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Electrical Resistivity Anisotropy from Self-Organized One Dimensionality
in High-Temperature Superconductors
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We investigate the manifestation of stripes in the in-plane resistivity anisotropy in untwinned single
crystals of La,—Sr,CuOy4 (x = 0.02—0.04) and YBa,Cu30, (y = 6.35-7.0). It is found that both sys-
tems show strongly temperature-dependent in-plane anisotropy in the lightly hole-doped region and that
the anisotropy in YBa,Cu30, grows with decreasing y below ~6.60 despite the decreasing orthorhom-
bicity, which gives most direct evidence that electrons self-organize into a macroscopically anisotropic
state. The transport is found to be easier along the direction of the spin stripes already reported, demon-
strating that the stripes are intrinsically conducting in cuprates.
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The mechanism of the high-temperature superconduc-
tivity is still not settled 15 years after its discovery, mostly
because it is unclear how best to describe the strongly cor-
related electrons in the high-7, cuprates. It has recently
been discussed [1—14] that the electrons in cuprates self-
organize into quasi-one-dimensional stripes, which might
bring a paradigm shift in our way of understanding the
two-dimensional (2D) electronic system in the cuprates.
Though the self-organization is interesting in itself, the
conventional wisdom suggests that the stripes are destruc-
tive to the superconductivity, because charge ordering
would normally lead to an insulating state. However, there
are intriguing theoretical proposals [10—12] that stripes
can instead be responsible for the occurrence of the high-
temperature superconductivity if they are conducting and
meandering—properties that have never been clearly
demonstrated before.

In this Letter, we report novel in-plane transport
anisotropy in the cuprates, which gives direct evidence for
the conducting charge stripes in these materials; the tem-
perature dependence and the magnitude of the anisotropy
strongly suggest the stripes to be meandering and forming
an electronic liquid crystal [11]. The evidence is shown
for two representative materials of the high-temperature
superconductors, La; S, CuO4 (LSCO) and YBa,Cu30,
(YBCO), highlighting the universality of the charge-stripe
phenomenon in the cuprates. Most notably, the data for
YBCO indicate that the charge stripes govern the transport
in samples with 7, of as high as 50 K, demonstrating that
theories of high-temperature superconductivity should
inevitably consider the self-organization of the electrons
as an integral part.

It is fair to say that the majority of the researchers today
believe that the stripes are irrelevant to the superconduc-
tivity. This general belief comes not only from the conven-
tional wisdom mentioned above but also from the current
experimental situation, which can be summarized as fol-
lows: (i) strong evidence for the charge-stripe order has
been reported [1] only for Nd-doped LSCO, where the su-
perconductivity is strongly suppressed; (ii) in other super-
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conducting cuprates, evidence [2—7] is reasonably strong
for spin stripes, but not at all conclusive for charge stripes.
Therefore, to really establish the charge stripe as a new
paradigm, it is necessary to clarify whether charges truly
self-organize into stripes in superconducting cuprates other
than Nd-doped LSCO. Moreover, since the stripe order in
cuprates may be just a more or less standard charge den-
sity wave or spin density wave, it is important to clarify
whether the charge stripes in cuprates, if they exist, are in-
trinsically conducting; in fact, none of the previous works
[1-9] directly show the relation between the stripe order
and metallic conduction.

It is instructive to note that there is now little doubt
about the existence of conducting charge stripes in the 2D
electron gas in high Landau levels [15], for which a clear
transport anisotropy [16,17] has been considered to be con-
vincing evidence. If one could observe a similar resistivity
anisotropy in the nearly square CuO; planes in the cu-
prates, that would most convincingly establish the existence
of the conducting charge stripes. Recent neutron scatter-
ing experiments [4] have found static spin stripes that are
unidirectional and extend along the a axis of the ortho-
rhombic crystalline lattice in LSCO with x = 0.05 at low
temperatures, which motivates us to search for the resistiv-
ity anisotropy in the lightly doped LSCO. It has also been
suggested [3] that the stripes are unidirectional and run
along the b axis in YBCO, which is the other system stud-
ied here; however, existence of the CuO chains [18], which
also run along the b axis and are possibly conducting,
may well contribute to the in-plane resistivity anisotropy
in YBCO and thus a careful doping-dependence study is
necessary to distinguish the stripe conductivity in the CuO,
planes from the chain conductivity. Since these weakly or-
thorhombic cuprates (orthorhombicity is only up to 1.7%)
[4,18] naturally develop twin structures in single crystals,
it is necessary to detwin the crystals to make an in-plane
anisotropy measurement.

The LSCO crystals with x = 0.02-0.04 used for this
study are grown by the traveling-solvent floating-zone
method [19]. After determining the crystallographic axes
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using the x-ray Laue analysis, the LSCO crystals are cut
into a platelet shape and are detwinned [20] under a uni-
axial pressure. Although it is difficult to observe the twin
structure in the ab face for LSCO, we found that the twins
cause a clear washboardlike structure on the polished
ac/bc face, which is observable with both an optical
microscope and a scanning electron microscope (Fig. 1)
[21]. Discovery of this feature enabled us to select only
those LSCO crystals that are almost perfectly detwinned
for the present measurement, while well-detwinned LSCO
crystals were never available before. The YBCO crystals
with y = 6.35-7.0 are prepared and characterized as is
described elsewhere [22]. With YBCO crystals, we can
easily select perfectly detwinned crystals by looking at
the ab face with a polarized-light optical microscope.
The resistivity along the a axis (p,) and the b axis (pp)
is measured by a straightforward four-terminal method
with the accuracy and reproducibility of better than 10%
[19,22]. For LSCO, it turned out that 10% accuracy was
not good enough to determine the ab anisotropy; to obtain
the most reliable data on the anisotropy of LSCO, we de-
twin the same piece of crystal three times from different di-
rections; namely, the crystals are initially detwinned to be
a-axis oriented along the current direction to measure p,,
then to be b-axis oriented to measure p;, without changing
the contacts (thus the difference comes purely from the
change in the axis orientation), and last to be a-axis
oriented again to confirm that the first p, data are recov-
ered. Figures 2(a)-2(c) show the temperature depen-
dences of p, and p; obtained this way for x = 0.02, 0.03,
and 0.04, and Fig. 2(d) shows the resulting in-plane aniso-
tropy pp/pa [23]. Athigh temperatures p;,/p, is nearly 1,
which is consistent with the weak orthorhombicity (only
1.5%) [4]; however, what is unusual is that p,/p, grows
rapidly with decreasing temperature below ~150 K. It is
useful to note that at room temperature p, is slightly smal-
ler than p, for all x values and the anisotropy switches at
lower temperature. Both the rapid growth and the switch-
ing of the anisotropy cannot be explained if one assumes
that the anisotropy is due simply to the orthorhombicity of
the crystal. If it is not due to the orthorhombicity, we
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FIG. 1. Twin pattern on the ac/bc face of an as-grown LSCO
crystal observed with an optical microscope. The contrast is
caused by a washboardlike modulation on the surface [21],
which is confirmed by a scanning electron microscope.
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must conclude that a self-organization of the electrons is
responsible for the observed anisotropy behavior, because
there is no other external source to cause the anisotropy in
LSCO [24]. Since the preferred direction of the stripes is
the a axis [4], the observed in-plane anisotropy (p, < pp)
below ~100 K [25] indicates that the stripes are intrinsi-
cally conducting at finite temperature; this conclusion does
not contradict the localization behavior at low tempera-
tures, because charges in low-dimensional systems easily
localize in the presence of disorder.

For YBCO, p, and p,, are measured on different crys-
tals, but they are respectively measured on at least three
crystals for each composition and the data are confirmed
to be very reproducible within 5%, as is demonstrated else-
where [22]. Representative data sets of p,(T) and p,(T)
for four values of y, including the upper (y = 7.0) and
lower (y = 6.35) extremes of this study, are shown in
Figs. 3(a)-3(d), and the anisotropy ratio, p,/pp, is shown
in Fig. 4(a) for selected y. Previously, the in-plane resis-
tivity anisotropy of YBCO has been reported [26] only for
y > 6.6, where p,/p, monotonically decreases with de-
creasing y; this is consistent with the idea [26] that the
anisotropy near optimum doping is caused (at least partly)
by an additional conductivity of the CuO chains which are
progressively destroyed [18] with decreasing oxygen con-
tent. However, when we extend the region of y to lower
values, the result is surprising; as can be seen in Fig. 4(a),
pa/pp at low temperatures turns out to grow with de-
creasing y for y < 6.6, and the temperature dependence
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FIG. 2. Anisotropic resistivity (a)—(c) and the anisotropy
ratio (d) of lightly doped LSCO. T dependences of p, and p,
are shown for x = 0.02 (a), 0.03 (b), and 0.04 (c). Note that the
spin stripes have been found [4] to run along the a axis, along
which the resistivity becomes smaller at low temperatures.
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FIG. 3. Representative data sets of p,(T) and p,(T) for YBCO

at selected y. The y values shown are 7.00 (a), 6.83 (b), 6.45 (c),
and 6.35 (d). In nonsuperconducting samples at y = 6.35 (d),
the anisotropy does not disappear even though the CuO chains
are destroyed.

of p,/pp becomes similar to that of p,/p, for LSCO in
the lightly doped region. Since Fig. 4(a) is rather com-
plicated, the evolution of p,/pp in the y vs T plane is
transparently depicted in Fig. 4(b) with a color map. One
can see in Fig. 4(b) that with decreasing y down to ~6.6
the anisotropy gradually weakens, which is likely to reflect
the diminishing contribution from the chains; however, the
anisotropy starts to grow below y = 6.6 at low tempera-
tures, causing a novel peak at the lower left corner where
Pa/pp amounts to 2.5.

Because the orthorhombicity is gradually diminished
[18] as the CuO chains are destroyed with decreasing y,

the observed growth of p,/p, for y < 6.6 cannot be sim-
ply due to the orthorhombicity nor the chain conductiv-
ity; therefore, we are forced to admit that the growth of
pa/pp With decreasing y is caused by a self-organization
of the two-dimensional electrons in the CuO, planes into
an anisotropic system, which becomes stronger as the car-
rier concentration is reduced. Note that a clear in-plane
resistivity anisotropy is observed even in a nonsupercon-
ducting YBCO at y = 6.35, where the orthorhombicity
is about to disappear [18] (the measured lattice constants
are a = 3.871 A and b = 3.861 A, giving only 0.26%
orthorhombicity). Most likely, the remaining short frag-
ments of the chains (that are aligned to the b axis upon
detwinning) set a nonisotropic environment in which the
electrons in the CuO; planes find the preferred orientation
for their self-organization.

We note that there is strong evidence that the CuO chains
in YBCO are metallic at y = 7.0 [27,28] and thus they
certainly contribute to the anisotropy in fully oxygenated
samples; however, the chain conductivity is expected to
be quickly suppressed with decreasing y because of the
extreme sensitivity of one-dimensional (1D) systems to
defects (even at y = 6.90, each chain contains 10% of
defects and would normally be insulating). Therefore, it is
possible that already near optimum doping the conductivity
anisotropy is partly due to the (chain-induced) anisotropy
in CuO, planes, which is actually suggested by a recent
microwave measurement [28]. In heavily underdoped
YBCO, the chain fragments are usually no longer than ten
unit cells even when an ordered “ortho-1I"” phase is formed
[29]; thus, the ortho-II phase is not expected to cause any
noticeable conductivity contribution through the chains.
In fact, the region of y where the ortho-II phase is most
stable (6.5—6.6) shows the smallest in-plane anisotropy.

It should be remarked that the anisotropy ratio reaches
only 2.5 in the self-organized phase, which seems too small
for a “quasi-1D” stripe phase; in the ordinary quasi-1D sys-
tems, such as Bechgaard salts, the conductivity along the
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(a) Temperature dependences of p,/p, for selected y. (b) Evolution of p,/p;, in the y vs T plane. The white

region corresponds to the superconducting state. The CuO chains cause a peak at y = 7.0, which is gradually diminished as the
chains are destroyed with decreasing y; on the other hand, a growth of p,/p, with further decreasing y, observable for y < 6.60,
signals the self-organization of the electrons into charge stripes. The anisotropy ratio at y = 6.35, 6.45, 6.50, 6.55, 6.60, 6.65, 6.70,
6.75, 6.80, 6.83, 6.95, and 7.00 are the actual data, and linear interpolations are employed to generate the color map.
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1D chains is usually a factor of 100 larger than that along
the next best conducting direction. Thus, the simplistic
picture of the rigid 1D stripes carrying current in the cu-
prates is clearly not valid. On the other hand, the much
smaller anisotropy and its strong temperature dependence
observed here are actually consistent with the behavior
[15] of an electronic liquid crystal [11], where transverse
fluctuations (quantum meandering) of the stripes are sig-
nificant; it is useful to note that another self-organized
stripe system, 2D electrons in high Landau levels, also
shows [17] a rather small anisotropy ratio of up to 7 with
a strong temperature dependence [30]. It is intriguing that
the electronic liquid crystals are predicted [11] to be either
a high-temperature superconductor or a two-dimensional
anisotropic metal. The stripe phase of the lightly doped
cuprates seems to be consistent with the latter, and the
YBCO data for y < 6.6 strongly suggest that the super-
conductivity with 7, of at least 50 K is occurring in an
electronic liquid crystal. If the charge transport at higher
doping is also governed by the fluctuating stripes (as is
suggested by the nearly doping-independent hole mobility
[19]), it may actually be the case that the whole phenome-
non of high-temperature superconductivity is realized as a
ground state of an electronic liquid crystal.

In summary, we have found that the in-plane resistiv-
ity anisotropy in untwinned single crystals of LSCO and
YBCO gives evidence for conducting charge stripes in
these systems. The temperature dependence and the rather
small magnitude of the anisotropy bear strong similarities
to the nematic [15] charge stripes in the 2D electron gas
in high Landau levels, suggesting that the electronic liquid
crystals are likely to be realized in the cuprates. Moreover,
the signature of an electronic liquid crystal is observed in
YBCO with T, of up to 50 K, which demonstrates that the
electron self-organization is not a minor phenomenon in
some extreme of the phase diagram but is rather an inte-
gral part of the physics in the cuprates.
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