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Influence of the pseudogap on the thermal conductivity and the Lorenz number
of YBa2Cu3Ox aboveTc
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Systematic and detailed experimental data for thea-axis thermal conductivityka(T,x) of YBa2Cu3Ox with
6.13<x<6.98 are compared with the electrical resistivityra(T,x) up toT5300 K. For wide ranges ofT and
x the overall behavior ofka(T,x) follows that of L0T/ra(T,x) ~where L052.4531028 W V K22 is the
standard value of the electronic Lorenz numberL). This shows that the pseudogap causes an increase in
ka(T), comparable to that inL0T/ra(T,x). A model calculation, in which a triangular pseudogap in the
electron density of states causes a novel enhancement ofL/L0, is also compared with the data.
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The normal-state gap or pseudogap~PG! has been ob-
served in most hole-doped high-Tc superconductors by vari
ous experiments,1,2 but there is no consensus as to its orig
nor that of the superconducting pairing mechanism, altho
they may well be closely related. The PG is observed a
downward deviation from linear-T dependence in the in
plane resistivityr(T) ~Ref. 3! but experimental evidence fo
its effect on the thermal conductivityk is contradictory,
partly because it is difficult to separate the electron (kel) and
phonon (kph) contributions tok and determine the electroni
Lorenz numberL5kelr/T. In Ref. 4 a strong increase i
k(T)/k(300) below 200 K for twinned YBa2Cu3Ox crystals
with x56.44 tox56.77 was ascribed to the spin gap, but
Ref. 5,kel of YBa2Cu3O6.68 shows littleT dependence, while
r falls, giving adecreasein L below 190 K. This last resul
is more consistent with a claim6 thatL can fall to zero at very
low T because of the breakdown of Fermi-liquid theory.
Ref. 7, L was found to be equal to the standard value,L0
52.4531028 WV K22 for x'7.0 andTc,T,200 K, with
both ra andrb;T1.7 However our analysis of more rece
resistivity data8 givesrchain;T2. In an effort to clarify these
questions and to minimize the influence of the Cu-O cha
we have measured thea-axis thermal conductivityka(T) and
ra(T) of detwinned YBa2Cu3Ox crystals for many closely
spaced values ofx.

Single crystals of YBa2Cu3Ox were grown by a self-flux
method using a BaZrO3 crucible9 and were detwinned a
Oxford by annealing under a uniaxial stress of 120 N/mm2 at
300 °C in flowing oxygen for 8 h. A detwinned crystal wa
then cut into several pieces using a 15-mm-diameter wire
saw and etched with 2% Br in ethanol. A single sam
(0.9630.2430.04 mm3 in a, b, and c directions, respec-
tively! was used for the superconducting compositions. T
oxygen content was decreased in small steps fromx56.93 to
6.38 by changing the annealing conditions,10 and finally in-
creased tox56.98. Annealing was done without applyin
uniaxial stress, but the absence of twinning was alw
checked using a polarizing optical microscope.11 Another
crystal was used without detwinning to measurek(T) for the
0163-1829/2003/68~22!/220503~4!/$20.00 68 2205
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nonsuperconducting compositions,x56.13–6.30, where the
crystal structure is tetragonal and twinning is absent. A mo
fied steady-state method that minimizes the effect of rad
tion losses, was used to measurek(T) ~Ref. 12! as sketched
in the inset of Fig. 1. A single crystal is mounted betwe
two constantan wires~C! of diameter 125mm, which act as
heat links to the sapphire platforms~S! holding the heaters
and thermometers. The heat flow in and out of the crysta
determined from the thermoelectric voltages across the
links, and the knownk(T) of constantan.13 The temperature
gradient along the crystal was measured using a small dif
ential thermocouple~D!. It was attached to ana-c face of
crystal, because if it is on ana-b face, some layers can b
torn off the surface when it is removed. Both positions ga
the same results forka(T) within the relative experimenta
error of 63%. After each annealing step, the crystal w
etched with 2% Br in ethanol for a few minutes, the absen
of twinning was checked, dimensions measured, and

FIG. 1. Temperature dependence of thea-axis thermal conduc-
tivity ka(T,x) of detwinned YBa2Cu3Ox for x56.93, 6.50, 6.44,
and 6.38. The upper inset showsTc vs x determined from the kink
in ka(T) and the lower one a sketch of the method used
thermal-conductivity measurement.
©2003 The American Physical Society03-1
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thermocouples were attached using Dupont 6838 ep
Then, after measurement ofka(T), the thermocouples an
silver paint were removed using a new blade, and the cry
was etched again before the next annealing treatment. R
tivity measurements were performed using the Montgom
method14 on other pieces of the same crystal annealed sim
taneously.

Figure 1 shows examples of thea-axis thermal conductiv-
ity ka(T,x) of detwinned YBa2Cu3Ox at x56.93, 6.50, 6.44,
and 6.38 from 6 to 300 K. For clarity not all our data a
shown here. Forx56.98 to 6.50,ka(T) increases gradually
asT approachesTc , but for x56.44 and 6.38,ka(T) has a
weak maximum aboveTc at T580 K. The peak inka(T)
near 30 K is observed for all superconducting compositio
but it suddenly becomes very small betweenx56.50 and
6.44 where there are also drastic changes in the normal s

For all superconducting compositions, there is a cl
kink in ka(T) at Tc . The values ofx were obtained from the
annealing conditions using published data10 and previous
work in our laboratory. The resultingTc(x) curve shown in
the inset to Fig. 1, agrees reasonably with Ref. 15, wh
changes inx were obtained from the weight loss of a pol
crystalline sample, but we did not attain such low values
Tc on the overdoped side. For the same values ofTc our
ra(T) data agree with those in Ref. 8, but ourx values are all
.0.12 smaller. We have used some of the data in Ref. 8
comparison with ourka(T) results, because of technic
problems with the Montgomery method betweenx56.56
and 6.38.16

Figure 2~a! compareska(T) in the normal state with
L0T/ra(T) for many values ofx. For x56.93 the flatT de-
pendence ofL0T/ra(T) confirms thatra(T)}T1; here the
difference betweenka(T) andL0T/ra(T) nearTc is caused
by superconducting fluctuations and will be discussed e
where. The strong increase inL0T/ra(T) below 150 K for
x;6.5 arises from the well-known effect of the PG o
ra(T). However for lower values ofx, ra(T) rapidly be-
comes larger and lessT dependent, so theL0T/ra(T) curves
for x>6.5 andx<6.38 are very different. The correspondin
effect in ka(T), i.e., the different behavior forx>6.5 and
x<6.44, is clearly visible in the upper part of Fig. 2~a! and
moreover the magnitudes of the changes inka(T) and
L0T/ra(T) are very similar. Hence we can conclude that t
PG doesincreaseka(T) and thatL/L0;1.

However as discussed below, there is a strong possib
that the PG actually causes aT-dependent enhancement
L/L0. In order to test this experimentally we need to kno
kph(x,T), which is limited by phonon-defect scattering
low T and phonon-phonon Umklapp scattering at higherT.7

There are several optical phonon modes with apprecia
dispersion, so theT dependence ofkph(T) is not knowna
priori . Thex dependence ofkph(T) is also not known, it will
depend on the phonon-defect scattering rate and over w
range ofx the O defects act as independent scattering c
ters. In this paper we consider the two scenarios,L5L0 and
L.L0 on an equal footing, but note that they could be d
tinguished by similar experiments on Ca-doped YBa2Cu3Ox
and Bi2Sr2CaCu2O81x crystals where the overdoped regio
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is wider. The variation ofkph(T) with x corresponding toL
5L0 is shown in the upper part of Fig. 2~b!, while the lower
part shows the behavior ofkph(T) when L5LPG . For x
56.99,6.98 andx56.93, the PG is small and has little effec
The reproducibility of the data for the two crystals withx
56.99 andx56.98 suggests thatkph(T) is already substan
tially reduced by oxygen-defect scattering atx56.93. This
point, and the fact that takingL5LPG makeskph(T) similar
for x56.73 andx56.38 and very flat, tend to favor theL
5LPG scenario. Although discrimination betweenL5L0 and
L*L0 is difficult, there is absolutely no evidence for a ve
small value ofL, such as that reported at lowT.6 Our analy-
sis also implies that the unusual behavior of the Hall Lore
number Lxy for YBa2Cu3O6.95 crystals, Lxy}T and Lxy
'0.15L0 just aboveTc ,17 does not arise from a low value o
Lxx but that it must be connected with the anomalous H
effect in the cuprates.

In standard transport theory for a Fermi liquid,L<L0

because small-angle inelastic scattering processes reducka
el

without affecting 1/ra .18 So for a reasonably conventiona
picture of the cuprates, for example, the nearly antiferrom
netic Fermi liquid, our results point towards the predom
nance of large-angle processes over a wide range ofT andx,

FIG. 2. ~a! ka(T) in the normal state for thex values shown,
compared withL0T/ra(T), whereL0 is the standard Lorenz num
ber, 2.4531028 W V K22. Electrical resistivity datara(T) from
Ref. 8 are used forx56.38, 6.50, 6.56~in our notation, see Ref
16!, and our own data forx56.98 and 6.93.~b! The upper plots
show the differenceka2L0T/ra , denoted aska

ph(L0), for the val-
ues ofx shown, using our ownra(T) data forx56.99, 6.98, 6.93,
and 6.73, and those of Ref. 8 for lower values ofx. The lower
curves showka

ph(LPG) for the triangular PG model~see text!.
3-2
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e.g., scattering from spin fluctuations with largeQW values.
Values ofL>L0 would be most unusual but could arise if th
carriers transported more entropy than expected for a Fe
liquid,2 for example, spin entropy.19

Figures 3~a! and 3~b! show ka(x) and L0T/ra(x) at
300 K and 100 K using both our ownra(T,x) data and those
of Ref. 8, with modifiedx values that give the same values
Tc . For x>6.3, the ka(x) curves are roughly parallel to
L0T/ra(x) at both temperatures, which is consistent with t
preceding analysis. The phonon contributionska

ph(x)([ka

2L0T/ra) are also plotted in Figs. 3~a! and 3~b!, they are
only weakly dependent onx, in the rangex56.3–6.9, but
rise towards the more ordered states atx56.0 and 7.0. There
is also a small peak inka

ph(x) near x56.5 where various
studies suggest an ordered state with alternate full and em
Cu-O chains.20 The plateau inL0T/ra from x56.8 to 6.5 in
Fig. 3~b! corresponds to the mysterious b
well-established8,16 merging of thera(T,x) curves nearT
5100 K.

The other scenario considered here involves a ferm
density of states~DOS! with a triangular gap 2EG at the
chemical potentialm, whereEG is the pseudogap energy2

This gives a good empirical description of specific heat,
tropy, and static susceptibility data for several series
cuprates2 as well as c-axis r(T) and magnetoresistanc
data.21 We therefore calculatedL for a cylindrical Fermi sur-
face with ak-dependent PG, using the standard Boltzma

FIG. 3. ka , L0T/ra , and ka
ph ([ka2L0T/ra) vs x at ~a! T

5300 K and~b! T5100 K. Solid squares showra(T) data from
Ref. 8 forx56.38 to 6.82~see text!. Our own resistivity data taken
using the Montgomery method are shown by solid circles.
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procedure18 involving integrals of the form

Kn5Skvk .vk~«2m!nt~«!
] f

]«
, ~1!

wherevk , «, andt(«) are the electron velocity, energy, an
scattering time,n 5 0, 1, or 2 and the Lorenz numberL
[kr/T5K2 /(e2T2K0). Following Ref. 2 allk states within
an energy rangem6EG cos 2u where tanu5ky /kx , are omit-
ted from the sum, giving the DOS shown as an inset in F
4~a!. A plot of L/L0 vs EG/kBT, calculated with this mode
is shown in Fig. 4~a! for the case wheret(«) is constant for
u«2mu&2kBT, as expected for inelastic electron-electr
scattering. The physical reason for the enhancement ofL/L0
is robust, namely when the DOS increases rapidly betw
«5m and «5m62kBT; the usual Sommerfeld expansio
leading toL'L0 is no longer valid and the ratio of heat t
charge transport is enhanced. But for elastic electr
impurity scattering, Fermi’s golden rule gives 1/t(«)
}N(«), the DOS factors would then cancel out, so the P
would have little effect onK2 andL'L0.22

FIG. 4. ~a! Lorenz numberLPG/L0 vs EG /kBT, calculated for
the PG model~see text!, with a cylindrical Fermi surface, the
chemical potentialm56000 K and the values ofEG shown. The
inset shows the corresponding density of states with a triangular
of width 2EG centered atm. ~b! ka , LPGT/ra , and ka

ph ([ka

2LPGT/ra) vs x at T5100 K. Solid squares showra(T) data from
Ref. 8 for x56.38–6.82~see text!. Our own resistivity data taken
using the Montgomery method are shown by solid circles. All lin
are guides to the eye.
3-3
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We used the results in Fig. 4~a! taking EG(x) from Ref.
23, to replot Fig. 3~b! using LPG rather thanL0. This is
shown in Fig. 4~b!, where it can be seen thatka

ph(x) becomes
morex dependent with a broad minimum nearx56.5. TheT
dependence ofka

ph was shown already in the lower part o
Fig. 2~b!. If the model does indeed apply toa-axis transport
in under-doped cuprates, then it affects analysis of the Ne
effect,19 because the Sondheimer cancellation would br
down. On the other hand if phonons in YBCO are on
weakly scattered by oxygen defects,4 and ka

ph(x) is only
weakly dependent onx, as in Fig. 3, the model does no
apply and other scenarios withL>L0 are favored.

In summary, by making a systematic study of thea-axis
thermal conductivity of YBa2Cu3Ox , we have shown in a
reasonably direct way that the PGdoescause an increase i
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