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We present the first measurements of the temperature and oxygen-doping dependences of ther-
moelectric power in the ab plane of untwinned YBa,Cu3O7-5 (§=0.10) for T< 330 K. Employing a
two-band model and measured electrical resistivities, we derive the chain and plane components of the
thermopower, Sch and Sp. The behavior of Sch indicates that some of the chain conduction occurs via
carriers in a narrow band. Sp(T) is similar to the in-plane thermopower of the other cuprates, sug-
gesting a “‘universal” behavior for the CuQO; planes. The results are discussed with reference to the

known Fermi surface.

Recent observations of Fermi surfaces (FS) in the cu-
prates which agree quantitatively with band-structure cal-
culations constrain theoretical models of their normal and
superconducting states.! The availability of high-quality,
untwinned single crystals of YBa;Cu307-5 (YBCO) now
allows for detailed experimental investigations of the low-
energy excitations with reference to the FS. The impor-
tance of phonons, Coulomb correlations, and magnetic ex-
citations in determining the dynamical character of the
carriers remains the focus of much debate.

It is particularly interesting that the electronic structure
of YBCO is highly sensitive to oxygen deficiency (§) in
the range 0 < § < 0.2, whereas the superconducting tran-
sition temperature remains essentially unchanged near 92
K. These observations are consistent with a model? in
which electronic states associated with the Cu-O chains
contribute a substantial weight to the density of states at
the Fermi level, but do not play a central role in supercon-
ductivity. Recent measurements of electrical conductivi-
ty? and positron annihilation,* in untwinned crystals
confirm the conducting nature of the chains and the neces-
sity of a multiband picture for YBCO. It has become
clear that achieving a deeper understanding of both the
normal and superconducting properties of YBCO will en-
tail a careful distinction between chain and plane contri-
butions in the interpretation of many experimental results.

One of the most sensitive probes of small oxygen
deficiency in YBCO is the in-plane thermoelectric power
(Sz). Measurements of S, in twinned crystals® and
polycrystals® have shown that, for T < 310 K, S, is nega-
tive for 6 =0 and becomes increasingly positive with in-
creasing 6, changing sign for §=0.1. Lowe, Regan, and
Howson’ have recently reported measurements of thermo-
power on an untwinned YBCO crystal, finding S <0 for
transport along the chains and S >0 transverse to the
chains.

In this paper we report measurements of in-plane ther-
mopower and electrical resistivity on untwinned YBCO
which allow the plane and chain components of the ther-
mopower to be separated. Measurements with heat flow
along both the a and b axes are presented for two oxygen
configurations of the same crystal. Two observations offer
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new insight into the nature of charge transport in this ma-
terial. The chain thermopower, S, is very sensitive to
oxygen content and is nearly 7 independent at high tem-
peratures, implying that some of the chain transport in-
volves carriers in a very narrow band. In addition, we find
that S, (T) is quite similar to the in-plane thermopower of
the other cuprates. This resolves the heretofore unex-
plained difference between the thermopower of YBCO
and the other materials, and indicates a common behavior
associated with the CuO; planes.

The crystal used in this study had dimensions 1.20
x0.65%0.04 mm*® and was grown in a gold crucible by a
self-lux method® and detwinned by annealing under uni-
axial stress.” From measured relative x-ray intensities of
(h,0,0) and (0,k,0) peaks before and after the oxygen
anneal (100 h at 460°C in flowing oxygen), it is estimated
that any residual twinning occurs in less than several per-
cent of the sample. The change in oxygen content after
the anneal is directly reflected as a change in the c-axis
lattice parameter. Before and after the anneal the values
were ¢ =11.724 and 11.714 A, respectively (with uncer-
tainty +0.002 A). This change corresponds to a decrease
in oxygen deficiency of Ad=0.06 £0.02 according to x-
ray-diffraction (XRD) and iodometric titration studies'®
for (T, =92 K) superconducting polycrystals having oxy-
gen deficiencies 6 < 0.2,

The absolute value of & cannot be determined directly
from the XRD because the substitution'' (up to 10%) of
gold atoms for chain-site Cu atoms is known to result in
an expansion of the unit cell along ¢ for crystals grown in
gold crucibles.'? Recent magnetization and XRD studies
of twinned crystals grown in zirconia crucibles'® demon-
strate a correlation between anomalies in magnetization
hysteresis loops and oxygen content. By comparison, the
magnetization data on our untwinned crystal implies
6=0.12 and 0.07 before and after the anneal, respective-
ly. We also infer the oxygen content from the measured
thermopower in the b-axis direction (Fig. 2), which is
quite similar to the measured thermopower of polycrystal-
line specimens.® From Ref. 6 we estimate §=0.11 and
0.08 before and after the anneal, respectively. The con-
sistency of these various estimates gives us confidence that
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the gold impurities, at this level of substitution, do not
substantially alter the thermopower.

The thermopower was measured by a steady-state
method employing a differential Chromel-Constantan
thermocouple and a small heater, glued to the specimen
with varnish. Seebeck probes were calibrated Cu wires,
silver painted to fired-on silver-paint pads. The tempera-
ture gradient during measurement was typically 0.5-2.0
K/mm. Linearity in the V(AT) response was confirmed
by varying the heater power. The uncertainty in the mea-
surements is +0.1 uV/K. Four-probe, isothermal dc
electrical resistivities (p) were measured in separate ex-
periments, yielding p(300 K) = 250 and 140-180 pQcm
along the a and b axes, respectively, with AT, (10%-
90%) < 0.3 K.

In Figs. 1 and 2 we plot S, and S} versus temperature,
for both oxygen configurations. The prominent features
of the data for S, are the negative values for 7= 130 K,
the apparent inflection point near 160 K marking a sharp
upturn to positive values for 7' < 130 K, and the relatively
small change with oxygen doping. For S} the temperature
dependence, as mentioned above, is similar to results on
polycrystals. The remarkable observation is a nearly con-
stant, negative shift by =1 uV/K which describes the
change with oxygen doping. This behavior clearly reflects
a change in the Cu-O chain contribution to Sp.

To gain insight into the chain thermopower we employ
a simplified two-band model of independent conduction by
planes and chains for transport in the b-axis direction:

Sa =Sp|, Ogq =0p| )

)
- OchSch+ GpISpI

Sp , Op =0cht0opl.

0'ch+0'pl
Using the measured electrical resistivity ratios [Fig. 3(b)]
we derive S¢, from these equations [Fig. 3(a)l. We have
used the fact that the Hall angle is quite small in
YBCO, '* such that p,/ps = o4/0,.

It is instructive, in attempting to interpret the thermo-
power data, to consider what is known about the Fermi
surface in YBCO. Projections in the (ky,k,) plane of
four major sections of FS have been identified by photo-
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FIG. 1. a-axis thermopower vs temperature before and after
oxygen anneal.
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FIG. 2. b-axis thermopower vs temperature before and after
oxygen anneal.
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emission,'> positron-annihilation, and de Haas-van

Alphen'® experiments, in good agreement with band-
structure calculations:'” large rounded “squares” [cen-
tered at S(R) in the Brillouin zonel, a quasi-one-
dimensional *“ridge” (along I'-X), and a small “pocket”
[S(R) centered]l. According to the calculations, the
squares and the ridge are, respectively, derived from near-
ly empty, wide (bandwidth > kgT) CuO, plane and Cu-
O chain bands. The pocket arises from rather flat (i.e.,
narrow), nearly full bands that have chain and bridging-
oxygen [O(4) atom] character. Agreement between the
calculated (assuming §=0 and equilibrium atomic sites)
and measured*'® (using crystals with § = 0.1) FS suggest
that the main features are relatively robust with respect to
small oxygen deficiency.

Returning to Fig. 3(a), we first discuss the high-
temperature behavior of S¢h. Generally speaking, any
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FIG. 3. (a) Chain thermopower vs temperature before and

after oxygen anneal, as derived from the two-band model [Egs.
(1)] and using measured resistivity ratios [(b)].
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phonon-drag contribution to thermopower'® decreases
with increasing temperature so that the thermopower of a
metal at high T can usually be safely interpreted as aris-
ing from carrier diffusion. Both the rather large magni-
tude of S, (especially before the anneal) and its tendency
to saturate at T = 240-250 K are not characteristic of
diffusion thermopower in wide-band metals.

A T-independent thermopower at high temperatures is
the canonical narrow-band behavior. For a narrow band '’
of width W and noninteracting electron density n, the
thermopower saturates, for T= W/4, at a value S
=(kg/|e|)Inln/(2—n)]. S, is positive when the band is
more than half filled (i.e., n > 1). Note that in this re-
gime the narrow-band electrical resistivity remains linear
in T. The existence of a narrow band has been postulated
previously? to explain the high-temperature (300 < T
< 800 K) thermopower and resistivity in polycrystalline,
oxygen deficient (0.1 =8=<0.5) YBCO. These authors
found that experimental values of S, were consistent
with a simple model in which chain-site oxygen atoms
each donate a single hole to the narrow band, i..,
n=1+4.

Our results provide strong support for the existence of a
very narrow band which predominates in transport along
the chains. A crude estimate based on the thermopower
saturation temperature (240-250 K) suggests a band-
width W <1000 K. However, the values of S.,(325
K) = 11 uV/K (before anneal) and =5 uV/K (after an-
neal) are not in quantitative agreement with S, =19 and
13 uV/K, as given by the model of Ref. 20 using our esti-
mates for 6. Nevertheless, we believe it is significant that
the shift in S¢,(325 K) implies, within the simple narrow-
band framework, a change in band filling (An == —0.04)
consistent with the change in 6. This supports the view?°
that doping of oxygen atoms onto the chains results in the
transfer of holes to a p-type narrow band.

Regarding the possible role of Coulomb correlations we
note that S,(7) is similar to the thermopower of the
quasi-one-dimensional charge-transfer salt N-methylphe-
nazinium-tetracyanoquinodimethane (NMP-TCNQ).?'
An on-site Coulomb repulsion energy U = 300 K has been
estimated for this material from a model for thermopower
on a Hubbard chain.???* A more realistic analysis should
consider multiple hopping sites per cell and an extension
to finite bandwidth.

A further constraint on models for the chain transport
can be obtained by estimating S, at §=0. We do so by
taking the measured thermopower of 6 =0 polycrystals as
representative of S, and assuming that S,(6=0) is not
substantially different from the data of Fig. 1. Using a
fully oxygenated resistivity ratio,* p,/ps =2.2, we com-
pute [from Egs. (1)] an S (7T) curve quite similar to
those of Fig. 3(a), but shifted downward such that
Scn(300 K) = —2.5 uV/K. It is difficult to reconcile this
latter behavior and the data of Fig. 3(a) with any model
for doping in a single narrow band.

A plausible scenario is that the narrow-band, p-type
component of S, is partially compensated (for § <0.1)
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by a negative component. This hypothesis is consistent
with the FS observations and their assignments according
to the band-structure calculations, indicating two chain-
derived bands crossing the Fermi energy. We tentatively
attribute the p-type component to the pocket states and
the n-type component to the quasi-one-dimensional ridge.

We now turn to the a-axis thermopower. The qualita-
tive behavior of S,, i.e., negative, nearly linear in T near
300 K, changing to positive for T > T, is quite similar to
the in-plane thermopowers of the Bi and Tl materials.?
Recently the same features have been observed for
NdCeCuO crystals.? Thus it is now clear that this be-
havior is common to the cuprates and appears to be intrin-
sic to the CuO; planes, as ubiquitous a characteristic as
the temperature-dependent Hall coefficient.

We interpret the negative sign of S, at high tempera-
tures as indicating a negative diffusion thermopower for
the CuO, planes. This is consistent with the band-
structure transport calculations of Allen, Pickett, and
Krakauer,?” which predict negative S, for all tempera-
tures, independent of their model for the electron-phonon
scattering rate.

The sharp increase in S, to positive values for 7 < 160
K has been inferred previously from the in-plane thermo-
power of twinned crystals® and is also observed in the in-
plane thermopower of the other cuprates. We have previ-
ously discussed a model® for phonon-drag thermopower,
which can explain this feature as arising from a freeze-out
of electron-phonon umklapp scattering involving holes in
the CuO; planes and optical-mode phonons. Kaiser?® em-
phasized a strong electron-phonon enhancement of dif-
fusion thermopower as an explanation for the sign change.
The latter model postulates two bands having thermo-
powers of opposite sign, a picture which is now con-
strained in view of our results for S,: the CuO; plane-
derived bands would have to contribute thermopowers of
opposite sign.

To summarize, two new insights into the plane and
chain conduction in YBCO have been gained from these
measurements. The chain thermopower has a strongly
oxygen-dependent component that saturates for 7> 250
K, suggesting that some of the chain conduction occurs
via carriers in a very narrow band (W = 1000 K). The a-
axis thermopower is quite similar to the in-plane thermo-
power of the other cuprates, being positive and sharply
peaked near 7, and becoming negative at high tempera-
tures. These features are clearly a fundamental signature
of the CuQ; plane excitations.
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