl,0g, s Were grown by tion). It is worth noting here that Mitzét al** observed such
the self-flux technique, using the directional solidificationa secondary group of diffraction lines for highly Y-doped
approach described by Miteit al® It is known for this sys-  crystals ~0.8—1), even with laboratory x rays which have
tem that actualmeasuref crystal composition is distinctly one order of magnitude lower resolution and peak-to-
different from the startingnomina) composition. The start- background ratio than the synchrotron x rays used in this
ing materials were taken in atomic ratio of work. Second, by expressing the evolution of the FWHM of
2.4Bi:2Sr:0.5Ca:0.5Y:2.4Cu. BD; and CuO were included the peaks as a function of¢®, and using the Williamson-
in excess to act as flux for the crystal growth, and to comHall analysis’® a Ac/c of 7.3x10 * was deduced, which
pensate for the evaporation of ,Bi; during the growth. The corresponds to a compositional inhomogeneity<2.4%.
resulting mica-like crystals were easily removed from theThis result is consistent with the sharpness of the diffraction
melt. peaks of the samplghe FWHM of most peaks is about 3 to
We characterized the sample by performing synchrotrod times that of Si an observation which also demonstrates
x-ray powder diffraction measurement on the X7A beamlinethe high quality of the sample. Finally, the cell constants
at the National Synchrotron Light Source at Brookhaven Nawere obtained by a least-squares refinement of the positions
tional Laboratory. The diffraction peaks’ shape and the evo20 of 15 reflections. The resulting parameters ae
lution of their full-width at half-maximum(FWHM) as a =5.453(3) A, b=5.409(4) A, and c=30.302(11) A,
function of g give us insight into the homogeneity of the which result inx~0.65 according to the well established
samples, whereas determination of the lattice constants giveorrelation between the lattice constants and Y concentration
information on the average Y-content of the crystals. Thex.®
x-ray diffraction spectrum was compared with the theoretical Figure Xa) shows low temperature resistivity of one
one calculated using the softwar@azy-PULVERIX40. This  Bi,SrL,Ca_,Y,Cu,0g, s sample withx~0.65 versus tem-
comparison revealed that most observed diffraction lines comperature. This sample is clearly insulating, with the negative
respond to BiSr,Ca ,Y,Cu,0q. 5. Additional weak peaks temperature derivative of resistance in the whole temperature
observed in the experimental pattern are expected, and arange from room temperature down to 4 K. The inset shows
due to flux or secondary material remaining on the surface ofhat InR is close to linear in /%, which is characteristic of
some crystald® The results obtained from these fits are thethe variable range hoppin@/RH) conduction mechanism.
following: First, the diffraction peaks do not have a system-Substituting ¥* for C&* in Bi,S,CaCyOg not only re-
atically asymmetric shape, which would suggest slight inho-moves holes from the conduction band but also, because it

140506-2



RAPID COMMUNICATIONS

LOW-TEMPERATURE THERMAL TRANSPORT IN HIGH. .. PHYSICAL REVIEW B 65 140506R)

T T ] T The mean free path in the case of
: i 3 Bi,SKLCay3:Y 0 6Ch g 5 iS NOt, however, determined by
scattering off the sample boundaries, in contrast to the case
5 o of YBa,Cu;Ogg. There it was shown that all of the low
01 e 3 temperature rise of the thermal conducti\ibelow 200 mK
E i can be accounted for by the sample-size-limited phonon ther-
[ : : ] mal conductivity’ Such an estimate for the insulating
0.01 £ A O 2 M B — . samples shown in Fig. 2 falls more than an order of magni-
E 3 tude above the experimental data. Therefore, the mechanism
which leads to the saturation of the phonon thermal conduc-
tivity at low temperatures is not the surface boundary scat-
tering. The high quality of the single crystals of
Bi,Sr,Ca _,Y,CwOg, s, as demonstrated by the synchro-
tron x-ray diffraction analysis, makes phase segregation an
; unlikely reason for the increase in phonon scattering. Sub-
i NP e ] stantially shortened mean free path must be an intrinsic prop-
0.1 1 erty of Bi,Sr,CaCyOg and related compounds. Strong pho-
T ) non _scattezing in insulating BSr,YCu,0g has been noted
previously** where the authors conclude that the phonons
FIG. 2. Thermal conductivity vs temperature of,8i,CaCyO,  ar€ either poorly defined or nonexistent at room temperature.
samples. Superconducting sample$: )(undoped; ©) 0.6% Ni-  The overall temperature behavior of thermal conductivity in
doped; (0) 1.5% Ni-doped. Insulating samples: +(A) Bi,Sr,YCu,0Og (and by extension, BEr,CaCyOg, its super-
Bi,Sr,Cay 35Y 0.65CU,05. s Samples 1 and 2. conducting analogresembled more that of glasses than of

) ) ) ) Ogood crystalline insulators.
takes place in the immediate neighborhood of the Cu-O thermal conductivity of insulating

planes, generates a random potential felt by the charge cag; g ca .y O.. - samples is about an order of mag-
riers. It is therefore not surprising that resistivity follows the 22 ~ 035 0650108 + 5 SAMP g

VRH dependence. Similar conclusions were reached in se\%itUde smaller  than — that —of ~the superconducting
eral previous studies;"?* even though the question of the 12S,CaCy0; samples at the lowest temperature, and is

dimensionality(2D or 3D) of the VRH conduction remains below it in the who_le_temperature range stu_d(eele Fig. 2
under debate. Therefore, the majority of the heat current in superconduct-

Figure Xb) shows the thermal conductivity between 300 N9 Bi2SRCaCy0Og must be carried by the electrons. A con-
K and 5 K of the BySr,Cay 3= o,6:ClhOg.. 5 Sample used for sistency check can be made by estimating the electronic
the ultra low temperature measuremergse below For ~ mean free patiimfp) that will account for the tempera}tL_Jre_
comparison, we also plotted the thermal conductivity data offependence of the low temperature thermal conductivity in
insulating Y-doped BiSr,CaCyOg sample from the previ- superconducting BBr,CaCyOg. We use the expression for
ous work by Allenet al!* Thermal conductivity of both thermal conductivity of thed-wave superconductor in 2D
samples display similar trends, with monotonic decreas@Irived at by Krishanat al.’
upon cooling from room temperature followed by a peak 5
around 10-15 K. Samples appear to be of comparable qual- o0 KgT kgT
ity, with thermal conductivities within a factor of 2 in the K=~ "A CFD @
whole temperature range investigated. However, the low
temperature end of the data for the sample used in thwherekg is a Fermi wave vector antlis a quasiparticle
present study is about 80% greater, and, therefore, represerfgan free patimfp), to estimate the electronic mfp and
more accurately the low temperature phonon thermal conscattering rate for pure Bsr,CaCyOs. Recent results on
ductivity in pure BjSr,CaCyOg. microwave conductivity on BBr,CaCyOg (Ref. 25 vali-

Figure 2 shows the thermal conductivity data for two in- date the assumption of the energy independence of the qua-
sulating samples from the same growth as the sample disiparticle relaxation rate relied upon in derivation of Eb).
cussed above. Also for comparison we show the data coMe use the data in Fig. 2 of Ref. 12, whet£T is plotted
lected and discussed previously on three superconductinggrsusT to highlight the low temperaturd? temperature
samples, grown by the traveling solvent floating zonedependence, and obtair=6 um. We can compare this
method*? The data for the two insulating samples overlapvalue with experimental values for the HTS available in the
rather well, even though the geometrical factors for thesditerature. Mean free path for several optimally doped
samples are different by a factor of 2. The temperature deYBa,CusOg 9 Samples was determined via thermal Hall ef-
pendence changes from’ above 1 K to T2° below fect measurements at temperatures above #9°KLongitu-
~250 mK, indicating increase of the phonon mean free patftlinal mean free path grows dramatically below the super-
with decreasing temperature. Phonon thermal conductivitgonducting transition temperatufie, from 550 to 4000 A
with temperature-independent mean free path should be prdetween 50 and 10 K. The overall dependence in this tem-
portional toT, and this regime is evidently approached be-perature range is close ke T~*. The mfp does not show any
low 250 mK. sign of saturation in the temperature range studied. The tem-

Kk (W/Km)

[ undoped, Tc =89K

1E-3 E N Gl 0.6%Ni, T =78K
i - O 15%Ni, T =77K

A BiY-2212, sample #1

+ BiY-2212,sample #2
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perature range of the thermal conductivity data used for our In conclusion, thermal conductivity measurements of
estimate of the low temperature quasiparticle mfp is two orBi,SrY,_,CaCu,Qg, an insulating analog of the high tem-
ders of magnitude lowetbetween 50 and 250 mKhan in  perature superconducting f8ir,CaCyOg, show that the
Refs. 26,27. Therefore, mfp of about one order of magnitudgnhermal transport in BBr,CaCyOg below ~2 K is domi-
larger, in the range of microns, seems to be reasonable anghted by electrons. This finding has important implications
consistent with the observed trends at higher temperaturegy; our understanding of the low temperature properties of
More recent microwave spectroscopy measurements of puigTs including zero field and magnetothermal transport. In

YBa,Cu;Og g samples determined the quasiparticle mfp to beparticular, it contributes to a self-consistent picture of the

28 . .
4 um, of the same order as the estimate we obtain fonery 1oy temperature properties of HTS deep in the super-
Bi,Sr,CaCyOsg.

conducting regime. In contrast, the difference between the

The discussion above of the estimated quasiparticle mf - ;
supports the conclusion we drew from the thermal conduc‘Ellormal state properties of YBaU;0g.o and B,S,CaCyOg,

o . . e.g., residual resistivity, points to a lack of unified picture of
tivity ~measurements of the insulating analoguetrans ort in HTS abovd
Bi,Sr,YCu,Og: that the low temperature thermal transport in P ¢
pure BLSLCaCyOg at low temperature is dominated by  We thank I. Vekhter and A. V. Balatsky for many useful
quasiparticles. One of the consequences of this is that thdiscussions. One of U&.G.M) thanks Zachary Fisk for his
200 mK anomaly in thermal conductivity of the two Ni- advice on the crystal growth and D. E. Cox for stimulating
doped BjSr,CaCuyOg samples, observed previously, must discussions on the synchrotron x-ray powder diffraction
be of electronic origin, in support of thie+id hypothesis of  study. Part of this work was done at the Aspen Center for
the origin of this anomaly? Physics, and one of ufk.M.) thanks the Center for the of-
The predominance of the electronic thermal conductivityfered hospitality. Work at Los Alamos National Laboratory
at low temperature in BEr,CaCyOg may help to interpret was performed under the auspices of the U.S. Department of
other recent experimental findings as well. For exampleEnergy. Work at Brookhaven National Laboratory was sup-
a larger relative increase in the low temperature thermaported by the U.S. Department of Energy, Division of Mate-
conductivity in BpSKLCaCyOg in  comparison with rials Sciences under Contract No. DE-AC02-98CH10886.
YBa,Cu;05 ¢ (as discussed aboyes likely due to the much  The National Synchrotron Light Source is supported by the
larger role the quasiparticle thermal transport plays inU.S. Department of Energy, Division of Materials Sciences

Bi,Sr,CaCyOg. and Division of Chemical Sciences.
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