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Magnetotransport measurements on highly oriented thin films of PrBa,Cu;0,; demonstrate a unique
coexistence of nonmetallic hopping conduction with metallic Boltzmann transport. At high temperature
(T >10 K) hopping transport dominates, but when the inelastic conduction freezes out at low tempera-
ture, metallic behavior can be distinguished. The hopping conduction is assigned to the CuO, planes,
while the Boltzmann transport arises from the CuO chain structure, in agreement with recent

electronic-structure calculations.

Alone among the family of perovskite rare-earth bari-
um cuprates RBa,Cu;0,;, PrBa,Cu;O, (PrBCO) lacks
many metallic properties common to its isostructural su-
perconductor relatives. For this reason, PrBCO has been
widely investigated in the hope that discerning the reason
for its singular nonmetallic behavior will clarify the prop-
erties of the high-T, superconductors.! There has also
been great interest in PrBCO as an epitaxial barrier in
Josephson junctions. Most studies of PrBCO report a
divergent low-temperature resistivity p(7) that is often,
though not always, in the form of variable-range hop-
ping.2 Hopping is observed in many semiconductors
doped below the critical density of a metal-insulator tran-
sition. However, a collection of recent experiments
studying PrBCO transport in either submicron structures
or more ordered samples have cast doubt on whether
PrBCO is truly a nonmetal. Hashimoto et al.’
discovered that Josephson coupling between supercon-
ducting YBa,Cu;0, (YBCO) electrodes can occur across
20.1 pym of PrBCO, a length scale normally associated
with dirty metal weak links. Kabasawa et al.* found that
the p(T—0) divergence cuts off at length scales of =0.2
um. Hoffman et al.® observed by positron annihilation a
metallic Fermi-surface sheet assigned to the CuO chains.
Takenaka et al.® reported that the integrated b-axis (CuO
chain direction) optical conductivity in an untwinned
PrBCO crystal was of the same order as in YBCO at 300
K. These data led Fehrenbacher and Rice’ to propose
that a Pr 4f-O 2p_ hybridization removes holes from the
CuO, planes, while leaving the chains unperturbed. Re-
cent experiments on oxygen- and cobalt-doped PrBCO by
Suzuki et al.® showed strong evidence that hopping
transport occurs on the planes, and that the chain con-
ductivity was unusually large.

All the above experiments hint at a coexistence be-
tween metallic and nonmetallic conduction that would
make PrBCO unique among all materials studied in
metal-insulator physics. The definitive test of metallic
behavior comes from the low-temperature charge trans-
port behavior. In this paper we present data on the resis-
tivity, magnetoresistance (MR), and Hall effect which,

0163-1829/95/51(21)/15619(4)/$06.00 51

when considered together, demonstrate that charge trans-
port along the chain direction in PrBCO films possesses
distinctly metallic characteristic at low temperature in
samples where the chains have macroscopic continuity.
Such properties are not as evident in heavily twinned
samples where the b axis has no macroscopic continuity,
implying that the metallic conduction is associated with
holes on the CuO chains, in agreement with Refs. 5-8.
These results also account for the anomalous Josephson
coupling observed in Ref. 3.

PrBCO films 150 to 350 nm thick were deposited
by 90° off-axis sputtering.® As depicted in Fig. 1, two
types of PrBCO films were studied. The first were
“nonaligned” films, where the c axis (normal to the CuO,
planes) is perpendicular to the substrate. We measured
seven nonaligned films grown on LaAlO; and MgO sub-
strates. In these films, twinned grain boundaries inter-
rupt the continuity of the b axis. Transmission electron
microscopy (TEM) showed twin-free domain sizes rang-
ing from 0.1 to 0.5 um, limiting the continuity of the
chain structure to these distances. The second type of
samples were “in-plane aligned” films, where the a axis is
normal to the substrate, while the b and ¢ axes have a
well-defined macroscopic in-plane alignment over the
sample dimensions.!®!! Details of the deposition and
characterization of in-plane aligned films are given in
Ref. 10. We measured four such films. For three of these
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FIG. 1. Picture of the orientations of nonaligned and aligned
films. The b axis denotes the CuO chain direction, the a axis is
the CuO, plane direction orthogonal to b, and the ¢ axis is per-
pendicular to both planes and chains.
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films, two grown on LaSrGaO, and one on NdGaO,, x-
ray diffraction ratios of the a-axis normal reflection to all
other reflections was =>99:1, and the in-plane c-axis
reflections comprised >95% of the total in-plane
reflection peak intensities. These will be referred to as
“999%-aligned” samples. For the other in-plane aligned
film on LaSrGaO,, the ratio of x-ray intensities of the a-
axis normal peak to b-axis normal peak was 65:35. This
will be referred to as the “65%-aligned” sample. TEM
showed that the defect structures in the aligned films
were antiphase and 90° tilt boundaries. Ohmic contacts
spaced 1 mm apart were made with silver. The current J
was normal to the ¢ axis in all samples. Resistivity values
were calculated from the measured resistances using the
nominal contact geometry and film thicknesses.

Figure 2 shows p(T) from 120 to 1 K for a nonaligned
sample, the 65%-aligned sample along the nominal b
axis, and one of the 99%e-aligned samples along the b
axis. All other nonaligned and 99%-aligned samples
displayed similar behavior. In the main figure, p(T) is
plotted on a log scale vs T~ !/# to emphasize the hopping
transport'? both in the nonaligned sample and in 7> 10
K range for the 65%-aligned sample. Going from
nonaligned to more aligned samples, the resistivity be-
comes strikingly less temperature dependent. The
nonaligned sample p(7T) increases almost five decades in a
manner consistent with hopping. Below 5 K p(T) in-
creases slightly faster than T~ /4 behavior. The 65%-
aligned sample displays two distinct regimes: a higher-
temperature hopping transport similar to the nonaligned
sample, crossing over below 7 K to a weakly
temperature-dependent resistivity. For the 99%-aligned
sample, p(T) increases less than one decade through the
temperature range but cannot be fitted to any common
type of hopping behavior. The low-temperature resistivi-
ty in this sample is almost constant. Unlike the 65%-
aligned sample, the low-temperature behavior of the
99%-aligned samples evolves smoothly from higher tem-
peratures without a distinct crossover.
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FIG. 2. Resistivities vs T~ !/* for a nonaligned sample (open
squares) in the a,b plane, a 65% in-plane aligned sample (black
circles) along the nominal b axis, and a 99%-aligned sample
(open triangles) along the b axis. Inset: p plot against linear T
for the aligned samples (same symbols as in the main figure).
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For all the in-plane aligned samples, plotting p against
linear T (Fig. 2 inset) and extrapolating smoothly to
T =0 yielded a finite value, =0.03 Qcm for the 99%-
aligned samples and =~1.5 Qcm for the 65%-aligned
sample. The data for the 65%-aligned sample fit reason-
ably well to a parallel resistor model consisting of one
hopping path and one constant resistivity path, but the
data for the 99%:-aligned samples do not. The value of
p(T—0) for the 65%-aligned sample is seemingly too
high to be comnsistent with ordinary metallic conduction.
The data from the 99%-aligned sample are more
representative of homogeneous b-axis transport and sug-
gest that the low-temperature resistivity of the 65%-
aligned sample results from filamentary metallic links
short circuiting the higher-resistance hopping channels.
Consequently, the nominal sample geometry is larger
than the actual (unknown) conduction cross section and
hence overstates the true resistivity.

While a finite p(T'—0) value technically defines metal-
lic transport, supporting evidence for such behavior can
be found by examining the magnetoresistance (MR). The
functional descriptions that follow apply to all the
nonaligned and in-plane aligned samples measured, ex-
cept with different magnitudes, as noted below. Figure 3
shows both transverse (H|lc; J||b) and longitudinal
(H||J||b) MR data on both a nonaligned and a 99%-
aligned sample. Above ~ 14 K, both types of samples
show a negative transverse MR that saturates at ~0.4%
to ~0.6% above 4 T. When the temperature is lowered,
the MR qualitatively changes character. Below 5 K the
transverse MR is strictly positive and « H? over field
scales of several teslas, while the longitudinal MR at the
same temperature and fields is negligibly small. The
negative-to-positive evolution of the transverse MR was
evident for all samples. Figure 4 shows the trend by plot-
ting the transverse MR at 3 T vs temperature for the
65%-aligned sample. A saturated negative transverse
MR first becomes apparent around 20 K, bottoms out be-
tween 8 and 12 K, and then becomes positive and « H 2
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FIG. 3. The normalized magnetoresistance as a function of
magnetic field for a 99%-aligned sample and a nonaligned sam-
ple. The 13.7 and 15.8 K data are expanded by a factor of 10 for
clarity. Data are for the transverse geometry except the white
diamonds, which are for the longitudinal (LMR) geometry.
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FIG. 4. The temperature dependence of the transverse MR
at 3 T for the 65%-aligned sample. The curve is a guide to the
eye. Inset: The temperature dependence of the inverse Hall
coefficient on nonaligned sample.

at lower temperature. Larger magnitude changes were
systematically observed in the nonaligned samples, which
reached ~+2% (at 4.2 K) at 3 T, compared to +1.4%
for the 65%-aligned sample (see Fig. 4) and ~ +0.5% for
the 99%-aligned samples at 3 T between 4 and 5 K. We
note that a low-temperature, high-field MR «<H? in
PrBCO was reported by Iwasaki et al.'®

The higher-temperature negative MR is consistent
with hopping conduction.!* We cannot yet distinguish
between forward scattering!® and increasing localization
length'® mechanisms. Either way, it indicates that even
in the 99%-aligned samples, some component of the
current at higher temperature is carried by hopping.
However, the change in sign and form of the MR at
lower temperature is uncharacteristic of hopping conduc-
tion. Because MR in hopping systems arises from com-
petition between wave-function trajectory effects and
material-dependent interactions, such as spin-orbit cou-
pling, different hopping systems display a large variety of
field dependencies with either sign.!” For instance,
Ochiai'® observed a large (+50% at 3.9 K) MR < H?in
barely insulating Si:Sb. Giant (= +1000%) quasiex-
ponential MR’s have been measured by several groups
and attributed to wave-function shrinkage.19 However,
these experiments show that decreasing temperature only
increases the MR magnitude and does not reverse the
sign or qualitatively change the functional form. In this
respect the temperature dependence of the data in Figs. 3
and 4 strongly indicates that the positive MR we ob-
served is unrelated to hopping.

The positive transverse MR may arise either from
semiclassical orbital effects?® associated with Boltzmann
transport, or from Kondo-like magnetic scattering.?!
These mechanisms are distinguished by the fact that the
longitudinal MR is negligibly small at the same tempera-
tures at which the transverse MR is significantly large.
Longitudinal MR arises only from isotropic scattering,
since there is no Lorentz force. The zero longitudinal
MR thus provides a clear indication that the observed
positive transverse MR is an orbital rather than spin
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effect. The magnitude ( ~few%) and square-law form of
the positive transverse MR are typical of “low” field (in
the sense w,.7< 1) Boltzmann transport in an anisotropic
disordered metal.

In this context the observed positive MR in nonaligned
samples with divergent p(T—0) may be surprising.
However, this can be reconciled by noting that the orbital
MR is sensitive to field-induced changes in the trajectory
of the charge wave function. The orbital +H? correction
to the resistivity can be viewed as arising from Lorentz-
force bending of the wave-function orbits with a bend ra-
dius of roughly the magnetic length I, =(%c /eH)'/2. In
all cases, including the nonaligned samples, the orbital
MR is measurable only over field scales of teslas, corre-
sponding to /z much less than the typical twin-free
domain size (<0.5 ym as measured by TEM). Conse-
quently, the observed MR in the nonaligned samples
probes transport in regions free of twinning disorder.
The positive MR « H? in nonaligned samples can there-
fore be taken as a signature of metallic orbital effects
occurring over distances where the chain conduction is
continuous. This model is supported by the direct obser-
vation in Ref. 4 of metallic resistivity only when a chan-
nel length fell below ~0.2 pym in nonaligned PrBCO
films. The MR magnitude can be greater in nonaligned
samples compared to the aligned samples, for both posi-
tive and negative MR, simply because the field-induced
orbits in aligned samples are forced to partially traverse
the high resistivity ¢ direction. The scattering lifetime
T, for a,b-plane orbits is always larger than 7,, for b,c-
plane orbits, so that w,7,, > w7, at any given field.

Final evidence for low-temperature metallic behavior
in PrBCO comes from the temperature dependence of the
inverse Hall coefficient, R; !. Figure 4 (inset) shows R ;!
vs T taken on a nonaligned sample in fields parallel to the
¢ axis. Hall data on aligned samples are unreliable due to
large potential drops across the in-plane ¢ axis on these
films. The Hall resistivity p,, =RyH was linear with
magnetic field up to at least 5 T at all temperatures. R !
falls by over one decade as temperature decreases from
100 to 8 K, but saturates at a nonzero value at low tem-
perature. While it is misleading to derive a carrier densi-
ty from the Hall data in an anisotropic multiband materi-
al, the strong temperature dependence of R;! at high
temperature implies that some, though not all, carriers
may arise from some form of thermal activation. At low
temperature, the constant Hall coefficient is certainly
consistent with metallic conduction, though by itself it
cannot exclude the possibility of nonmetallic transport.

Each individual part of the data discussed, i.e., the sat-
uration of p(T—0) in the aligned samples, the low-
temperature crossover from negative to positive MR over
fields of several teslas, and the low-temperature satura-
tion of the Hall coefficient, may be open to different, un-
related explanations. We believe that these results in
combination permit a simple and consistent interpreta-
tion as evidence of a metallic conduction mechanism tak-
ing over from a nonmetallic one at sufficiently low tem-
perature. This is observable in the macroscopic zero-field
resistivity only for samples with sufficient alignment of
CuO chains, but may appear in twinned samples when
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the field deflection radius becomes comparable to the
twin-free domain size.

The coexistence of hopping conduction on the CuO,
planes with a metallic CuO chain structure is at least
qualitatively consistent with the model of Fehrenbacher
and Rice.” Taking the ground state of the CuO, plane to
consist of holes hybridized into Pr'+Pr!V, as proposed
by these authors, the Hall and p(T) data on nonaligned
samples show that this ground state is fully localized.
However, macroscopic nonmetallic behavior now ap-
pears, as suggested in Ref. 7, to be an extrinsic property
of PrBCO that is highly sensitive to the degree of
structural disorder.

Low-temperature metallic chain conduction can ac-
count for both the existence and the temperature depen-
dence of the long-ranged Josephson coupling reported in
Ref. 3 and more recently by others.?? They found that a-
axis YBCO-PrBCO-YBCO junctions can sustain a
Josephson effect through =0.1 um of PrBCO at 4.2 K,
but that the junction supercurrent vanished around 25 K,
though the YBCO was still superconducting. Josephson
length scales =0.01 um normally arise form Cooper pair
diffusion through a metallic weak link, rather than from
quantum tunneling. The chain paths provide a natural
metallic coupling path, so long as the chains are continu-
ous across the junction. This was suggested as the origin
of long vortex coupling lengths observed in Ref. 8. The
grain sizes in nonaligned PrBCO films set an upper bound
of ~0.5 um on the chain continuity distance. Further-
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more, above a temperature that is typically less than the
T, of YBCO, inelastic hopping conduction becomes the
favored transport mechanism in PrBCO. Such hopping
does not preserve phase coherence and is incompatible
with Josephson coupling. Therefore, the supercurrent
through “‘thick” (~0.1 um) PrBCO barriers should van-
ish well below the T, of YBCO, as has been observed in
Refs. 3 and 22.

In summary, we have measured three aspects of low-
temperature charge transport in both nonaligned and in-
plane aligned PrBCO thin films. These show that at high
temperature the conduction is primarily inelastic. How-
ever, the combination of a finite p(T—0) in the aligned
samples, a positive transverse MR < H? at high fields, and
a temperature-independent Hall coefficient can all be ex-
plained by one premise: the presence of metallic chains.
In the aligned samples, the metallic nature exists over
macroscopic length scales. In nonaligned samples, there
is evidence of metallic behavior only at the submicron
level. These findings explain the anomalous range and
temperature dependence of Josephson junctions using
PrBCO as a weak link.
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FIG. 1. Picture of the orientations of nonaligned and aligned
films. The b axis denotes the CuO chain direction, the a axis is
the CuO, plane direction orthogonal to b, and the ¢ axis is per-
pendicular to both planes and chains.



