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The Hall coefficient and resistivity of polycrystalline ceramic samples of YBa2Cu307-& were

measured at elevated temperatures and at various ambient 02 partial pressures and correlated
with separate thermogravimetric measurements of B. In the region where the oxygen
stoichiometry reaches equilibrium with the external 02, it is shown by isothermal plots that the
Hall number density decays exponentially with increasing 8 and the effective Hall mobility is

weakly dependent on 8'. Although transport coefficients are temperature dependent, this result

lends support to the picture that oxygen doping in the cuprate acts mainly to modulate the densi-

ty of hole carriers.

with the metallic to nonmetallic transition, there is instead
a continuous transition characterized by a decay-rate pa-
rameter bo. The isothermal analysis is motivated by the
pronounced temperature dependence of all transport pa-
rameters.

I. INTRODUCTION

II. EXPERIMENTAL PROCEDURE

The YBa2Cu307 samples for this work were fabricated
in the form of a ceramic tape following the procedure de-
scribed previously. '9 Prior to firing, the flexible precursor
composite material was cut into cross-shaped samples and
Au leads attached at the edges of the arms with Au re-
fractory cement. The samples were placed on a bed of
YBa2Cu307 granules and heated at a rate of 100'C h
in 02 to a sintering temperature of 975'C, held there for
6 h, and cooled at 200'C h '. Samples were finally an-
nealed at 400'C for 12 h to maximize the oxygen content.
Finished samples have 150-ium thickness, —1-cm overall
width, -5-pm grain size, about 5% porosity, T, 92 K,
and p(295 K) 0.8+0.2 mocm. . Specific contact resis-
tances were about 50 p 0 cm 2 using this method, and
remain stable over the 20-550'C temperature range.
Contacts, which were applied after firing the ceramic us-
ing silver cement, ' were found to be less reliable, degrad-
ing with time at elevated temperatures, particularly at low
02 pressure. Low contact resistance and low electrical
noise from mechanical contact fluctuations are required
for accurate Hall measurements. Transport measure-
ments were made according to van der Pauw's method us-
ing a gas-flow oven inserted into a rotatable permanent
magnet at H 0.15 T. The Q2 partial fractions were fixed
at 1, 0.21, 0.01, 0.001, and 0.00005, obtained from 02-N2
mixtures which were chemically scrubbed to remove hy-
drocarbons, HzO, and CO2.

The temperature and Po, range permits a
0.03 (b(0.6 variation in oxygen stoichiometry, over
which the results were reversible and the stresses associat-
ed with intercollation did not degrade the sample or the
contacts. The 8(Po„T) function was obtained from ther-
mogravimetric analysis of similarly treated samples' and
in several cases samples were sacrificed for hydrogen-

Electrical transport in superconducting YBa2Cu307 —s
exhibits strong anisotropy, as evidenced by epitaxial films
and crystals which have higher conductivity in the a b-
plane, '2 and depends sensitively on the oxygen
stoichiometry parameter b. 34 Data on ceramic samples
give linear temperature dependences for both the resistivi-

ty p and the Hall number density nH 1/eRH, an anomaly
that remains open to various theoretical explanations.
Changes as a function of b provide important insight into
the dependence of transport on oxy, gen doping, which was

previously studied by quenching,
'4 getter annealing, "

and in situ at elevated temperatures. '2'3 In thermally
quenched samples, where a partial loss of oxygen is frozen
in, both the conductivity o and 1/eRH decrease systemati-
cally with b, together with a depression of the supercon-
ducting transition temperature T, .3' Qualitatively, the
effect of oxygen stoichiometry is to dope YBa2Cu307-ii
with hole carriers. The a-b plane transport is expected to
dominate the electrical measurements on polycrystalline
samples. ~'3 For low-temperature annealing methods, the
extra oxygen vacancies become ordered, ' '5 particularly
distinctive being the T, 60 K phase. The ordered
oxygen-deficient phases are revealed as a modulated
structure in the b dependence of the transport
coefficients. " This recent finding illustrates the complexi-
ty associated with accessing the doping effect on transport
when the distribution of the extra oxygen vacancies is not
random.

In this work we aim to circumvent some of this
difficulty through a study of polycrystalline samples at
temperatures that are sufficiently high so that b' is deter-
mined b~ the external 02 partial pressure Pp, in the am-
bient. ' For temperatures above about 300'C at high
Po, and 400'C at low Po„ the exchange rate and oxygen
diffusivity are large enough for equilibrium to be reached.
Under such conditions the oxygen vacancies are also disor-
dered. ' We find that at fixed temperature the Hall num-
ber density 1/eRH is an exponentially decreasing function
of b and that effective Hall mobility pH RHa remains
fairly constant with b. Rather than a critical b, associated
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reduction analyses. Equilibration times up to 24 h were
allowed prior to measuring cr and RH, depending on Pp,
and T.
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III. RESULTS AND DISCUSSION

In principle, single crystals are preferable to polycrys-
talline samples. As shown theoretically by Xia and
Stroud, a measurement of RH for polycrystals gives
essentially the a-b plane component multiplied by a
correction factor which reduces to —,

'
in the simple one-

band model. However, in attempting electrical measure-
ments on single crystals, ' we discovered that oxygen
stoichiometry may not reach equilibrium on account of
the much slower 02 exchange kinetics. This can be ex-
plained by scaling oxygen intercollation-rate data on
ceramics quadratically with grain or crystal width in the
a-b plane. '2 Hence, there is a kinetic barrier tempera-
ture Tx, which is function of Pp„cryst al dimensions, and
wait time. In a pure 02 ambient, allowing several hours of
equilibration, Tx 300 C for many ceramics, while for
1-mm crystals Tx & 550'C. In the case of films, one nat-
urally has to be concerned with substrate interactions. 2

Our results for the electrical resistance are similar to
previous data'2'3 where it was shown that dependences on
temperature and b may be separated into two terms:
p(T, 8) a T+pob/(8, —b), where b b'(Po„T) and
b, =0.85. Some variation in the room-temperature sam-

ple resistivity was found among several sample batches,
even though preparation conditions were similar. Lower
resistivity samples generally give smaller Hall coefficients.
Although the tape process produces randomly oriented
grains, as determined by x-ray diffraction, part of this
variability may be due to the platelet shape of the grains,
which implies that a simple effective-medium correction
factor between p,b and the measured p is not always ex-
actly 2. Another consideration is grain size and the effect
of increasing oxygen deficiency with crystallite size, be-
cause of the kinetics discussed above. Concerned that the
latter is the more significant criterion, we selected samples
with the lowest resistivity, about 0.7 mocm at room tem-
perature.

One cannot rule out that part of the temperature depen-
dence in RH and p that is observed below Tx, a region
where exchange with the ambient 02 is probably too slow

to be consequential, may be a consequence of reordering
of the remaining oxygen deficiency or to macroscopic oxy-
gen diffusion within the sample. Appreciation of this pos-
sibility is our primary motivation for focusing on the re-
gion above Tx. Figure I shows the effective Hall number
density nH 1/eRH as a function of temperature for vari-
ous constant Po,. The reversible regions, temperatures
above our estimate of Tir, are shown by solid curves. The
equilibrium parts of the isobars, shown by dashed curves,
were taken after cooling below Tx. The magnitude of
I/eRn is larger than found in some previous work and in
some of our other samples, which we associate with the
lower resistivity of this sample. Our electrical measure-
ments show that oxygen exchange essentially ceases below
Tx 290'C for Po, 1 atm and below -400'C for
Pp, &0.1 atm. This is shown as a dotted curve in Fig. 1,
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FIG. 1. Temperature dependence of the Hall effect in

YBa2Cu307-~ ceramic at various ambient Pp&. Solid curves

connect points in the equilibrium region; dashed curves, below
the kinetic barrier limit; and dotted curve, an inhomogeneous-
quenched sample, as discussed in the text.

where the sample was intentionally prepared with an inho-
mogeneous oxygen stoichiometry by heating to 550'C at
Po, 0.01 atm, cooling, and switching to pure 02 at about
500'C. This produces oxygen-deficient cores within
many of the grains. The region below Tir falls intermedi-
ately between the Po, 1.0 and 0.01 points, and rejoins
the Po, 1.0 curve above Tg.

Data taken below room temperature show more clearly
the linear temperature dependence of 1/eRH, which leads
to a quadratic temperature dependence of the effective
mobility pH in the region T ( Tir. ' This strong temper-
ature dependence is presently not understood from two-
dimensional band theory, 2 although compensation has
been mentioned. 9'0 However, these observations are re-
markably similar to the extraordinary Hall effect associat-
ed with skew scattering by local magnetic moments. 2b

Desorption of oxygen and an increase in b above Tx
causes 1/eRH to peak above Tx, decreasing at high tem-
perature. To isolate the b dependence from the pressure
and temperature dependences, we constructed isothermal
plots of Hall number and mobility, as shown in Figs. 2 and
3. For b' we have taken thermogravity data, which are
similarly affected by nonequilibrium for points at T
Hence, the lowest temperature isotherms, which are ap-
proaching Tx, may be infiuenced by nonequilibrium. On
a plot with linear scales, 1/eRH curves continuously as a
function of b. This is unlike the conductivity, which after
correcting for the aT term in p, was found previously to
approach zero at a critical b, =0.85. Hence, we find that
1/eRH apparently does not extrapolate to zero at a critical
point in a similar manner. This result comes about be-
cause the conductivity at a given 8 is less temperature sen-
sitive than I/eRH. The data in Fig. 2 were fitted by the
expression nH noe . The prefactor no= 2X10

—a/a,

cm does not vary significantly with temperature. How-
ever, bo depends on temperature as shown in Fig. 4.
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FIG. 2. Isotherms giving the 8 dependence of the effective
Hall number density and exponential fits.

Considering the hypothesis that the decrease in conduc-
tivity is due to disorder associated with the excess oxygen
vacancies and appealing to predictions of the scaling
theory of localization, one should expect no renormaliza-
tion of the Hall coefficient. 27 A similar theoretical result
was found for corrections due to electron-electron
Coulomb interactions. 2s These theoretical predictions
were confirmed by experiments on low-carrier-density in-
dium oxide superconductors. 9 This is to be contrasted
with data on doped semiconductors, where both the con-
ductivity and the Hall number density drop to zero at a
critical point with separate power-law exponents. 3o The
semiconductor experiment is probably an exceptional case
not relevant to understanding the present experiment be-
cause in YBa2Cu307-s the carrier density is orders of
magnitude larger, Coulomb interactions are much
stronger, and the insulating phase is antiferromagnetic. 3'

Thus we take that there is no strong renormalization of
1/eRH due to disorder, for a given dopant density.

Although band effects may alter the details, we will ar-
gue that 1/RH is essentially proportional to the hole car-
rier density, because it gives a consistent interpretation of
the data in Figs. 2 and 3. The isothermal curves in Fig. 3
show that the effective mobility is almost constant. Ab-
sence of a decrease in pH with oxygen removal implies
weak lattice-defect scattering compared to phonon
scattering and little change in the effective mass. Hence,
the data of Fig. 2 can be interpreted as a depletion of the
hole density as oxygen is removed. This conclusion is sup-
ported by recent theoretical total-energy calculations and
photoemission experiments which indicate that the Hub-
bard potential U is large at both Cu and 0 sites, that the
oxygen valence is, therefore, closer to —

1 than —2, and
that the oxygen, therefore, controls the electronic dop-
ing.

Recent nuclear quadrupole resonance relaxation data,
T ~ 300 K, suggest that the carrier density at Cu sites is
depleted at b =0.3.33 This is qualitatively consistent with
the exponential dependence observed. Although our pre-
sentation separates the temperature dependence from the
stoichiometry dependence, it is important to recognize
that the orthorhombicity of the sample cannot be kept
constant as b is varied. Moreover, the variation of
orthorhombicity with b is temperature dependent. '3's

0.4 IV. CONCLUSIONS
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Ceramic samples offer the ability of studying a broad
range of uniform oxygen stoichiometry b(Pp„T) in a re-
gion above the oxygen-exchange kinetic-barrier limit.
Plotting our Hall effect data as isotherms, rather than as
isobars, reveals an exponential dependence of the effective
hole carrier density on oxygen content, as nH =noe

—8/Bp

That the effective mobility remains constant with b, to a
good approximation, implies that the presence of oxygen
in the central Cu-0 chains of YBa2Cu307 —s dopes the
crystal with hole carriers, and that the perturbation by ox-
ygen disorder is comparatively minor.
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FIG. 3. Isotherms giving the 8 dependence of the effective
Hall mobility.
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