= —40 V) to the tunneling regime (V, = 0 V)
evident in Fig. 3 is a consequence of the
changes in interface transparencies as a func-
tion of gate voltage. This conclusion is con-
sistent with the expected properties of 0.3-
pm ballistic (/13) SWNTs, where changes in
Fermi energy induced by typical gate voltag-
es [for example, ~0.4 eV at V, = —40 V
(12)] are insufficient to alter the populations
of electronic subbands. It is also in agreement
with recent numerical results on how inter-
face transparency depends on the Fermi en-
ergy in metallic nanotubes (/8).

At temperatures down to 4.2 K, the qualita-
tive picture in which either Andreev or tunnel-
ing processes dominate transport (/5) works
well. As the temperature is lowered further,
new features appear that cannot be explained
within this picture. Specifically, below ~4 K, a
narrow peak in dV/dl emerges around zero bias,
superimposed on the Andreev dip (Fig. 5A).
This peak grows as the temperature is lowered,
and by 40 mK dominates d¥V/dl measurements
for almost all values of gate voltage, except for
a few small intervals of ¥, where a dip at zero
bias can still be observed (Fig. 5B). No such
peak is expected within a noninteracting pic-
ture. Similar low-temperature behavior of the
differential resistance has been observed in
two-dimensional electron gases connected
to superconductors (/9, 20), and has been
tentatively attributed to electron-electron
interactions (27). Electron-electron interac-
tion may also explain the absence of sub-
harmonic structure in dV/dIl due to multiple
Andreev reflections (/7) as well as the
absence of a supercurrent.

From this perspective, the recently report-
ed observation by Kasumov et al. of a super-
current in an individual SWNT sample as
well as in SWNT ropes with superconducting
contacts (/0) is remarkable. It is particularly
notable that the individual SWNT described
in (/0) had a higher normal-state resistance
than in the present experiment [26 kilohms,
compared to <I8 kilohms (22)], which
works against a proximity-induced supercur-
rent within a conventional picture. The exper-
imental situation suggests that the basic phys-
ical mechanism responsible for a supercur-
rent in SWNT remains to be sorted out. The
ability to control superconducting correla-
tions in one dimension will greatly facilitate
future study of this interesting phenomenon.
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Evidence for One-Dimensional
Charge Transport in

I'aZ—x—y

Nd, Sr,CuO,

Takuya Noda, Hiroshi Eisaki, Shin-ichi Uchida

Doping dependences of the resistivity and the Hall coefficient are presented for
neodymium-doped lanthanum strontium cuprate (La, ,_,Nd, ¢Sr,CuO,) in the
static spin-charge stripe ordered phase. For doping concentration x = 1/8, a
rapid decrease in the magnitude of the Hall coefficient at low temperatures
provides evidence for one-dimensional charge transport, whereas for x > 1/8,
the Hall coefficient remains relatively large in the ordered phase. The results
indicate a crossover from one- to two-dimensional charge transport taking

place at x = 1/8.

The one-dimensional (1D) spin-charge densi-
ty modulations in the two-dimensional (2D)
CuO, planes, or stripe phase, was proposed
by Tranquada ef al. (/) to account for the
anomalous behavior in La,_,_,Nd,Sr,CuO,
(2), in which slight changes in the crystal
structure lead to suppression of the supercon-
ductivity. Elastic neutron scattering experi-
ments on La,_ . NdSr.CuO, (LNSCO)
with x near the “magic number”—1/8—have
demonstrated that the compound exhibits
spin-charge order with the periodicity eight
and four times that of the lattice unit cell,
respectively (/). Similar spin-charge orders
have been observed for other values of x (3),
where the periodicity of the static spin corre-
lation has almost the same x dependence as
that observed in the incommensurate inelastic

Department of Superconductivity, The University of
Tokyo, Tokyo 113-8656, Japan.

neutron scattering peaks in La,_ Sr.CuO,
(LSCO) (4), suggesting that spin-charge
modulations exist in superconducting LSCO.
Furthermore, recent neutron-scattering exper-
iments on YBa,Cu;0,_, (5) and Bi,Sr,
CaCu,Oyg (6) suggest that the stripe fluctua-
tions may be inherent to the doped CuO,
planes. The possibility of the formation of
stripes had been discussed before these new
findings (7) and it is proposed that the dy-
namic stripe fluctuation is a possible driving
force for high-temperature superconductivity
(HTSC) (8).

However, in spite of the accumulated inter-
est, because of a lack of direct evidence for
one-dimensionality, full consensus on the exis-
tence of spin-charge stripes has not been estab-
lished. The difficulty is that the spin-charge
stripes in the adjacent CuO, plane are directed
by 90° to each other, as suggested ffom the
neutron and x-ray scattering measurements (Z,
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9), and what we see in the transport (10, 11),
magnetic (3), and optical (/2) measurements is
essentially the average of the two orientations.

The Hall effect measurement has the abil-
ity to detect the 1D charge dynamics. When a
sample is placed in a longitudinal electric
field, £, and a transverse magnetic field, 5.,
a transverse (Hall) electric field, £, is gen-
erated because of the carrier accumulation on
one face of the sample. The Hall effect arises
from finite off-diagonal conductivity o,
with the Hall coefficient R, defined as R,, =
E\'/-]..\'B: = p\'.\‘/B." \&]llere pl{\'= ()-.\'\’/(()-.\'.\'G\‘\' -
c.,0,) (.. =j/E,c. =j/E, dagonal
conductivity).

Considering a bundle of independent 1D
strings, we should not expect any off-diago-
nal conductivity, as the carriers cannot hop to
the adjacent strings. This would be the case if
the stripes were really 1D in whichever di-
rection they are oriented in each plane. There-
fore, we might be able to obtain the direct
evidence for or against 1D charge dynamics
from the behavior of ..

Based on the above strategy, we have
investigated the resistivity and the Hall coef-
ficient of LNSCO single crystals as a func-
tion of doping concentration with x = 0.10,
0.12, 0.13, and 0.15. Single crystals of
La, ,_.Nd,Sr CuO, were grown by the
traveling-solvent floating zone method (/0).
In this study, we fixed Nd content to v = 0.6
instead of y = 0.4, the value frequently used
in previous studies. For v = 0.4, the way the
spin-charge orders develop with temperature
has been extensively investigated by neutron
scattering (/, 3), x-ray scattering (9), and
63Cu nuclear quadrupole resonance (NQR) (/3)
measurements. From these measurements, the
charge order for x = 0.10 and 0.12 appears at
temperatures close to the structural-phase tran-
sition temperature (7)) [low-temperature or-

1.5

Pab (mQ cm) I

—
o
T

Temperature (K)

Pab (MQ cm)

T

o
&

x=0.138

Lay 4.,Ndo sSr,CuO;4
" i 1

0 100 200

Temperature (K)

x=0.15 7
300

Fig. 1. Temperature dependence of in-plane
resistivity (p,,) of La,,_ Nd,Sr,CuO, with
x = 0.10, 0.12, 0.13, and 0.15. (Inset) p,,
plotted on a logarithmic T scale. T, values of
the samples are marked with a dashed line.
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thorhombic (LTO) — low-temperature tetrago-
nal (LTT) for x = 0.12; LTO-Pccn (a space-
group symmmetry) for x = 0.10] and that for x
= 0.15 appears 10 K below 7, (LTO-LTT).
The LTT and Pccn structures favor the stripe
order as they can pin down the vertical or
horizontal stripe-type charge modulation. All
the crystals investigated here show a transition
to the LTT phase, so we can conclude that the
v = 0.6 crystals have essentially the same spin-
charge order. The advantage of studying 3 =
0.6 crystals is that we can avoid the possible
complexity due to the different crystal struc-
tures for different values of x because for x
= (.10 the LTT phase appears only when y
exceeds 0.4 (/4, 15). Resistivity and the
Hall coefficient measurements are done by
the standard direct current six-probe meth-
od. The superconducting transition temper-
ature (7,) is estimated from a SQUID (su-
perconductivity quantum interference de-
vice) measurement.

The in-plane resistivity p,, (Fig. 1) for
four Sr compositions exhibits a jump at
doping-dependent temperature 7, [74 K (x
= 0.10), 78 K (x = 0.12), 80 K (x = 0.13),
84 K (x = 0.15)], in good agreement with
previous results on polycrystalline samples
(11, 14).
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Above T, p,, shows the same temperature
(7) dependence as that of LSCO (/6), indicat-
ing that the charge dynamics in LNSCO is
essentially identical to that of Nd-free
LSCO. Below T, increases of p,, with
lowering temperature, which are most evi-
dent for x = 0.15, discriminate the charge
transport of the spin-charge-ordered phase
from the normal phase of HTSC (/7).

In spite of the change in the 7 dependence
below T, it should be mentioned that p,, in
LNSCO shares a common behavior with that
of LSCO. The jump in p,, at 7, is small—at
most 5% of the value above 7;—and the
magnitude of resistivity stays low, well be-
low the critical value for the Anderson local-
ization, which corresponds to p,, ~ 1.5 mQ
cm in this case (/0). Low resistivity in the
charge-ordered phase is unique to cuprate and
in dramatic contrast to other transition-metal
oxides such as Las,,Sr,,;NiO, (/8) and Nd, ,
Sty ,MnO;5 (19), which also exhibit stripe
orders. In both cases, the increases in resis-
tivity by several orders upon charge ordering
means that the charge degrees of freedom are
quenched because of the ordering. On the other
hand, these results suggest that the charge ex-
citations are nearly gapless in the spin-charge
ordered state, consistent with the recent optical
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Fig. 2. (A) Temperature dependence of R,, for
x = 0.10, 0.12, 0.13, and 0.15 (top to bottom)
measured at a magnetic field (5 T) parallel to
the ¢ axis with the current along the CuO,
plane. Arrows indicate T,. For comparison, R,
values for LSCO for x = 0.12 and 0.15 are also
plotted (open circles). (B) Temperature depen-
dence of R, for x = 0.10 (triangles) and 0.12
(closed circles) with y = 0.6 and for x = 0.12
with y = 0.4 (open circles).
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reflectivity measurement (/2). There is no ap-
preciable difference in the optical conductivity
in the far-infrared region between LNSCO and
LSCO even below Ty,

Another similarity we find is nearly log-
arithmic 7 dependence of p,, of LNSCO,
which is seen for underdoped LSCO when its
superconductivity is suppressed by strong
magnetic fields (20). The similarity suggests
that the carriers in the ordered phase have
characteristics similar to those in LSCO with
suppressed superconductivity.

The doping dependence of p,, does not
show any distinct behavior at x = 1/8 but
monotonically changes with x. Indeed, a slope
of logarithmic 7" dependence of p,, increases
with x. In this sense, 1/8 cannot be regarded as
a singular point as far as the longitudinal charge
transport is concerned (11).

Above T,, Ry is almost the same as that
for Nd-free compounds in both magnitude
and 7 dependence (Fig. 2A). Below T, for x
= 1/8, Ry shows a rapid decrease, after a
small discontinuous drop at 7, approaching
zero at low temperatures. This decrease has
nothing to do with superconductivity, be-
cause it takes place well above resistive 7
(21), and the values are independent of mag-
netic fields. Such a radical decrease of Ry
was reported earlier for LNSCO with Nd =
0.4 and Sr = 0.12 (Fig. 2B) (/0) and for
polycrystals of La, ¢,5Bag ;,sCuO, (22).
Thus, this behavior is characteristic of the
spin-charge-ordered phase for x = 1/8.

For x = 0.13, with only a 1% increase of
doping, Ry, does not show such a remarkable
change below T,. The decrease of Ry; below
T, is gradual and R;; preserves finite values
even at the lowest temperature. For x = 0.15,
Ry continues to increase across T, which is
opposite that for v = 1/8, ending up at a fairly
large value, comparable with that at 200 K.

One may suppose that the decrease of Ry
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Fig. 3. Temperature dependence of oy,
(closed circles) and o, (dots) for x = 0.12 and
y = 06. o, is multiplied by 200 in this plot. The
intensity of the charge satellite peaks (/) for
x = 0.12 and y = 0.4 (dashed line) is superim-
posed on the o, data. Note that /. is plotted with
the vertical axis upside down and temperature is
normalized by T, (T, = 78 Kforx = 0.12and y =
06, T, = 68 K for x = 0.12 and y = 0.4).
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results from a change in the Fermi surface
associated with the stripe order and an acciden-
tal cancelation between contributions from hole
and electron surfaces. However, it is unlikely in
this case because such a picture requires a
subtle balance of the two contributions. Such a
subtle balance would be easily lost by a weak
perturbation, such as a change in x or y, which
contradicts the robustness of these results
against the change in x and y. As shown in Fig.
2B, the T dependence of Ry, below 7, is essen-
tially the same for x = 0.12 with y = 0.4 and
0.6 as well as x = 0.10 with v = 0.6 (/0).

To ensure that the decrease of Ry results
from a disruption of transverse charge trans-
port in the stripe phase, we calculate o, and
Oy Pee = Py and p. = —p,,. as the system
has a fourfold symmetry within the x-v plane.
We observe that p, (B) << p.(B) and mag-
netoresistance is 'extremely small, with
[Pxn(B) = pud B = 0)]/p,(B = 0) < 0.5% at
B = 5 T over the whole T range. Therefore,
we can derive o, and o, from o (B) =
l/p\\(B) = l/pab(B = 0) and G\\(B) = RHB/
pus(B = 0)2. The T dependence of o and o,
for x = 0.12 are shown in Fig. 3, which
indicates that o . decreases approximately
linearly in temperature below T, approach-
ing to 0 as T — 0. On the other hand, o,
keeps large values even at the lowest temper-
ature. The reduction of o, clearly demon-
strates that the charge order causes suppres-
sion of the transverse motion of the carriers.

We can demonstrate the direct relation-
ship between the reduction of o, and the
development of charge order. In the same
figure, we overlay the intensity of the charge-
order peak (/,) observed in the x-ray diffrac-
tion for a crystal with x = 0.12 and y = 0.4
measured by Zimmermann et al. (9) after
reasonable rescaling (23). Both quantities
show essentially the same 7" dependence with
each other. This is evidence that the suppres-
sion of o is due to the charge order.

The reduction of o, seen for x = 1/8 is
associated with suppression of the cyclotron
motion due to confinement of carriers within
1D charge stripes (24). In contrast, o, for x =
0.13 and 0.15 has finite values even at the
lowest temperatures well below 7, indicating
that the charge transport for x > 1/8 sustains a
2D nature, as in the HTSCs. In this sense, the
observed change when we go through 1/8 is a
1D-2D crossover. Strictly, a truly 1D state
would be realized at the lowest temperature
near I’ = 0 where o, would vanish. Figure 3
indicates that the 1D state is not robust against
increasing temperature, which strongly reflects
the fluctuating nature of the charge stripes.

A question that follows is whether we can
affiliate these experimental observations with
the results of the scattering experiments (2—
4). The low-energy magnetic scattering in
LSCO, which is characterized by the 2D anti-
ferromagnetic wave vector O, = (1/2,1/2),

at very low doping, shifts to positions (1/2 =
g, 1/2) and (1/2, 1/2 = &) incommensurate
with the underlying lattice, with the linear
relationship between & and x (¢ ~ x) for
0.05 < x = 1/8. For x > 1/8, ¢ tends to
saturate, keeping the value around 1/8. This
relation of & and x is followed exactly by the
elastic peaks in LNSCO. That x = 1/8 is
regarded as the crossover point in the spin
dynamics of L(N)SCO indicated by these
results is consistent with 1D-2D crossover in
the charge dynamics.

According to the stripe picture, the incom-
mensurability e represents an interstripe dis-
tance of /, with the relation / = a/2¢ (where a
is the in-plane lattice constant). At x = 1/8
the half-occupied charge stripes (one hole
resides at every two Cu sites on the charge
stripe) form a regular array with the inter-
stripe spacing 4a. The linear relationship be-
tween e and x for x = 1/8 indicates that the
interstripe distance is inversely proportional
to the hole number and hence the occupancy
of the holes within each charge stripe remains
constant. In such a case, holes would be able
to move along each stripe because they have
a degree of freedom at the single-stripe level,
although a charge-density-wave or spin-den-
sity-wave instability should dominate at 7" =
0 according to the conventional physics of 1D
metals (8). On the other hand, hopping of
holes between the charge stripes will be se-
verely suppressed because the holes have to
traverse the hole-depleted spin domains (25).

The saturation of & for v > 1/8 indicates that
the interstripe cannot be shorter than 4a. Excess
holes either should be accommodated into
charge domains, which are already half-occu-
pied, or should overflow into spin domains. In
either case, each stripe can no longer be regular.
Charge stripes would broaden and penetrate
into spin domains or would be bent in order to
put in all carriers (26). Then there might arise
extra stripe pathways running along the perpen-
dicular direction. All these effects would violate
the one-dimensionality. As a result, holes be-
come able to hop between charge stripes, thus
making o and Ry, finite (27).

Finally, we discuss the transport properties
of the normal CuO, planes without static stripe
order. We have pointed out that the longitudinal
charge transport in the spin-charge-ordered
phase is apparently different from that of the
normal states of HTSC, but the differences are
small. The magnitude of resistivity is nearly the
same and a logarithmic increase of resistivity is
also observed for LSCO when its superconduc-
tivity is suppressed by strong magnetic fields.
In addition, a quasi-static spin-charge order has
been observed in LSCO for x = 1/8 by the
elastic neutron-scattering experiment (28) and
more recently by the *Cu NQR measurement
(29). All these results strongly suggest that the
stripe order readily shows up in the normal state
of lanthanum cuprates and hence the stripe
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fluctuation may play an important role in the
low-energy charge and spin dynamics, at least
in this class of high-T, cuprates.
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One-Dimensional Electronic
Structure and Suppression of
d-Wave Node State in
(La, 25Nd, Srp 12)CUO,

X. ). Zhou,"? P. Bogdanov,' S. A. Kellar,’ T. Noda,? H. Eisaki,?
S. Uchida,?® Z. Hussain,? Z.-X. Shen™*

Angle-resolved photoemission spectroscopy was carried out on (La, ,gNd, ¢
Sro.12)CuO,, a model system of the charge- and spin-ordered state, or stripe
phase. The electronic structure contains characteristic features consistent with
other cuprates, such as the flat band at low energy near the Brillouin zone face.
However, the low-energy excitation near the expected d-wave node region is
strongly suppressed. The frequency-integrated spectral weight is confined in-
side one-dimensional segments in the momentum space (defined by horizontal
momenta IkXI = m/4 and vertical momenta |ky| = 7/4), deviating strongly
from the more rounded Fermi surface expected from band calculations. This
departure from the two-dimensional Fermi surface persists to a very high
energy scale. These results provide important information for establishing a
theory to understand the charge and spin ordering in cuprates and their relation
with high-temperature superconductivity.

The stripe phase (I, 2), which has attracted
considerable attention in connection with re-
cent neutron-scattering data from Nd-substi-
tuted (La, ,4Nd, ,Sr,;,)CuO, (Nd-LSCO)
(3), represents a new paradigm for thinking
about charge carriers in a solid. Unlike con-
ventional metals in which the charge distri-
bution is homogeneous, the stripe picture as-
serts that the charge carriers are segregated
into one-dimensional (1D) domain walls. At
the same time, the electronic spins in the
domain between the walls order antiferro-
magnetically with a  phase shift across the
domain wall. The possibility of charge seg-
regation propensity and its implications on
conduction as well as superconducting mech-
anism are at the heart of the current debate in
high-temperature superconductivity research
(1-24). Within the context of stripe picture, it is
a formidable task to develop a theory describing
the electronic structure that provides the micro-
scopic foundation to understand the physical
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properties. The difficulty stems from the fact
that our theoretical machineries are developed
either in real space or in momentum (k) space.
For an inhomogeneous system like the charge-
ordered state, a hybrid description appears to be
necessary. This is even more difficult when the
strong many-body effects have to be taken into
account. So far, little information about the
electronic structure of the stripe phase is avail-
able. In this report, angle-resolved photoemis-
sion data are reported for Nd-LSCO, a model
compound for which the evidence for spin and
charge ordering is the strongest (3). We discuss
these results both in terms of the k-space lan-
guage, which is commonly used to describe the
electronic structure of solids, and in terms of a
hybrid of the real space and k-space picture.
These results may provide a phenomenological
foundation to build a comprehensive theory on
the charge and spin ordering in cuprates and
their relation with superconduetivity.
Angle-resolved photoemission spectroscopy
(ARPES) measures the single-particle spectral
function A(k, w) weighted by the photoioniza-
tion cross section (25). Typical spectra of Nd-
LSCO (Fig. 1) were sampled from the first and
fourth quadrants of the Brillouin zone (BZ) at a
temperature of 20 K (26). Although the spectra
do not contain sharp peak structure, the data
still show edge or cusplike structures with clear
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