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Anisotropic in-plane thermal conductivity of single-crystal YBa,Cu,Og
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We report measurements of the in-plane thermal conductixijyof YBa,Cu,Og (Y-124) single crystals in
the temperature rangedT<300 K and compare them with previous results on YB&Og ., (Y-123). For
transport perpendicular to the CuO chairg(300 K)=10 W/mK, and along the chaing;,(300 K)=40
W/mK. The temperature dependencexdfor both transport directions is much stronger than in YBa&Og , «
(Y-123), indicative of substantially superior lattice heat conduction in Y-124, and resulting in maximum values
for k at T~20 K exceeding 200 W/mK. The data imply a surprisingly large anisotropy in the lattice conduc-
tion. x, and k;, are enhanced in the superconducting state as in other cuprates. The magnitude and anisotropy
of the enhancement are discussed and compared to those of YSIA®H3-182@08)06445-5

The in-plane thermal conductivity() of cuprate super- and «,(T) behave as in conventional crystalline insulators
conductors has been studied extensively over the past seveftike Nd-214; their maximum valuegat T=20 K) are the
years' Unresolved issues remain concerning the normalhighest reported for any cuprate and exceed those of Y-123
state temperature dependence and the superconducting-stiye an order of magnitude. These results imply a strong
enhancement. Because of the low carrier density, heat coflamping of phonons by static or dynamic structural distor-
duction by the lattice accounts for more than half of thetions as the source for the much weaketependence ot,;,
measured normal-state,, in these materials. One would N Y-123. The superconducting-state enhancement for Y-124

expectx(T) in high-quality crystals to reflect a dominant 1S comparable in magnitude to that 5f=60 K Y-123, con-
lattice contribution similar to that of crystalline insulators, SiStént with the underdoped state of the planes in the double-

i.e., k.~ LT at highT, rising sharply to a maximum at low chain compound. We discuss the anisotropy of the enhance-

T. This behavior is observed in hd,Ce,CuO, (Nd-214)2 ment and its implications for the Lorenz number.

but for all other cuprates investigateg, is very weaklyT Thermal conductivity measurements were performed on

dependent folf > T, . Whereas for BiSr,CaCuQ structural three single crystals grown by a high-pressure flux method as
c-

) : i . ot described previously. Two of these(189 and 259 were
disorder(e.g., the Bi-O layer modulationmight explain its grown in AlLbO; crucibles yielding a slight Al contamination,

nearly glasslike lattice contributichthis would not seem andT,=72 K. Recent analyses indicatehat Al substitutes
applicable to YBaCu;Og.x (Y-123) and La_xSKCUO,  for 1-29% of the C(2) atoms in the Cu@ planes. As we
(La-214. Furthermore,x,,(T) for undoped, insulating Y- discuss below, this light doping has a substantial effect on
123 and La-214 is unconventioriasuggesting that the weak the thermal conductivity. The third crysté815), grown in
T dependence ot,y, is generic to the latter materials and not y,0, and without Al contamination, hafl.=80 K. Typical
directly related to the presence of free charge. An unidenticrystal dimensions were 0:8).5x0.05 mn?, with the
fied phonon damping mechanism appears to underlie thishortest dimension along the crystallineaxis. Thea- and
behavior, possibly due to local lattice distortidrand/or  b-axis electrical resistivities of similarly prepared crystals
magnetic excitation.Regarding the enhancemdritther-  have been discussed extensively elsewhétgpical values
mal Hall conductivity experimentson optimally doped Y- at T=300 K are p,=400 x cm and p,=130 x cm.
123 imply that the phenomenon is largely electronic in ori-The steady-state thermal conductivity measurements em-
gin, but less is known about underdoped compounds. Thployed a fine-wire differential Chromel-Constantan thermo-
magnitude of the enhancement correlates with the supercoceouple and miniature chip resistor as heater, both glued to
ducting pair density'®in Y-123 throughout the underdoped the specimen with varnish or epoxy. The absolute accuracy
regime, and it is of interest to explore the generality of thisof the measurements is£20% due to uncertainty in the
behavior through studies of other cuprates. placement of the thermocouple junctions. No corrections for
Here we report measurements of the in-plane thermal corhieat lossegvia radiation and conduction through the leads
ductivity of YBa,Cu,Og (Y-124). This material is of particu- have been applied; these are estimated to~t#% near
lar interest with regard to the issues mentioned above baoom temperature ang2% at T<120 K. For specimens
cause of its structural similarity to Y-123, absence of oxyger259 and 315 gold contacts were vapor deposited and their
vacancies on the CuO chains, and the naturally underdopesiaxis thermoelectric powers measured, yieldB(@90 K)
state of the Cu@planes. We find that the magnitude ®f =36 wV/K and 16 uV/K, respectively. These values pro-
(transverse to the chainat T=300 K is comparable to that vide estimates of the hole concentration per planar Cu
of Y-123, butk, is 3—4 times larger. A very large in-plane atom* p=0.09 and 0.11 for the Al-doped and undoped
anisotropy in the lattice conduction is implied. Boty(T) specimens, respectively.
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FIG. 1. ka(T) and ky(T) for three Y-124 crystals. Specimens oy 1.04 1
189 and 259 are lightly Al doped. Data for Y-123 crystédslids
lineg) are from Ref. 16 T.=92 K) and Ref. 6 T,=60 K).
1.02
Thg results forx, andxy, are shown i.n Fig.. 1. The anisot- T=-d(x*/)/dtl_ =0.26
ropy in the normal state is substantial, wildy/«,~3-4 1.00 . X A .
(Fig. 2. The normal-statd dependence in both crystallo- 090 092 094 096 098 100
graphic directions is close to TL/for specimen 315 and is T/T,

significantly weaker € 1/T%?) for the crystals containing Al.
In all cases theT dependence is substantially stronger than FIG. 3. (@ «a(T) and«,(T) showing the slope change negy
that of bothT,=92 K and 60 K Y-123(solid lines, Fig. 1. on an e>.<par.1ded scalg. Spemmens are repre;ented by the same sym-
At low T the characteristic dielectric maxima are observed??!s as in Fig. 1. Solid lines are polynomial fits to the normal-state
near 20 K. A change in slope is evidentTat[Fig. 3 (a)] for data, deflnlng<_. (b) Ratio of superconducting to norr_’nal-state ther-
all specimens, though not appearing as prominently as iﬁml conductlwt_y vs reduced t_emperature. Solid Ilnes_ are linear
Y-123 because of the substantially stronger normal-state Easgsq;‘ arnes fits to the data in the range €821, .deflnlngl“
) =—d(«%«")/dt|,_,. The data for specimen 31Golid squares
dependence. The low-maximum valuesk,=140 and 245 are shifted vertically by 0.01 for clarity.
W/mK for samples 189 and 259, respectivelgnd 500
W/mK for crystal 315 by extrapolationare the largest re-  The total thermal conductivity is a sum of electronic and
ported for any cuprate, exceeding the 100 W/mK of insulat{attice componentsx= e+, . First let us consider the
ing Nd-214, and 25-40 W/mK observed in untwinndd  electronic contributionsc, e and «ye. The Wiedemann-
=92 K Y-1237°"!*These observations indicate substantially Franz law,«.(T)=L,T/p (Ly=2.44<10"8 W Q/K2), and
superior and rather conventional lattice conduction in Y-124¢jectrical resistivitie provide upper-bound estimates:
confirming a similar coonclu5|on based on previous measurez (300 K)~2 W/mK andk,,(300 K)~6 W/mK. These
ments of polycrystals. imply x| ,~8 W/mK andx, ,~25-39 W/mK, and the very
large in-plane lattice anisotropy, /x| 4~3—4. This is to
be contrasted with Y-123 where similar analyses suggest that
. k_ is nearly isotropic in the plané§-° Since Y-124 and
41 Y-123 differ only in their CuO-chain structures, we must
fm°°°°ooooooo;oiﬁa.goooooooo conclude that the strong lattice anisotropy in Y-124 is di-
3l 0000259 e, ] rectly connected with the chain-related vibrational spectrum.
Anisotropy ink, can arise from either anisotropy of the
g phonon group velocities, their relaxation times, or both.
Though optic modes can contribute to heat transport and the
v-123 anisotropy, their contribution should diminish with decreas-
] ing temperature as should any associated anisoffopiis
is contrary to our observation that,/ x5 in the normal-state
0 . . . . . is nearly constant or increases with decreadirigig. 2) (the
0 50 100 150 200 250 300 decrease inc,/k, below T, is related to superconductivity,
T(K) as discussed belgwExperimental dispersion curves are not
available for Y-124; however, the computed spectiiis
FIG. 2. Anisotropyxy,/x, vs T for Y-124 crystals. Also shown quite similar to that of Y-123, and does not imply a substan-
are data for untwinned,=92 K Y-123 from Ref. 16solid curvg  tial in-plane anisotropy in the acoustic-mode group veloci-
and Ref. 17(dashed curve ties. These observations would suggest a large anisotropy in
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the phonon relaxation rates in Y-124, but further informationthe superconducting gap and quasipartigip) lifetime, re-
about the low-energy vibrational spectrum is clearly neededpectively. In the cuprates, the second term predominates
to address this issue. due to the strong suppression of qp scattéfiray T<T,,

The rather strong influence of the light Al doping in the andT, is positive. Scattering of phonons by charge carriers
planes onk provides insight into the phonon scattering in always produces a positive lattice teri, ), but the thermal
both Y-124 and Y-123. Nuclear quadrupole resonance studHall conductivity measurements of Krishastal? indicate
ies of similar Y-124 crystalé reveal substantially larger that the electronic contribution to the enhancement predomi-
83Cu linewidths in the Al-doped crystals, attributed to staticnates in optimally doped Y-123. Their data for twinned
disorder in the C(2) apical oxygen bond length@ typical ~ Y-123 (x~0.9) yieldI'y,=1.4,T'¢ 5p=12.5, andke ap/Kap
Al-O bond length for octahedral coordination is 1.94 A as=9x10 2. Thus,T| ,,=0.3 and about 80% of the slope
compared with 2.28 A for Cu-D Such local structural dis- change for optimally doped Y-123 is electronic in origin.
tortions evidently represent a much more effective phononRecent measuremehtsuggest that the slope change in un-
scattering mechanism than does the mass défécintro- derdoped Y-123 is also largely electronic in origin, and thus
duced by the substitution. The local structural modificationst is likely that this conclusion also applies to Y-124.
may also explain why the hole concentration dndare so Given these observations, one might expect thatlthe
dramatically suppressed; the 2% Al substitution for planaranisotropy simply follows that of the superfluid, with the
Cu reduces the mobile planar hole concentration by aboutrger gp lifetime enhancement occurring for transport along
20%, i.e., a tenfold larger reduction than would be expectedhe crystallographic direction characterized by the largest su-
if each Al atom filled one hole. This observation suggestyerfluid density. However, this is not the case; for Y-123 and
that the suppression of mobile holes, by the combined effectg-124 the superfluid density is 2—3 times larger along the
of charge compensation, disorder-induced localization, andhains®®=3? whereasI" is larger along the planes. To get
changes in the local electronic structure, extends to nexfurther insight into the origin of th& anisotropy, we exam-
nearest neighbors of each Al atom in the planes. ine the limiting casel’ ;=0 for which I'; is determined

In Y-123 a similar static disorder in the apical bond entirely by the electronic term. The electronic
lengths is induced by oxygen vacancies on the cRaimsd superconducting-state slope change may be related to the
there is evidence for static or dynamical structural distortiongow-frequency electrical conductivity via the Wiedemann-
of the CuQ planes in the normal stafé possibly related to  Franz law® . ;=L;o; T, whereL; ando; are the Lorenz
oxygen vacancies or diffusion that are absent in Y-124. Thewumber and real part of the electrical conductivity, respec-
implication is that these features give rise to substantiatively. Substituting into Eq(1) we have
damping of in-plane heat-carrying phonons, and are the ori-

gin of the weakeiT dependence and in-plane anisotropy ob- Lioy T3 1/dLS dLD
served fork in the single-chain compound. i=—— f(d_T_ dT)
It is of interest to compare the superconducting-state en- Ki !
hancement ok for Y-124 with that of Y-1232'° We define 1(doS, do’,
the enhancement ¥sI'=—d(«%«")/dt|,_;, the reduced —(d—.l_'— d_TIH 2
temperature derivative of the superconducting to normal- a4l T=T,

state thermal conductivity ratio ne@g. «" is determined by
a polynomial extrapolation of the normal-state data just beTheoretically, the first term has magnitude and sign that
low T, as shown in Fig. @). Figure 3b) shows the normal- are highly model dependefft.We first examine the second
ized data and corresponding slopes. term. For untwinned, optimally doped Y-123, the micro-
TheT values agree with those found for twinned Y-123 atwave data of Zhang etal® yield (do3a/dT)]r,
similar p values'’ indicating that for the regime investigated ~ — 0 .8x 10° (@ mK) ™! and do5,/dT)|r =—1.8X10°
here 63_$0.11), I' is Ia_rgely determined by the_change in (Qm K)~L For the normal-state data wec empldy/dT
scattering that occurs in the Cg(plane_s. That , is Iarge_r = —(Llp?dp/dT and an average op(T) measurements
for Al-free specimen 315 than for specimen 259 is consisten high-quality ~untwinned  crystafS:  p(To)=75

with the higher mobile hole concentration in the planes of__ 25 1O cm, dp,/dT] =0.85:0.25 uQ cm/K, py(Te)
+ , dpa =0 . , c

the former. Also of interest is the anisotrogy, /T",~ 1.5 for
specimen 259. Evidently this anisotropy is responsible for= 38+ 12 #{cm, dpy,/dT]y =0.350.10 uQ cm/K. For

the decrease iry/x, at T<T, (Fig. 2). A similar behavior the « data we us€ «,(T)=11.5 W/mK and xu(T)

was observed for untwinned Y-123<0.9) (solid and =16.0 W/mK. With these values, the second terms in the
dashed lines in Fig. )2 where the enhancement is also expressions forlI'y and I', are (1.20.2)L,/L, and
anisotropic:®~*°with a slightly smalled”, /T',~1.2—1.5. (2.0+0.2)Ly/Lo, respectively. Experimenfs™ indicate
ConsiderI” in more detail. We may write r,=15-1.6 ande:l.O—l.S. One possibility is that the
first terms (JILiS/dT—dL{‘/dT)|Tc are negligible, whence the
Ii=(keilk)Teit (ki /)T, (1) Lorenz numbers aff, are L,/Ly=1.3 andL,/Ly=0.6.

ThoughL">L, has been predicted for strongly correlated
wherei=a,b, andl',; andl" ; are thei-axis electronic and systems? these values fok, andL, are incompatible with
lattice slope changes, respectively. The thermal conductivithe results of Ref. 8 that implL,,~(0.3—-0.5L, for
ties are evaluated &t,. Theoreticallj’ I', is a sum of two  twinned crystals. The latter estimate is consistent with the
terms: one proportional tdA?/dt|,_, and the other propor- theoretical analysis of Hirschfeld and Putikkeshich incor-
tional to —d(a-gplq-gp)/dth:l (A and g, are the real part of porates inelastic spin-fluctuation scattering and parameters
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constrained to fit the normal-state NMR relaxation and electhat incorporate inelastic as well as elastic scattering to yield
trical resistivity. We thus conclude that both andL, are  the L;(T) nearT. would be useful to extract further infor-
less tharL and that the ¢L/dT—dL{/dT)|r_are negative mation from thel’;.

and of comparable magnitude to the second terms inZg. Work at the University of Miami was supported, in part,
A considerable a/b anisotropy (~2-3) in the L;, by NSF Grant No. DMR-9631236, and at the ETH by the
(d Lf’/dT—dLi”/dT)|Tc, or both is then implied. Calculations Swiss National Science Foundation.
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