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Anisotropic transport properties of single-crystal La2 „Sr„Cn04.
Evidence for the dimensional crossover
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The anisotropic normal-state transport properties, resistivity and thermopower, are investigated for
high-quality single crystals of La2 Sr„CuO4 in the compositional range 0.10~x ~0.30. The results in-

dicate that charge transport in the material with superconducting compositions is two-dimensional. A
crossover from two to three dimensions is observed at high temperature or on entering the nonsupercon-
ducting overdoped region.

Besides unprecedentedly high T, the most surprising
fact about the copper oxide superconductors' was prob-
ably the metallic temperature dependence of the normal-
state resistivity of doped La2Cu04. Previously, none of
the oxides with layered structures had shown a truly me-
tallic behavior at all temperatures. Subsequent progress
in single-crystal study has established that the in-plane
resistivity (p,„) is proportional to temperature for op-
timally doped cuprates whereas the resistivity between
Cu02 planes (p, ) is nonmetallic in many cases. Howev-
er, the understanding of charge transport processes in the
Cu02 plane as well as that between the planes is still far
from complete. This is partly because most experimental
studies have so far been conducted on the optimally
doped, maximum-T, materials. Here we show how the
normal-state resistivities, both p, b and p„and ther-
moelectric power, S,& and S„evolve with dopant concen-
tration. At present this type of study is possible only on
the La@ „Sr„CuO4 system where large high-quality sin-

gle crystals are now available over a wide compositional
range and ambiguity does not arise from structural com-
plexity, as it does because of the CuO chains in the
YBa2Cu3O6+ system. The present results address a
basic question concerning charge transport processes in
the high-T, cuprates which has not been clearly answered
yet: What can we say about the dimensionality of the
electronic state and the conduction process between the
planes from the variation of the anisotropy with x and T?

Single crystals of La& „Sr„Cu04 were grown by the
traveling-solvent-floating-zone (TSFZ) method. This
method for growing single crystals of compounds which
show incongruent melt has some advantages over the
conventional Aux method with use of a crucible. The first
advantage is that there is no impurity contamination
from the crucible material because the melting zone is
supported only by its surface tension in the TSFZ
method. In the case of Aux-grown La2 Sr Cu04, Pt
contamination from the crucible severely degrades the su-
perconducting properties and it is highly probable that
the normal-state transport properties are affected as well.
Another advantage is in the steady-state process of the
crystal growth in the TSFZ method. Unlike the Aux

method in which the composition of the liquid phase
gradually changes as the crystals grow, we can keep the
La-Sr-Cu ratio in the melting zone at a fixed point on the
ternary phase diagram through the whole growth pro-

cess.
We first prepared a polycrystalling rod. Powders of

La203 (dehydrated at 1000 C for 10 h), SrCO3, and CuO
with purities higher than 99.9% were mixed in the nomi-
nal ratios, well ground, and then sintered at 950'C for 10
h in an alumina crucible. After regrinding the powder we
isostatically pressed it into a rod shape ( —5 mme X 80
mm) and sintered it again at 1200'C for 20 h to get a
high-density rod. Solvent material was also prepared in
the same way except that the final sintering temperature
was lower (-950'C). In the TSFZ method the solvent
composition is a key factor to control the composition of
the single crystal obtained. We determined it from the
ternary phase diagram, which has been reported previ-
ously. Decreasing Cu concentration in the solvent as the
target Sr content x increases is the most important factor
to control x in a wide range up to 0.30. We used a single
crystal of La2Cu04 grown by the conventional Aux
method as a seed, which had a typical cross section of
4 X 4 mm perpendicular to the [100] direction.

Single-crystal growth was done using an infrared fur-
nace with two halogen lamps and double ellipsoidal mir-
rors (a Nichiden machine S-15HD). An appropriate
quantity (-600 mg) of solvent was sandwiched between
the polycrystalline rod and the seed crystal and melted to
form a liquid zone. During the growth the rod and the
seed, rotating opposite each other to stir the liquid zone,
were slowly fed down at the speed of 1.0 mm/h and a sin-
gle crystal was grown epitaxially on the seed. We kept
the atmosphere of 3 atm 02 as in the previous work,
which was also effective to reduce oxygen vacancies espe-
cially in the highly Sr-doped crystals. Indeed further ox-
ygen annealing showed no improvement of transport
properties of those crystals. The typical single-domain
crystal was column-shaped along the a axis with the size
of 5 mme X 20 mm and thus allowed for reliable and easy
measurements of the c-axis properties.

In this work, we investigated charge transport in
La2 Sr„Cu04 single crystals with x =0.10, 0.12, 0.15,
0.20, and 0.30, covering both superconducting and non-
superconducting meta11ic regions. Sr content x was
checked by the electron-probe microscope analysis and
no inhomogeneity was observed either along the radial or
the axial direction within our precision of analysis
(b,x -0.01). dc magnetization measurement of the
shielding effect under a magnetic field of 10 Oe parallel to

8369 1993 The American Physical Society



8370 Y. NAKAMURA AND S. UCHIDA

0.3

~~ -o.s
2
&V

I p

~ -0.9

x = 0.30 0
0

0 x = 0.20
0

-1.2
La2, Sr~Cu04 H~~c 100e

I I I-1.50 20 30 40
Temperature(K)

FIG. 1. Temperature dependence of the shielding signal
(zero-field cooling) for magnetic field (H = 10 Oe) applied paral-
lel to the c axis.
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the c axis showed almost perfect diamagnetism for super-
conducting samples (0. 10~x ~0.20) and no appreciable
signals of superconductivity for x =0.30 (Fig. 1). Evi-
dence for the high quality of the present crystals is given
by a sharp superconducting transition of width less than
2 K and by the fact that the x dependence of T, coincides
exactly with that established for the best-characterized
ceramic samples.

For the transport measurements we cut the column-
shaped ingot into two parallelepiped samples with a dia-
mond blade. We prepared two samples for each x, which
had nearly the same dimensions ( —1 X 1 X 4mm ) but
had different orientations of crystal axis: one had the
longest dimension parallel to the c axis and the other had
the one perpendicular to that. Highly anisotropic trans-
port properties of these cuprates were reliably and repro-
ducibly measured. Resistivity was measured by the stan-
dard four-probe method in the temperature range
4.2 —800 K. Dots of gold paste were fired as electrodes on
the samples at 900'C in oxygen. In the high-temperature
measurement above room temperature Au lead wires
were wound around the sample tightly and bonded with
heat-treated Au paste.

To monitor the temperature gradient (typically 0.3 K)
in the measurement of thermoelectric power, Chromel-
Constantan differential thermocouples were attached.
The thermoelectric power was measured across two addi-
tional copper leads. The contribution of the copper wires
was determined by smooth interpolation between the
low-temperature data obtained by measuring the ther-
moelectric power of polycrystalline YBa2Cu307 below T,
and the previously reported high-temperature data. Sub-
tracting this contribution from the raw data, we got the
absolute thermoelectric power of the sample.

The in-plane resistivity shown in Fig. 2(a) rapidly de-
creases with increasing x, which is in accord with an evo-
lution of a Drude term in the optical conductivity spec-
trum as mell as the x dependence of the Hall coefficient.
These experimental results demonstrate a rapid develop-
ment of itinerant states as the dopant concentration in-
creases. Note that the resistivities at the optimal compo-
sition (x =0.15), p, b =400 pQ cm at 300 K, are larger by
a factor of 2 than those for fully oxygenated
YBazCu306+~. ' This factor coincides with the ratio of
the carrier density between the two systems, as estimated
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FIG. 2. Temperature dependence of the in-plane (upper

panel) and out-of-plane (lower panel) resistivity for single crys-
tals with various compositions in the metallic phase.

from the Drude weight in the optical spectrum ' and
from the zero-temperature values of the magnetic
penetration depth, which is a measure of the carrier den-
sity condensed in the superconducting state. This fact is
suggestive of the existence of a common scattering time
in all the high-T, cuprates.

One should note the T-linear resistivity over a wide
temperature range is observed only in a narrow composi-
tional range near x =0.15 in agreement with the result
by Takagi et al. on epitaxial films. p, b for the over-
doped material (x =0.30) shows a superlinear tempera-
ture dependence, p, b

—T with n & 1 as would be expect-
ed for Fermi-liquid-type behavior. On the other hand,
underdoped materials (x =0.10 and x =0.12) exhibit a
complicated temperature dependence. The resistivity
shows an inAexion at 300—400 K. Since the measure-
ments were done under constant pressure, there might be
an appreciable correction to the resistivity under con-
stant volume, which is the quantity of theoretical in-
terest. The correction estimated from the pressure depen-
dence of the resistivity of the same crystals, ' however,
become appreciable only at temperatures higher than 800
K.

A similar T-dependent resistivity is observed in

YBa2Cu3O6+ with various oxygen content. " Particu-
larly the temperature dependence for an underdoped ma-
terial, 60-K Y-Ba-Cu-0 with x =0.65—0.80, is basically
the same as that observed here for x =0.10 and x =0.12.
The normal-state resistivity of 60-K Y-Ba-Cu-0 is pro-
portional to T in the high-temperature region but devi-
ates downward from the T linearity below about 150 K.
This temperature incidentally coincides with that below
which a gap presumably opens in the spin excitation
spectrum as suggested by NMR (Ref. 12) and neutron-
scattering studies. ' ' It is tempting to speculate that
the resistivity is determined by scattering of charge car-
riers due to spin fluctuations which would be suppressed
when a "spin gap" opens, leading to a reduction of resis-
tivity. It is, however, an open question whether a spin
gap exists in the La2 Sr„Cu04 systems. A recent neu-
tron study has given no indication of a gap in the normal
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state for incommensurate spin fluctuations. '

Temperature dependence of the c-axis resistivity (p, ) is
shown in Fig. 2(b) for the same compositions as in Fig.
2(a). The values of p, are by two orders of magnitude
larger than those of p, b for every x and decrease with in-
creasing x as in the case of p,b. Since the results, both
magnitude and T dependence, were reproducible among
several samples cut from the same ingot, the decrease of
p, with x is a genuine effect, not an artifact arising from
misorientation of the sample. Actually, this has been
confirmed to be a general trend that all the known high-
T, cuprates show.

In the case of La& Sr„CuO&, the Sr substitution intro-
duces a disorder in the LaO layers which intervene be-
tween Cu02 planes, contrary to the case of YBazCu306+
where the increase in hole density reduces the disorder in
the intervening CuO-chain layers. Moreover, the in-
crease in the distance between adjacent Cu02 planes with
x would be unfavorable for electron transfer between the
planes in the band picture. Hence, in an ordinary sense,
the effect of Sr substitution would operate to reduce the
c-axis conductivity. Thus, the decrease of p, with x, in-
herent to the high-T, cuprates, signals a remarkable
change in the overall electronic structure as doping
proceeds.

As regards the T dependence, p, for x &0. 15 is charac-
terized by a kink which is seen at temperature To in coin-
cidence with the high-temperature tetragonal (HTT) to
low-temperature orthorhombic (LTO) structural phase
transition. ' T, rapidly decreases with x and the LTO
phase is completely suppressed when x &0.20. The fact
that superconductivity is observed only in the ortho-
rhombic phase in an important issue to be pursued. As
most evident for x =0. 10, the T dependence of p,
changes at To, metallic at T & To but nonmetallic at
T & T0. For the superconducting compositions there is a
region where the conduction is metallic in the a and b
directions whereas it is nonmetallic in the c direction, so
that the material may be regarded as a two-dimensional
metal in this region. Actually a recent c-axis-polarized
optical study has shown that the c-axis conductivity is
severely suppressed over a wide energy range up to —1

eV. '

It has been suggested that nonmetallic p, as well as
non-T-linear p, b may be linked to the presence of a spin
gap in the underdoped region. In the resonating-
valence-bond theory, ' charge carriers along the c axis
are electrons which are produced by the recombination of
a holon with a spinon. If there were a gap for the spinon
excitation, then the probability of spinon-holon recom-
bination or scattering would be suppressed, leading to a
reduction of the c-axis conductivity and an enhancement
of the in-plane conductivity.

It is interesting to compare these data with band-
structure calculations. The band-structure theory pre-
dicts an anisotropic three-dimensional metal for any x. '

Assuming the same scattering process in all directions,
the anisotropy in resistivity is estimated to be p, /p, b -28
and not very dependent on x. In the actual material the
anisotropy is larger even in the overdoped region and is
much enhanced in the superconducting regime. This sug-
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FIG. 3. Anisotropic resistivity p, /p, b plotted against tem-

perature for various compositions.

gests that a certain mechanism is working to confine elec-
trons in the Cu02 plane and thus to make the electronic
system two-dimensional.

In the case of the overdoped compound, p, shows basi-
cally the same T dependence as p,b. This is demonstrat-
ed in Fig. 3 where the anisotropic resistivity ratio p, /p, b
is plotted as a function of T. The anisotropy of x =0.30
is almost constant ( —100) over the whole temperature
range, giving evidence for the same conduction mecha-
nism in all directions and thus for a three-dimensional
metal. This seems also the case with the super-
conducting compositions (x ~ 0.20) in the high-tempera-
ture region where p, /p, b is nearly T independent
(p, /p, b

—150—200) and depends little on the composi-
tion x in contrast to the behavior in the low-temperature
region. In this regard, Fig. 3 demonstrates a crossover
from a three-dimensional metal to a two-dimensional one
as temperature is lowered.

One should note that the change in the T dependence
of p, /p, b does not take place abruptly at To and even for
x =0.20, where the HTT —+LTO transition is not clearly
defined, the crossover is seen at about 200 K. Basically
the same temperature dependence of p, /p, b has been ob-
served for superconducting YBa2Cu306+, including
both 90-K and 60-K phases. In this system the corre-
sponding structural phase transition does not occur and

p, of the fully oxygenated compound is metallic at all
temperatures in the sense that dp, /dT & 0. Nevertheless,

p, (T)/p, b(T) of 90-K Y-Ba-Cu-0 follows a trajectory
like that of x =0.20. A similar T dependence of p, /p, b

is commonly observed for other known cuprates showing
bulk superconductivity regardless of the presence or oth-
erwise of structural phase transition. Hence the
HTT~LTO structural change is not a primary driving
force for the 3D—+2D crossover. Perhaps the gradual
change in the electronic structure or in the spin or charge
fluctuations which readily couple to the rigid rotation of
oxygen octahedra in La 2:1:4would be more relevant to
the crossover. Then one might conclude that the high-T,
superconductivity is realized when the electronic states
tend to be two-dimensional or equivalently when the car-
riers tend to be confined within the Cu02 plane as tem-
perature is lowered.

Finally, we present another evidence for unconvention-
al charge transport in the cuprates. The thermopower,
which is related to the energy-current correlation,
displays a different aspect of charge transport. The re-
sults, both a-b and c components, are shown in Fig. 4.
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The a-b component, S,b, exhibits a broad maximum and
then slowly decreases with increase of tel.perature for
every x. S,b in the superconducting phase is positive and
rapidly decreases in magnitude as x increases. For an
overdoped compound (x =0.30) the sign becomes nega-
tive above 250 K in agreement with the result of the Hall
effect.

In the present work it is found that the out-of-plane
thermopower, S„is always positive and decreases with x
as in the case of S,b. However, the temperature depen-
dence of S, is quite different. S, increases with tempera-
ture like that expected for ordinary metallic-diffusion
thermopower. Similar temperature dependence of S„as
well as that of S,b, is commonly observed for all the
known high-T, cuprates, but the magnitude of S, and S,b
in the present system is by almost an order larger than
that in YBa2Cu307 (Ref. 20) and Bi- or Tl-based cu-
prates. '

Both sign and T dependence of S, for the optimal
x =0.15 are consistent with the Bloch-Boltzmann result
of Allen, Picket, and Krakauer, but the calculated S,b

is negative in contradiction to the observation. Kaiser
and Mountjoy tried to overcome the discrepancy in S,b

by taking into account the T-dependent enhancement due
to strong electron-photon coupling. Actually, they were
successful in fitting both S,b and S, of YBa2Cu307 and
Tl- and Bi-based cuprates with smaller values of the order
0.1k&/e or less. It is, however, far from clear whether
the marked x dependences can be explained in their con-
text.

Contrary to the metallic-diffusion theory, the gauge
theory of Nagaosa and Lee based on the uniform
resonating-valence-bond (RVB) ground state predicts
correct signs of S,b and S, as well as the T and x depen-
dences, in overall agreemept with the results shown
here. According to this theory the charge transport
mechanisms are totally different between the two direc-
tions. The major contribution to S,b comes from bosons
(holons) while S, is determined by the incoherent part of
the electron quasiparticle which gives rise to a positive
and T-linear thermopower.

In summary, we have presented an extensive set of data
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for single crystals of La2 Sr Cu04 demonstrating a re-
markable evolution of anisotropic transport properties
with T and x. The anisotropy in the normal-state resis-
tivity is much enhanced in the superconducting composi-
tiona1 region, by more than an order larger than that in
the band theory, and the conduction mechanisms appear
to be different between a-b and c directions. The results
are indicative of a two-dimensional electronic state in the
Cu02 plane, showing many features in coincidence with
the normal-state properties predicted by the gauge theory
of the uniform RVB state. It is clearly demonstrated that
a crossover from two to three dimensions takes place as
temperature becomes higher and when one enters the
nonsuperconducting overdoped region. These features
will be common with all the known high-T, cuprates.
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FIG. 4. Temperature dependence of in-plane (S,b) and out-
of-plane (S, ) therrnopower.
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