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system is not in equilibrium. Figure 2 shows the logarith-
mic derivative (T/p)dp/dT (absolute T) as a function of
temperature for several atmospheres. The slope is unity
for temperatures below about 300'C. As noted by previ-
ous work, at lower temperatures the resistivity is essen-
tially linear: p(T) =p(0)+aT, where p(0) is an extrapo-
lated residual resistivity, 70 p 0 cm after annealing in pure
02. Above -300 C one finds thermally activated depar-
ture from the linear law caused by oxygen desorption,
with (p —aT) following an Arrhenius temperature depen-
dence, ~exp[(0.7 eV)/ks T]. The break in slope at higher
temperature, a point which varies with oxygen pres-
sure, ' ' corresponds closely with the temperature of the
orthorhombic-to-tetragonal structural transition TQ T
found by x ray ' and neutron diffraction studies. "'
The width of the transition, defined by the interval be-
tween extrema in the dp/dT curve at To T, is ~15'C.
The transition temperature and the width are slight1y
sample dependent. There is no hysteresis associated with
the transition when the temperature is swept slowly
enough (55'C min ') to allow temperature and oxygen
equilibration. This is characteristic of a second-order
phase transition and was confirmed in a separate study of
polycrystalline thin-film samples where oxygen equilibra-
tion times are below 1 sec. The 1ocus of TQ T points gives
the phase boundary determined from the resistivity as
shown in Fig. 1. At TQ T the resistivity is 4 times larger
than the extrapolated value aTQ T, illustrating that the
disordering caused by oxygen desorption is large and
influences all Cu —0 planes, i.e., it is much larger than the
33% maximum increase which would occur if transport
along only the central chain of the YBa2Cu307 structure
was disrupted. Because of this, microscopic anisotropy
will be ignored in modeling this behavior.

In principle, the resistivity can be expressed in terms of
two scattering rates: elastic scattering by quasistatic
oxygen-vacancy disorder, treated adiabatically here as far
as transport is concerned, and inelastic scattering by lat-
tice vibrations —phonons and possibly tunneling states. '

At high temperature the total electron scattering rate is
given by

'=(vF)ld '+2mb 'AkgT,

where vF is the Fermi velocity, ld the defect mean free
path, taken to be a function of 8 only, and in the phonon
term X is a coupling constant which is proportional to the
density of states N(EF). ' Two additional inelastic mech-
anisms have recently been suggested to explain the linear
temperature dependence of r ', namely, electron-electron
scattering' and scattering by tunneling states. ' We will

assume that these inelastic contributions, if important,
can be included in an effective X which is proportional to
N(EF). The resistivity in 3D is written as

where, for completeness, a second term p, ' is included to
phenomenologically account for resistivity saturation as p
approaches the Ioffe-Regel limit of ld-ao. The ap-
parent absence of saturation in the linear portion of the
data in Fig. 1 indicate that p, is suf5ciently small com-
pared to the first term that it may be dropped in the

p(T, b) =aT+po
6, —8

(3)

where po is a scaling resistivity of similar magnitude as the

present analysis. As a result of X~N(EF), the inelastic
scattering term in p should vary as (vF) ', explicitly in-
dependent of the density of states, a point made previously
by Allen. '

Recent neutron diffraction measurements"' have
shown that oxygen stoichiometry disorder is confined to
the central (001) Cu —0 plane in the YBa2Cu307 —b

structure. Thermal activation depletes the oxygens at
[0 —, 0] sites while simultaneously increasing occupancy of
normally vacant [ —,

' 00] sites, with unequal occupancies
below To T and equal above. Hence, the YBa2Cu207 lat-
tice transforms by thermal activation into a disordered
variant of the hypothetical YBa2Cu308 structure treated
theoretically by Herman, Kasowski, and Hsu, ' but with

of the oxygen in the central plane missing. We ex-
pect uniform disorder in equilibrium at high temperature,
in contrast to studies of partially oxygen-depleted samples
prepared by either rapid quenching or getter annealing, '

where partial ordering of the oxygen vacancies may
occur. '

Band-structure calculations show that the Cu —0
valence bands in YBa2Cu307 are about 8 eV wide' with
three bands crossing the Fermi level. ' ' In the hy-
pothetical YBa2Cu308 structure ' octahedral oxygen
coordination about the central Cu gives rise to an addi-
tional band while elimination of the central Cu —0 chain
in the YBa2Cu06 structure removes a band. ' ' The rel-
ative position of the Fermi level appears changed very lit-
tle, as might be expected since oxygen stoichiometry
affects only the Cu —0 bands. Although intermediate
cases containing oxygen defects are not treated by band-
structure theory, one could speculate by way of interpola-
tion that the Fermi velocity is insensitive to stoichiometry
since the bands near the Fermi level involved in transport
have similar shape in each of the cases treated. Because
of thermal broadening, details finer than 0.1 eV in band
structure are smeared out. A reasonable assumption then
is that inelastic contributions to r ' will be independent
of disorder, as a first approximation, and will vary linearly
with temperature. Consequently, the first elastic term in

Eq. (1) is the main cause of the large increases in p ob-
served in Fig. 1, contributing a term in p proportional to
[&vF)N (EF) ]

Since the YBa2Cu306 structure is a semiconductor, the
limiting cases are for N(EF) to be maximum at b =0 and
vanish at 8=1. We will assume a linear interpolation
model for the depression of N(EF) associated with static
structural disorder, N(EF) ~ (1 —8). Although this is
simplistic, we presently lack the carrier density informa-
tion which is needed if we are to account for localization
and interaction effects correctly. In addition, since
resistivity scales with defect concentration and the vacan-
cy concentration varies as 6, it follows that ld ~8 is a
reasonable assumption. Combining these factors gives for
the static disorder a term in the resistivity proportional to
8/(1 —8). Hence, the total resistivity in the region
T ~ 300 C is modeled by
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saturation resistivity, and 8, = 1. It is expected that a is
given by the slope below 300'C for data taken at atmo-
spheric pressure of 02, which for the sample of Fig. 1 is
2.5 p A cm K . In Fig. 3 this model is tested by plotting
resistivity against 8/(I —8), where b(T) is taken from
published thermogravimetric data. We observe a near-
ly linear dependence, as predicted by this model. For the
isotherm curve, obtained by interpolating curves at
diff'erent pressures, we chose 550 C so as to present a
wide variation in 8 over the available range in oxygen
pressure. It is immediately evident that structure in the
p(T) data at the 0-T transition is suppressed when data
are plotted in this manner; for the 550 C isotherm data,
the structural transition takes place at b/(1 —8) =0.67.
Extrapolation to the ordinate axis gives p=1.86 mQ cm,
which is in good agreement with the expected value
aT=2.06 mAcm at T=550 C. The slope of the curve
gives pp=11.4 mAcm. An isobar also shown in Fig. 3
demonstrates that the aT term has 1ittle eAect at high
temperatures. The small variations in the curve are most
likely systematic computation errors. This result shows
that resistivity is dominated by oxygen defect density and
is only weakly sensitive to the change in lattice symmetry
at To T. Published thermogravimetric data for 8 show a
peak in the slope near TQ T, although the precision is
not as good as in resistivity to clearly define a break in the
slope. Since in resistivity two factors involving 8 are com-
bined, the eff'ect at TQ T is more pronounced.

The region 8 1, where N(EF) ~ 0, is examined fur-
ther in Fig. 4, which is a plot of the defect contribution
hard =(p —aT) ', against (1 —8)/6 for two isobar curves.
Systematic errors are about 10% in the orthorhombic
phase region, shown as dotted curves. The solid portion of
the curves corresponds to the tetragonal phase, and
extrapolate to zero conductivity at a critical value
6, = 0.85. This extrapolation procedure is some~hat im-
precise as it neglects the small thermally activated con-
ductivity of the semiconducting phase. ' Taken together,
Figs. 3 and 4 show that the depression of N(EF) varies as
(8, —8) to within 10% accuracy over the range
0.2(8& l. It would appear that the depression is a
consequence of strong disorder, since h (vF)ld ' ) kT and,
moreover, theoretical band-structure calculations predict

300

200—
E
O

Cs

1O0—

0.01 atm 0~

1 atm op

'0 2
(1-S)%

FIG. 4. Defect conductivity, defined as od —(p —aT)
plotted against model function (I —8)/h'.
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a much weaker 10% decrease in N(EF). ' This smooth,
monotonic dependence on 8' at high temperature is
diA'erent from the low-temperature behavior of oxygen
deficient samples, where resistivity and superconducting
T, can show plateau structure as functions of 6'. ' ' A
quantitative estimate of the upper limit of oxygen
deficiency at low temperatures can be made using the re-
sidual resistivity p(0) mentioned earlier. From Eq. (3)
and the value of pp found from Fig. 3, the residual disor-
der at low temperature is equivalent to having 0.6% of the
oxygens randomly removed from the central chain. This
is taken as an upper limit, since other forms of disorder
are present.

As a final observation, the correlation between TQ
and oxygen stoichiometry is plotted in Fig. 5, where 6 is
determined by the oxygen pressure, the independent ex-
perimental variable. Each rectangular symbol encloses
the interval over which p(T) changes slope, taking the full
width of the transition region from derivative data like
Fig. 2. Transition onsets are taken to be the upper right-
hand corners of the symbols. These data show that the
oxygen deficiency increases as TQ T is depressed and it
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FIG. 3. Resistivity vs disorder function 8/(I —8), computed
for an isotherm and an isobar. Solid curves: orthorhombic

phase; dotted curves: tetragonal phase.
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can be explained by thermal activation of site occupancy.
Just below Tg T, the ratio of oxygen concentrations in the
[ —,

' 00] and [0 —,
' 0] site scales with the orthorhombic distor-

tion:"

cl i „1/cl, i,l
=1 —(b a)—(bo ao—) '(1 —8)

where a and b are the basal lattice parameters and
bo —a0=0.06 A is the orthorhombic distortion at 8=0.
The ratio is assumed also to be activated, given by
exp[ —(b a)Eo—/kttT], where Eo is the oxygen atomic
deformation potential. Hence, since (b —a) «(bp ao)
near To T, it follows that

k~ To
0-T = l-

(bp —ao)Ep

Fitting this expression to the onset region gives E~=2.0
eVA ' for the oxygen-site deformation potential. In ad-
dition to giving a quantitative measure of the Cu —0 in-
teraction potential, this result can be used to estimate site
occupancy and disorder at temperatures below the range
of the experimental data. Referring to Fig. 1, one finds
that p(To T) is higher for lower To T, which is also con-
sistent with a larger Bg T. The width in 6' associated with
the O-T transition corresponds to about a 4% inhomo-
geneity in the occupancy of the [ —,

' 00] and [0 —,
' 0] sites.

One can explain the width in terms of statistical fluctua-
tions in the oxygen concentration within the correlation
volume g, where the correlation length g diverges at the

second-order To T transition, by imposing a cutoH' g ~ 75
A. This maximum g is close to the —100 A defect-
microstructure scale observed by electron microscopy
and is indicative that the phase transition lacks intrinsic
sharpness.

In conclusion, the eftect of disorder on electrical trans-
port associated with oxygen desorption in YBa2Cu307 —b

in equilibrium with the ambient 02 atmosphere at elevat-
ed temperature is explained by a straightforward homo-
geneous-disorder model. The data are consistent with a
depression of the electronic density of states proportional
to (8, —8), where the critical disorder is at 8, =0.85, a
disorder-induced electronic elastic scattering rate which is
proportional to 8, and a thermal inelastic rate proportion-
al to temperature and independent of 6. The
orthorhombic-tetragonal phase transition is broadened in-
trinsically and is modeled by statistical fluctuations in va-
cancy concentration. The value of 6o T at the transition
increases and the temperature of the transition is lowered
by reducing the 02 partial pressure, as explained by an
atomic deformation-potential mode1.
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