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Measurements are reported of the conductivity, its anisotropy, and the in-plane Hall coefficient
for a single crystal of La;CuOs+, with y varied from 0%-1.5%. The conductivity is thermally ac-
tivated with a single activation energy at high temperatures and with a continuously decreasing
activation energy below ~50 K. The anisotropy is as large as 500 at high temperatures, falls
sharply to 10-20 at ~50 K, and then is only weakly T dependent at lower temperatures. The
Hall coefficient is simply activated above ~50 K (with an activation energy similar to that of the
in-plane conductivity), and has a peak at lower temperatures. All these features are evidence for
a change in the transport mechanism near 50 K. The low-temperature conductivity is consistent
with thermally assisted tunneling between localized states at the Fermi energy. The high-
temperature process arises from thermal activation of carriers into a band of highly anisotropic
states. The low mobility associated with these states makes it impossible, however, to determine
whether they arise from impurities or are states near a band or mobility edge.

I. INTRODUCTION

Since the discovery' of high-temperature superconduc-
tivity in La,-,Ba,CuQO4 and other copper oxides, it has
become clear that the lamellar CuO;, superconductors
have a common global phase diagram.>3 At low hole den-
sity the system is an antiferromagnetic insulator, but a
concentration of a few percent holes is enough to destroy
the Néel state and create a spin-glass phase.? The addi-
tion of holes also causes the insulator-metal transition
(IMT). Because the IMT is found so close to the super-
conducting region, it is important to understand this tran-
sition in detail.

In this paper we report the results of a study of the
transport in single crystals of La,CuQOy4 approaching the
IMT, with hole concentration altered by annealing the
crystals in various chemical potentials of O,. We find evi-
dence, both from the conductivity tensor and the Hall
coefficient, of a change in the carrier transport mechanism
near 50 K. Below this temperature, holes move by hopping
between localized states at the Fermi energy, whereas at
higher temperatures holes move by thermal activation into
highly anisotropic states. Because of the very low mobili-
ties, however, we are unable to determine whether these
states are near a band or a mobility edge.

II. EXPERIMENTAL DETAILS

Single crystals of La,CuO4 were grown by the top-
seeded solution method in a CuO flux. A Laue camera
was used to determine the sample orientation: the a-c
plane (orthorhombic notation) grows parallel to the sur-
face of the melt and the dimension along the b direction is
typically the smallest. Details of the crystal growth tech-
nique have been published elsewhere.*

The Montgomery> method is commonly used to deter-
mine the conductivity tensor of small uniaxial crystals of
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insufficient size for conventional four-probe measure-
ments. The Montgomery method can be used with either
point or line contacts; line contacts are preferred for their
strength and lower contact resistance. All measurements
reported here were therefore made with line contacts, al-
though some results were repeated with point contacts.
The four leads were placed along the edges of the crystal,
parallel to one of the in-plane tetragonal axes. This
geometry did not allow the measurement of the in-plane
anisotropy. Any in-plane anisotropy is expected to be
small because of the twinning of orthorhombic domains,
and because the orthorhombic distortion of the tetragonal
structure is so slight. To verify this, the in-plane anisotro-
py was also measured by the Montgomery method, with a
different lead geometry, and was found to be just 1.4. All
contacts were made with silver paint. These had relatively
high resistance (~100 Q at 300 K, several M Q at 4.2 K)
and limited the range of sample resistances which could
be measured.

Most of the crystals were grown in air. Earlier conven-
tional four-probe measurements of resistivity® on some of
these showed nearly isotropic hopping conductivity, a re-
sult which we have confirmed with the Montgomery
method for those samples. However, there is apparently a
large variation in behavior from sample to sample. Some
of the crystals grown in air had anisotropic conductivity,
and one, grown in an oxygen ambient, appeared closest to
ideal. It displayed the largest anisotropy and reached the
highest Néel temperature when reduced. This crystal was
about 3 cm square (a-c plane) and 1 mm thick (b axis) as
grown, and the piece cut for transport measurements was
6.4%2.6x0.9 mm>. Most of the results discussed here
are for the latter crystal, although qualitatively similar be-
havior was observed for a crystal grown in air.

The Hall effect was measured in both four- and five-
probe configurations with identical results. The Hall volt-
age was measured by a lock-in technique at 28 or 37 Hz
with sufficiently small currents to prevent sample heating.

11 563 ©1989 The American Physical Society



11 564

N. W. PREYER et al. 39

TABLE I. Summary of sample processing and measurements. Ty is the Néel temperature determined from the peak of the sus-
ceptibility: The processing sequence and conditions are given by step (with the as-grown crystal given No. 1), gas, T, and time. All
oxidation steps were oven quenched. Steps 3 and 4 gave Tn essentially identical with the as-grown sample. E,, Es, and Ey are the
activation energies of the in-plane conductivity, out-of-plane conductivity, and Hall coefficient, respectively. Tn was used to estimate
the mole% excess oxygen, while the Hall coefficient gave estimates for the hole concentration p.

Ty Step Gas T Time E, En Excess O p(T=300 K) p(T=o0)

(K) Q) (h) (meV) (meV) (meV) (mole%) (% holes) (% holes)

320 8® Ar 725 2.5

310 2 Ar 665 2 41.5(3) 27.1(7) 34(1) 0.5(3) 0.08(1) 0.21(4)

285 6 Ar 510 6 28.6(6) 12.9(3) 22(1) 1.0(3) 0.15(1) 0.38(3)

260 5 Ar 400 8 23.1(3) 9.5(1) 24(1) 1.3(3) 0.30(2) 1.74(6)
lC O2 e . . ..

240 { 3 (073 385 13 } 24(1) 8.2(2) 18(2) 1.4(3) 0.5(1) 0.9(3)
4 Ar 330 20

215 74 0, 600 6

“Reference 9.

"Sample broke after annealing.

°As grown.

9Trace superconductivity ( < 0.01% Meissner effect) at 30 K.

The sample was placed in an oscillating magnetic field (0
to 6 kG) with a period of about 20 s. The resulting slow
modulation of the lock-in-amplifier output was recorded
and averaged with a digital oscilloscope. To remove the
effects of magnetoresistance the difference of positive and
negative magnetic field data was taken to measure the
Hall voltage. Because of the sample geometry, measure-
ments could only be made with the field perpendicular to
the CuO; planes.

The oxygen content of the crystal was changed by an-
nealing it in a furnace in an atmosphere of dried oxygen or
argon for various times and temperatures. Since there
was undoubtedly some diffusion of air into the furnace
during argon annealing, there was a small partial pressure
of oxygen present. Thus the variation of ambient and
temperature corresponds to a variation of the oxygen
chemical potential. The samples were etched for 90 s in
1% HCI after each step to remove any enriched or deplet-
ed surface layers. A superconducting quantum interfer-
ence device (SQUID) magnetometer was used to measure
the magnetic susceptibility, which characterizes the oxy-
gen content and homogeneity, after each processing step.
All measurements were made in a 5-kG magnetic field ap-
plied along the b axis. The resulting states are listed in
Table I in order of decreasing Néel temperature, deter-
mined as discussed below.

III. RESULTS

In Fig. 1 we plot the magnetic susceptibility as a func-
tion of temperature after three stages of oxidation or
reduction of the sample. The pronounced peak in the sus-
ceptibility results’ from a bilinear coupling between the
uniform and staggered moments arising from Dzyaloshin-
sky-Moriya antisymmetric exchange made allowed by the
staggered rotation of the CuO octahedra in the ortho-
rhombic phase. As shown by Thio et al.,” the peak occurs
at the Néel temperature. The crystal had Ty =240 K as
grown, and T varied from 320 to 215 K as the oxygen

concentration was changed. After one or two of the
preparation stages, such as that with Ty =215 K (Fig. 1),
two peaks appeared in the susceptibility; this is clear evi-
dence of heterogeneity. The latter preparation showed su-
perconductivity with 7.~30 K, but the small Meissner
fraction, ~0.01%, and the coexistence of superconductivi-
ty and antiferromagnetism, are strong evidence that this
state is heterogeneous. Recently, structural evidence for
heterogeneity in oxg'gen-doped superconducting La;CuQOy4
has been reported.® However, for lower oxygen content
this does not appear to be the case. Preparations that
show clear evidence of heterogeneity will not be discussed
further. The susceptibility peak is quite sharp for the
highest T, indicating that the oxygen content is very
homogeneous. That short annealing periods produce very
homogeneous samples is evidence that the oxygen dif-

2.5 T | T 1 T

n
()

X (10-4cm3 mol-1)
o

5
100 200 300 400

Temperature (K)

FIG. 1. Selected susceptibility data taken with a 5-kG field
perpendicular to the CuO: planes. The curves are labeled by the
peak which, from Ref. 7, is Tn. Note the double peak seen in
the 215-K preparation, which is evidence for heterogeneity.
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fusion coefficient is very large. After annealing at 725°C
the sample, which then had T =320 K, broke apart, and
no transport data for it will be presented.

Johnston et al.® have studied the dependence of the sus-
ceptibility peak on oxygen content and found that the
peak temperature shifts to lower values with increasing
oxygen content, going to zero at an excess oxygen concen-
tration of ~3%. Using their data, we find that our range
of Ty corresponds to excess oxygen concentrations of
~0%-1.5%. We assume here implicitly that the sample
with the largest Ty (320 K) is closest to being stoichi-
ometric, that is, following Aharony e? al.,? we assume that
the diminution of the Néel temperature is caused by the
presence of holes on the oxygen sites.

Figure 2 shows the conductivity o as a function of 1/T
for (@) T>20 K and (b) T>4 K, for current in the
CuO; sheets (a-c plane); Figs. 2(c) and 2(d) show analo-
gous data for current perpendicular to the sheets, the or-
thorhombic b direction. We discuss the in-plane conduc-
tivity o, first. Between 75 and 200 K [Fig. 2(a)] logo,
appears to be nearly linear in 1/7 corresponding to
thermally activated behavior with a single activation ener-
gy. This activation energy decreases monotonically with
increasing oxygen content, but it appears that all prepara-
tions have approximately the same prefactor, ~45 Q ~!
cm !, which corresponds to ~10 ™! ¢2/h per CuO; layer.
There is a deviation from this simply activated behavior at
the highest temperatures where the slope of logo, vs 1/T
decreases. For TS50 K, the temperature dependence of
o, becomes weaker with the differential activation energy
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decreasing monotonically with decreasing 7. This behav-
ior is typical of variable-range hopping in localized states
near the Fermi energy. The data can be adequately fit-
ted with the functional form expected'® for hop-
ping: ooexpl— (To/T)°] with § <s < I, encompassing
three-dimensional hopping with or without carrier corre-
lations and two-dimensional hopping. In our earlier mea-
surements® on crystals with isotropic conductivity, we had
seen hopping transport from 300 to 4 K, and could accu-
rately determine s = 4. The present experiment, however,
shows hopping conductivity only below —50 K, and this
temperature range is too narrow to determine s very pre-
cisely. The magnitude of the hopping component is much
more sensitive to oxygen content than that of the simply
activated component. For the most reduced samples, the
hopping conductivity is too small to measure with our
highly resistive contacts. The hopping conductivity could
not be measured for the most oxidized state below 30 K,
either, since it becomes superconducting at lower temper-
ature.

For jllb there is also a component with a single activa-
tion energy, although the activation energy is smaller than
that of o,. The hopping component, although anisotropic
by a factor 20-50, is manifest in both directions. This can
be demonstrated by plotting the anisotropy of o as in Fig.
3. The anisotropy is quite weakly temperature dependent
at low T indicating that the conductivity in this regime
has approximately the same temperature dependence for
both directions. However, the anisotropy increases
dramatically when the simply activated component begins
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FIG. 2. Conductivity, measured by the Montgomery method, for various oxygen concentrations. The curves are labeled by Tw.
(a) The in-plane conductivity o, for 7> 20 K, and (b) the full temperature range (T > 4 K). (c) and (d) The out-of-plane conduc-
tivity op in the same temperature ranges. Three different processing steps (see Table I) gave T = 240 K but show different conduc-

tivity at low 7.
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FIG. 3. Anisotropy of the conductivity as a function of T, ob-
tained directly using Montgomery method.

to dominate. It is striking, however, that despite the
strong dependence of the anisotropy on temperature, it is
only weakly dependent on oxygen concentration, even
though the conductivities vary by orders of magnitude.
The decrease at the highest 7 is the result of the decreased
slope of logo, vs 1/T mentioned above.

The change in the dominant transport process from
simple activation to hopping at ~50 K is clear from the
conductivity itself. Further evidence for this change in the
transport process at ~50 K can be found in the Hall data.
Figure 4 shows the Hall coefficient as a function of 1/T
for jlla. As usually found for La,CuQ4 and other copper-
oxide superconductors,!! the Hall coefficient is positive.
The simply activated component is seen here also at high
temperatures with activation energies comparable to those
for o,. The activation energies and prefactors are given in
Table I. For the samples in which the hopping conductivi-
ty can be measured, there is a peak in the Hall coefficient
at ~50 K. Such a peak was identified by Fritzsche,'? in

o
o
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FIG. 4. Hall coefficient measured with an oscillating 6-kG
field perpendicular to the CuO; planes and with current in the
planes. Inset shows five-probe geometry for Hall measurements.
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FIG. 5. The Hall mobilities for the in-plane (upper curves,
1q) and out-of-plane (lower curves, u,) direction.

his classic studies of the insulator-metal transition in
doped Ge, as the result of a crossover in the dominant con-
duction process from one with relatively high mobility and
strongly T-dependent conductivity at high temperatures
to another with lower mobility and weakly 7-dependent
conductivity at lower temperatures.

Because the Hall effect in La;CuO4 shows simply ac-
tivated behavior at high temperatures with activation en-
ergy similar to that of oy, it is likely that it is the carrier
density itself which is thermally activated. If that inter-
pretation is correct, the product of o, and Ry gives the
mobility in the a-c plane. In Fig. 5 we have plotted this
Hall mobility u, as a function of 7 for the high-T regime.
For all preparations, but most clearly for the sample with
Tn =310 K, u, increases with T at low T, reaches a peak
at ~140 K and decreases at higher 7. The decrease at
high temperatures reflects the change in slope seen in
logo, vs 1/T [Fig 2(a)] but not in logRy vs 1/T (Fig. 4).
Note that, like the anisotropy, the mobility is very weakly
dependent on oxygen content, varying by only a factor
~2 while o, varies by decades.

The weak dependence of the anisotropy on the oxygen
content and the similarity of the activation energies of o,
and o, suggest that the carriers which dominate the
high-temperature conductivity in the two directions are
the same. If true, this means the mobility in the direction
perpendicular to the layers can be determined from the
product of o, and Ry. This quantity u, is also plotted in
Fig. 5. This mobility is, like u,, independent of oxygen
content. Note that the variation by a factor ~2 is not
systematic with 7. The temperature dependence of u, is
stronger than that of u, and has the opposite sign. At low
T, the mobility perpendicular to the CuO, sheets, us,
varies approximately as T ~2, but this temperature depen-
dence saturates by ~ 150 K.

IV. DISCUSSION

The positive Hall coefficient and thermopower'* show
that addition of oxygen gives rise to excess holes, so that



oxygen, probably as an interstitial O, ~ ion,'* acts as an
acceptor. As discussed in more detail below, there is little
doubt that the low-temperature motion of the holes is by
hopping. It is also clear that, at high temperatures, holes
move by thermal activation to a set of highly anisotropic
states. A variety of spectroscopies'> indicates that excess
holes reside primarily on the oxygen rather than on the Cu
atoms. Thus, pure La,CuQy is most simply described as a
charge-transfer insulator'® with a valence band arising
primarily from O p states and a conduction band arising
primarily from Cu d states. Obviously, these states are
mixed because the bonding is strongly covalent, so the na-
ture of the valence band in which the supercurrent car-
riers reside is quite complicated. It has even been pro-
posed that an extra hole is bound to a Cu?? ion in a sing-
let state. !’

The transport properties of La;CuO4+, in the range
0S5y <1.5% can be generally understood using standard
concepts in semiconductor physics.'® Specifically, doped
La;CuQ4 exhibits properties which are in many ways
similar to those of uncompensated Ga-doped Ge (Ge:Ga)
near the insulator-metal transition. The properties of that
system can be summarized as follows. '2

The saturation regime, in which all impurities are ion-
ized, occurs near room temperature. If the compensation
(the ratio of donors to acceptors) is small the Hall
coefficient is temperature-independent and gives the im-
purity concentration directly. As the temperature is
lowered, one enters the regime in which the majority of
carriers are bound to the impurities. The conductivity is
first limited by the thermally activated fraction of the car-
riers which are ionized to the valence band, and both Ry
and o are simply activated with energy ¢, the impurity
binding energy. Note that the binding energy is not 2g
unless the compensation is extremely small. '®

The temperature range in which impurity ionization
can be observed is narrow, however, if the carrier concen-
tration is high, and specifically if it is within a decade of
the insulator-metal transition concentration. At these
high dopant levels, impurity-band conduction dominates
the higher mobility valence-band conduction as soon as a
large enough fraction of the carriers are bound to the im-
purities. The onset of the new transport mechanism is sig-
naled by a peak in Ry and a smaller activation energy of
o. Actually, there are two thermally activated contribu-
tions to the impurity-band transport with energies &, and
€3 < &. The energy ¢; is that for excitation from a singly
occupied impurity to the band of doubly occupied impuri-
ties. This is analogous to the correlation energy minus
that bandwidth in the Hubbard model.'® Because the
doubly occupied states of the impurities are weakly
bound, they are larger and overlap much more strongly
than the ground states and form a band whose width in-
creases with density. Thus &, decreases rapidly with con-
centration, but the prefactor of this contribution is
found '? to be only weakly dependent on density.

At still lower temperatures, a second impurity-band
mechanism takes over, again heralded by a peak in Ry.
This component arises from thermally assisted tunneling
(hopping) between localized states near the Fermi energy,
Er. This component of o is simply activated at the
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highest temperatures at which it is observed, because it is
dominated by hopping between nearest neighbors. As the
temperature is lowered, however, it crosses over to vari-
able-range-hopping. The prefactor of the hopping com-
ponent depends exponentially on the density, because it
involves tunneling between impurities, and it depends
strongly on the compensation ratio, because carriers can
hop only between singly occupied and empty states. The
energy &3, however, depends only weakly on concentra-
tion. !2 ,

The separation of the three components of o is obvious
when the impurity density is much less than n,, the criti-
cal concentration for the IMT. However, for densities
within about a decade of n. the distinction is blurred. In
this range, the doubly occupied impurities, which are only
weakly bound, give rise to a tail of states on the edge of
the valence band, making the distinction between trans-
port in these two types of states less clear. At the same
time, the energy &, becomes small and the prefactor of the
hopping component becomes large so that the temperature
range in which ¢ can be identified becomes very narrow.

We now apply these concepts to our measurements in
La;CuO4+,. We see no temperature range corresponding
to the saturation regime in which ¢ and Ry are indepen-
dent of T. However, as discussed next, the binding energy
of the impurities is larger than in Ge, and this would shift
the extrinsic region to higher temperature. Furthermore,
even in Ge:Ga the extrinsic range is narrow at concentra-
tions close to the IMT, like those we have in La;CuOg+.

The most straightforward interpretation of the regime
at high temperatures in Figs. 2(a), 2(c), and 4, in which
o4, 0p, and Ry are simply activated, is that it is the
impurity-ionization regime. If this interpretation is
correct, the ionization energy is best estimated from the
activation energy of Ry for the most lightly doped state
with T =310 K, because, as in Ge:Ga, ¢, decreases as the
critical concentration for the IMT is approached. This is
only a lower bound, however, because the energy does not
appear to have saturated even at Ty =310 K. As seen in
Table I, this estimate gives about 35 meV for the ioniza-
tion energy. This value is ~3 times higher than that for
acceptors in Ge. The dielectric constant in the photon-
energy range near 30 meV is'® ~20 in Lay;CuQy, similar
to the value of 16 in Ge. The effective mass of heavy holes
in Ge is ~0.3; differences in mass could easily be enough
to account for the difference in binding energy.

We cannot determine the impurity concentration from
Ry because it does not saturate at high temperatures.
However, if the activated region corresponds to impurity
ionization, the density must be higher than the room-
temperature value of 1/eRy, and it is usually smaller than
the infinite temperature extrapolation of 1/eRy. Both of
these values are given in Table I, along with an estimate
of the density of excess oxygen from the susceptibility
data of Johnston et al.’ To make the latter estimate we
scaled our highest T to that of Johnston et al., and as-
sumed that Ty saturates at its highest value in the limit of
zero excess oxygen. It is clear that the hole density es-
timated from the Hall effect and the oxygen excess are in
very reasonable agreement, given the uncertainties of this
procedure. Note that the charge state of the excess oxy-
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gen is not definitely known;'# however, Schirber et al.'*
suggest the excess oxygen is present as O, ~. In this case,
the hole concentration is + the excess oxygen concentra-
tion, further improving the agreement. It is surprising
that the prefactor of Ry scales inversely as the acceptor
density, N4. In the absence of compensation, when there
is no hopping conductivity and the ionization energy is
2¢,, the prefactor is expected'® to go as (V1) /2. On the
other hand, if there is a fixed compensation ratio, the pre-
factor is independent of NV 4.

As expected for a doped semiconductor, the mobilities
(Fig. 5) are only weakly dependent on dopant density,
even though o and Ry vary rapidly with the change in the
Néel temperature. In addition, the decrease of u, at high
temperature is weak enough to be accounted for by
scattering from phonons or magnetic excitations. The
much lower mobility in the b direction is consistent with
the much smaller dispersion of the bands?® in this direc-
tion. The temperature dependence of u; is similar to that
found?! in a variety of molecular crystals. In these, the
reduction of the mobility as the temperature is increased
comes from phonon scattering. In fact, in the limit in
which the bandwidth is less than k7, Friedman?? found
that the carrier velocity is independent of 7, and that,
with a scattering rate proportional to the phonon density
~ T, the diffusion coefficient goes as 7. The Einstein rela-
tion then gives u~ T ~2, just as we find for u,. The satu-
ration at high temperatures would result when the mean
free path is reduced to the size of the lattice constant or
when phonon-assisted hopping begins to dominate. %'

Although in some respects the behavior of the mobility
is consistent with impurity ionization, some aspects are
disturbing. In particular, s is only ~10 72 cm?/Vs at
saturation (Fig. 5), whereas in molecular crystals satura-
tion occurs?! for u~1 cm?/Vs. The latter have inter-
molecular hopping matrix elements only of order meV,
and it would be surprising if the matrix elements in La,-
CuO4 were even smaller. It is still more surprising that
the in-plane Hall mobility is so small. With an effective
mass equal to that of the free electron, the mobility (~3
cm?/Vs) corresponds to a mean free path of the order of
the lattice constant. Of course, a higher effective mass
might explain the low mobility. Coupling of the motion of
the excess holes to the antiferromagnetic background is
expected to lead to such a mass enhancement. 23 Indeed,
there is no adequate theory of the Hall effect in such a sit-
uation, so the low Hall mobility may not be simple to in-
terpret.

One alternative interpretation of the simply activated
behavior is that the activation energy measured is &, that
is, the energy for excitation from a singly occupied impur-
ity to a band of doubly occupied impurities. &, decreases
more rapidly than ¢ near the IMT. Then g might be
larger, consistent with an enhanced mass.

Another explanation is that disorder, from sources oth-
er than the impurities, creates a tail of localized states on
the valence band even at densities well below n.. The ac-
tivation energy of the conductivity would then be the ener-
gy difference between Er and the mobility edge in the
valence band. This is the situation in amorphous semicon-
ductors. The conductivity is thermally activated, and the
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Hall mobility, of order 1 cm?/Vs, is essentially tempera-
ture independent. '°

If Er lies in a band tail and moves into the band with
increasing density, then the IMT in La,CuO,+, should be
similar to that in Si metal-oxide-semiconductor field effect
transistors (MOSFET’s).?* In that case o shows behavior
qualitativel%' similar to that in Fig. 2(a), albeit with a pre-
factor ~e*/h, as expected theoretically.?> In La,CuO4
we measure a prefactor of ¢, about 10 times smaller than
this per CuO; layer. The Hall mobility in MOSFET’s is
not yet understood. It is found to be thermally activated
with energies of the same order as those deduced from the
conductivity. Equivalently, Ry in MOSFET’s is indepen-
dent of T, whereas that in LaCuQOy is thermally activat-
ed.

In measurements reported earlier,® we found no clear
evidence of simply activated transport at high 7. Rather,
the conductivity was limited by hopping at all tempera-
tures. As already mentioned, the difference between the
earlier results and those presented here are primarily the
consequence of sample-to-sample variations. In particu-
lar, as can be seen from Fig. 2, the magnitude of the hop-
ping component depends strongly on hole concentration,
as it does in Ge:Ga. Indeed, even the three preparations
which have nearly indistinguishable Néel temperatures
have very different hopping conductivities at low 7.

Although the hopping is anisotropic in the sample stud-
ied here, the conductivities o, and o, differ by less than a
factor of 50, and the anisotropy is only weakly tempera-
ture dependent. This suggests that the percolation net-
work, necessary for hopping conduction, is not completed
in a single layer, and a few hops in the b direction occur
even when current is measured in the a-c plane. Of
course, current in the b direction requires many more hops
between planes, but the temperature dependence of these
is probably not much stronger than those which limit the
current in the a-c plane.

V. CONCLUSIONS

The conductivity, its anisotropy, and the Hall effect all
provide clear evidence of a change in the transport mecha-
nism in the temperature range 20-50 K for all the oxygen
concentrations studied. The conductivity shows simply
activated behavior at high 7, but is characterized by a
continuously varying activation energy at low 7. The an-
isotropy increases with T at high 7, but is weakly depen-
dent on T at low T with a minimum in the crossover re-
gion. The Hall coefficient is simply activated at high 7,
but has a weaker temperature dependence at low T and
has a maximum in the crossover region.

The low-temperature conductivity is apparently limited
by thermally assisted tunneling between localized states.
The strong dependence of the prefactor of this component
on impurity concentration and the peak in the Hall
coefficient are features which characterize the onset of
this process in impurity-band conduction in conventional
semiconductors.

The origin of the high-temperature process is less clear.
The observation that the Hall coefficient has an activation



energy similar to that of the conductivity and that the
mobilities extracted from the product of o and Ry are
very weakly dependent on oxygen content shows that the
high-temperature component arises from thermal excita-
tion of carriers from the Fermi level to states with higher
energy and higher mobility. The mobilities parallel and
perpendicular to the CuQ; planes are very different, both
in magnitude and temperature dependence. As a result,
the anisotropy of the conductivity is strongly temperature
dependent, reaching a maximum of ~ 500 near 150 K.
The origin of these states is not, however, obvious. On
the one hand, the qualitative similarity between La,Cu-
O4+, and Ge:Ga and the agreement between the carrier
density estimated from the Hall effect and the oxygen ex-
cess suggests that the states at Ef arise from the excess
oxygen, as proposed by Moshchalkov.?® The transport
might then occur by excitation to a band characterized by
a large mass. On the other hand, the low mobilities sug-
gest that the transport may involve states near a mobility
edge. The disorder causing such localization might also
come from interstitial excess oxygen. In fact, the trans-
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port states might be doubly occupied impurity sites.

Alternatively, the disorder may have a different source,
such as vacancies in the CuO; planes, which would create
a tail of localized states on the valence band even in the
absence of excess holes. The hopping conductivity makes
it clear, in any case, that disorder plays an important role
in the insulator-metal transition. Perhaps the nature of
the states in which the high-temperature transport takes
place will be clarified by measurements on still more light-
ly doped and more defect-free crystals.

While this work was being prepared for submission, we
learned of closely related work by Cheong et al.?’ on a
single crystal of La;CuOg+).

ACKNOWLEDGMENTS

We are grateful for helpful discussions with D. C.
Johnston and A. Cassanho. This work was supported by
National Science Foundation Grants No. DMR 85-
01856, No. DMR 87-19217, and No. DMR 84-15336.

*Also at Department of Physics, Massachusetts Institute of
Technology, Cambridge, MA 02139.

tPermanent address: Defense Science Technology Organiza-
tion, Adelaide, Australia.

1J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).

2Amnon Aharony et al., Phys. Rev. Lett. 60, 1330 (1988). Evi-
dence for Néel order: D. Vaknin et al., Phys. Rev. Lett. 58,
2802 (1987); S. Mitsuda et al., Phys. Rev. B 36, 826 (1987);
N. Nishida e al., Jpn. J. Appl. Phys. 26, L1856 (1987); J. M.
Tranquada et al., Phys. Rev. Lett. 60, 156 (1987); K. Yama-
da et al., Solid State Commun. 64, 753 (1987); J. M. Tran-
quada et al., Phys. Rev. B 38, 2477 (1988). Spin glass: T.
Fujita et al., Jpn. J. Appl. Phys. 26, L402 (1987); K.
Kumagai et al., Physica B 148, 480 (1987); Y. Kitaoka et al.,
Physica C 153-155, 733 (1988); D. W. Harshman et al.,
Phys. Rev. B 38, 852 (1988); Y. J. Uemura et al., J. Phys.
(Paris) (to be published), and references therein; F. Mezei et
al., Physica C 153-155, 1669 (1988). For an overview, see
R. J. Birgeneau and G. Shirane, in Physical Properties of
High Temperature Superconductors, edited by D. M.
Ginsberg (World Scientific, Singapore, 1989).

3J. L. Budnick et al., Europhys. Lett. 5, 651 (1988).

4P. J. Picone, H. P. Jenssen, and D. R. Gabbe, J. Cryst. Growth
85, 576 (1987); 91, 463 (1988).

SH. C. Montgomery, J. Appl. Phys. 42, 2971 (1971).

6M. A. Kastner et al., Phys. Rev. B 37, 111 (1988). Other re-
ports of variable-range hopping include: M. Oda et al. (un-
published); D. R. Harshman et al., Phys. Rev. B. 38, 852
(1988); and Ref. 3

TTineke Thio et al., Phys. Rev. B 38, 905 (1988). See also K.
Fukuda et al., Solid State Commun. 63, 811 (1987); M. Sato
et al., Physica B 148, 363 (1987); K. Fukuda et al., Solid
State Commun. 65, 1323 (1988). S.-W. Cheong et al., ibid.
65,111 (1988).

8J. D. Jorgensen et al. (unpublished).

9D. C. Johnston er al., Physica C 153-155, 572 (1988); and
(private communication).

I0N. F. Mott and E. A. Davis, Electronic Processes in Non-

crystalline Materials, 2nd ed. (Clarendon, Oxford, 1979).

'IN. P. Ong et al., Phys. Rev. B 65, 8807 (1987); H. L. Stormer
et al., ibid. B 38, 2472 (1988). '

12H. Fritzsche, Phys. Rev. 99, 406 (1955); J. Phys. Chem.
Solids 6, 69 (1958); H. Fritzsche and M. Cuevas, Phys. Rev.
119, 1238 (1960). For an overview, see H. Fritzsche, in
Proceedings of the Nineteenth Scottish Universities Summer
School in Physics, edited by L. R. Friedman and D. P. Tun-
stall (Scottish Universities Summer School in Physics, Edin-
burgh, 1978).

13J. T. Chen et al., Phys. Rev. B 35, 7124 (1987); J. R. Cooper
et al., ibid. 35, 8794 (1987); M. F. Hundley et al., ibid. 35,
8800 (1987).

143, E. Schirber et al., Physica C 152, 121 (1988); J. W. Rogers,
Jr. et al., Phys. Rev. B 38, 5021 (1988).

15J. M. Tranquada et al., Phys. Rev. B 35, 7187 (1987); 36,
5263 (1987); N. Niicker et al., ibid. 37, 5158 (1988); Z.-X.
Shen et al., ibid. 36,8414 (1987).

16). Zaanen et al., Phys. Rev. Lett. 55, 418 (1985).

I7F. C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988).

18R. A. Smith, Semiconductors (Cambridge Univ. Press, Cam-
bridge, 1964).

19C. Y. Chen et al. (unpublished).

201, F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

21, D. Anderson, C. B. Duke, and V. M. Kenkre, Phys. Rev.
Lett. 51, 2202 (1983); L. B. Schein et al., ibid. 40, 197
(1978); L. B. Schein and A. R. McGhie, Phys. Rev. B 20,
1631 (1979).

221, Friedman, Phys. Rev. 140, A1649 (1965).

23See, for example, J. E. Hirsch, Phys. Rev. Lett. 59, 228
(1987); V. J. Emery and G. Reiter (unpublished).

24For an overview, see C. J. Adkins, J. Phys. C 11, 851 (1978);
Tsuneya Ando, Alan B. Fowler, and Frank Stern, Rev. Mod.
Phys. 54, 437 (1982).

25N. F. Mott, Philos. Mag. 26, 1015 (1972).

26V, V. Moshchalkov, J. Magn. Magn. Mater. 76 & 77, 213
(1988). '

27S.W. Cheong et al. (unpublished).



