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= -40 V) to the tunneling regime (Vg = 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-
|xm ballistic (13) SWNTs, where changes in 
Fermi energy induced by typical gate voltag­
es [for example, —0.4 eV at Vg = - 4 0 V 
(72)] 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 (18). 

At temperatures down to 4.2 K, the qualita­
tive picture in which either Andreev or tunnel­
ing processes dominate transport (15) 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 dVldl emerges around zero bias, 
superimposed on the Andreev dip (Fig. 5A). 
This peak grows as the temperature is lowered, 
and by 40 mK dominates dVldl measurements 
for almost all values of gate voltage, except for 
a few small intervals of Vg 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 (19, 20), and has been 
tentatively attributed to electron-electron 
interactions (21). Electron-electron interac­
tion may also explain the absence of sub-
harmonic structure in dVldl due to multiple 
Andreev reflections (17) 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 (10) is remarkable. It is particularly 
notable that the individual SWNT described 
in (10) had a higher normal-state resistance 
than in the present experiment [26 kilohms, 
compared to <18 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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neutron scattering peaks in La2_vSrxCu04 

(LSCO) (4), suggesting that spin-charge 
modulations exist in superconducting LSCO. 
Furthermore, recent neutron-scattering exper­
iments on YBa2Cu307_v (5) and Bi2Sr2 

CaCu208 (6) suggest that the stripe fluctua­
tions may be inherent to the doped Cu02 

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 Cu02 plane are directed 
by 90° to each other, as suggested rfom the 
neutron and x-ray scattering measurements (1, 

Evidence for One-Dimensional 
Charge Transport in 
La2_x_yNdySrxCu04 

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-, 4_xNd06SrxCuO4) 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 a t x = 1/8. 
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9).  and what we see in the transport (10. I I ). 
lnagnetic ( 3 ) ,  and optical (12) measurements is 
essentially the average of the tu o oiientations. 

The Hall effect lneasurement has the abil- 
ity to detect the 1D charge dynamics, %:hen a 
salnple is placed in a longitudinal electric 
field, E,. and a transverse magnetic field. B;. 
a transverse (Hall) electric field. El,. is gen- 
erated because of the ca i~ier  acculnulation on 
one face of the sample. The Hall effect arises 
from finite off-diagonal conducti\ ity IT,, . 
ni th  the Hall coefficient R, defined as R,  = 

E , . .  : j  B. . = p,,iB=, a,here pZy=  a,,, ' ( a , ,~ , ,  - 

ay, a, v )  (q,, = J, ..'El, a,? = J,  :El ; diagonal 
conductil-ity ) .  

Considering a bundle of independent 1D 
strings, we should not expect an] off-diago- 
nal conductivity. as the cairiers cannot hop to 
the adjacent strings. This would be the case if 
the stripes lvere realll- 1D in n-hichever di- 
rection they are oriented in each plane. There- 
fore; n e  might be able to obtain the direct 
el ideilce f o ~  or against 1D charge d>narnlcs 
from the behax lo1 of ( T , ~  

Based on the abol e htlatzgy. n e  hal e 
investigated the resisti~ ity and the Hall coef- 
ficient of LKSCO single crystals as a func- 
tion of doping concentration with .\- = 0.10. 
0.12. 0.13, and 0.15. Single cl-qstals of 
L a  Kd,, ,Sr,CuO, were grown bl  the 
tra\.eling-sol] ent floating zone method (1 0) .  
In this study, lve fixed S d  content to = 0.6 
instead of ?, = 0.4. the 1 alue freq~~ellt l l  used 
in prer ious studies. For J ,  = 0.4. the n a l  the 
spin-charge orders develop 1% it11 temperahire 
has been extensively in\,estipated bl  neutron 
scattering ( I ,  3). x-ray scattering 19). and 
"Cu nuclear q~~adl-tipole resonance (NQR) ( 13) 
measurements. Fronl these m e a s ~ ~ e n ~ e a t s .  the 
charge order for t = 0 10 and 0.12 appears at 
temperatures close to the htructural-phase tran- 
sition tenlperanlre ( T,) [low-temperature or- 

Temperature (K) 

Fig. 1. Temperature dependence of in-plane 
resistivity (p,,) of La, ,+xNd,,SrxCuO, w i th  
x = 0.10, 0.12, 0.13, and 0.15. (Inset) pa, 
plotted on  a logarithmic T scale. T, values of 
the samples are marked w i th  a dashed line. 

thol-hombic (LTO) - low-temperattire tetrago- 
nal (LTT) for s = 0.12; LTO-Pcai (a space- 
g r o ~ ~ p  sy l lmnetry) for .\- - 0.101 and that for \- 
= 0.15 appears 10 K belon- 7,, (LTO--LTT). 
The LTT and Pcci~ structures fax-or the snipe 
order as they can pin do\\-11 the ~ n t i c a l  or 
horizontal stripe-type charge mod~ilation. A11 
the c q  stals ill\ estigated here shon. a transition 
to the LTT phase, so we call conclude that the 
1, = 0.6 clystals have essentially the same spm- 
charge order. The adxantage of studying j, = 

0.6 crqstals is that we can avoid the possible 
complexity due to the different crq-stal smuc- 
tures for different alues of s because for s 
= 0.10 the LTT phase appears only u-hen ?. 
exceeds 0.4 (14, 1.5). Resisti1,ity and the 
Hall coefficient measurelnents are done by 
the standard direct current six-probe meth- 
od. The superconducting transition temper- 
ature (T,.) is estimated from a SQUID (su- 
perconducti\-ity quantum interference de- 
vice) measurement. 

The in-plane resistivity p<,, (Fig.  1 )  for 
four Sr conlpositions exhibits a jump at 
doping-dependent temperature T,, [74 K (s 

= 0 . 1 0 ) . 7 8 K ( s =  0 . 1 2 ) , 8 0 K ( s  = 0.13).  
84 K ( s  = 0.15)]. in good agreelllent ~ v i t h  
prel ious results on poll crystalline samples 
(11. 1 4 ) .  

La,. ,Na, eSr,Cu04 

0 100 200 300 
Temperature (K) 

Above T,, p,,,, shows the same telllperature 
(T) dependence as that of LSCO (16).  indicat- 
ing that the charge dynamics in LNSCO is 
essentially identical to that of Nd-free 
LSCO. Below T,,, increases of pc,,, with 
lo~vering temperature, which are nlost evi- 
dent for s = 0.15, discriminate the charge 
transport of the spin-charge-ordered phase 
from the nornlal phase of I-ITSC ( 1 7 ) .  

In spite of the change in the T dependence 
belon- T,,, it should be mentioned that pl,,, in 
LNSCO shares a conllnon behavior with that 
of LSCO. The j~ump in p,,, at T, is slllall-at 
lnost 5'6 of the value above T,,-and the 
magllihide of resistivity stays low. well be- 
low- the critical value for the Anderson local- 
ization. which colresponds to p,,,, -= 1.5 nlR 
cnl in this case (10).  Low resistivity in the 
charge-ordered phase is unique to cuprate and 
in dramatic contrast to other transition-metal 
oxides such as La, ,Sr, ,KiO, (18)  and Kd ,  , 
Sr, ?M110; (IY). u~llich also exhibit stripe 
orders. In both cases, tile increases in resis- 
tivity by several orders upon charge ordering 
means that the charge degrees of freed0111 are 
q~ienched 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 

Temperature (K) 

Fig. 2. (A) Temperature dependence of R, for 
x = 0.10, 0.12, 0.13, and 0.15 (top t o  bot tom) 
measured a t  a magnetic field (5 T)  parallel t o  
the c axis w i th  the current along the CuO, 
plane. Arrows indicate To. 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) w i th  y = 0.6 and for x = 0.12 
w i th  y = 0.4 (open circles). 
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reflectivity measurement (12) .  There is no ap- 
preciable difference in the optical conductivity 
in the far-infrared region bet~veen LNSCO and 
LSCO even below T(?. 

Another similarity we find is nearly log- 
arithmic T dependence of p,,,, of LKSCO. 
which is seen for underdoped LSCO \\-hen its 
superconducti~-ity is suppressed by strong 
magnetic fields (20) .  The similarity suggests 
that the carriers in the ordered phase have 
characteristics si~nilar to those in LSCO ~vith 
suppressed superconductivity. 

The doping dependence of p,, ,  does not 
show any distinct behavior at x = 1'8 but 
monotonically changes \\-it11 .x. Indeed, a slope 
of logarithmic T dependence of p , ,  increases 
n-it11 .x. In this sense. 1'8 cannot be regarded as 
a singular point as far as the longitud~nal charge 
transport is concerned (11).  

Abole To. R,, is allnost the same as that 
fol Nd-flee compounds 111 both magnitude 
and T dependence (Fig 2 A )  Beloa To. f o ~  -i 

5 1 8 ,  R,  sho\+s a rapid decrease, after a 
sinall discontinuous dlop at T,, approaching 
zero at low temperahires. This decrease has 
nothing to do with superconductivity, be- 
cause it takes place well above resistive T, 
( - I ] ) ,  and the values are independent of mag- 
netic fields. Such a radical decrease of R, 
was reported earlier for LIiSCO with Iid = 

0.4 and Sr = 0.12 (Fig. 2 B )  (10 )  and for 
polycrystals of La,,-,Ba ,,,, JuO, ( 22 ) .  
Thus. this behavior is characteristic of the 
spin-charge-ordered phase for ?: 5 1%.  

For s = 0.13,  ~vith only a 1% increase of 
doping. R,, does not show such a re~narkable 
change below To. The decrease of R, below 
To is yadual and R, preserves finite values 
e ~ - e n  at the lowest temperature. For s = 0.15. 
R, continues to increase across To, which is 
opposite that for .x 5 1/8. ending up at a fairly 
large d u e ,  colnparable n-it11 that at 200 K. 

One nlay suppose that the decrease of R, 

Normalized temperature by To 
z 

Fig. 3. Temperature dependence of o, 
(closed circles) and a, (dots) for x = 0.12 and 
y = 0.6. uxy is multiplied by 200 in this plot. The 
intensity of the charge satellite peaks (I,) for 
x = 0.12 and y = 0.4 (dashed line) is superim- 
posed on the cr,, data. Note that I, is plotted with 
the vertical axis upside down and temperature is 
normalized by To (To = 78 K for x = 0.1 2 andy = 
0.6; To = 68 K for x = 0.12 and y = 0.4). 

results fiom a change in the Fenni surface 
associated with the stripe order and an accidea- 
tal cancelation behveen contributions from hole 
and electro~l surfaces. Hon-e~-er. it is unlikely in 
this case because such a pichire requires a 
subtle balance of the two contributions. Such a 
subtle balance \I-oulcl be easily lost by a weak 
perturbation. such as a change in 1- or J., which 
contradicts the robustness of these results 
against the change in s and J,. As sho\vn in Fig. 
2B. the T dependence of R, below To is essen- 
tially the sanle for .Y = 0.12 with J. = 0.4 and 
0.6 as \\-ell as 1- = 0.10 \vith J .  = 0.6 (10) .  

To ensure that the decrease of R, results 
from a dismption of  trans^-erse charge trans- 
port in the stripe phase. we calculate n,, and 
u,,.; p,, = p,> and p.,, = - p , ,  as the system 
has a fourfold sy~nmetry within the s->' plane. 
LVe obserl-e that p,,(B) << p,,(B) and mag- 
~letoresistance is extremely small, with 
[ p  ,., ( B )  - p,,(B = O)]lp,,(B = 0 )  < 0.5% at 
B = 5 T over the whole T range. Therefore. 
\ve can derive o,, and o,, from o, ,(B) = 
l ;p, , (B) = l;p,,,(B = 0 )  and o , , ( B )  = R,B; 
p ,,,, ( B  = 0)'. The T dependence of o .,., and n,, 
for s = 0.12 are shown in Fig. 3. \I-hich 
indicates that uyJ, decreases approximately 
linearly in tenlperature below To. approach- 
ing to 0 as T i. 0 .  On the other hand. a, 
keeps large I-alues even at the 101% est temper- 
ature. The reduction of o.\, clearly demon- 
strates that the charge order causes suppres- 
sion of the transverse motion of the carriers. 

!Are can demonstrate the direct relation- 
ship between the reduction of my, and the 
de~-elopment of charge order. In the same 
figure. we overlay the intensity of the charge- 
order peak ( I c )  obse~x-ed in the x-ray diffrac- 
tion for a crystal with s = 0.12 and J ,  = 0.3 
measured by Zimmernlann er 01. (4) after 
reasonable rescaling ( 23 ) .  Both quantities 
s h o ~  essentially the same T 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 s 5 1/8 is 
associated with suppression of the cyclotron 
inotion due to confinenlent of carriers within 
1D charge stripes ( 24 ) .  In contrast, n_ for .x = 
0.13 and 0.15 has finite I-alues even at the 
lowest temperatures \\-ell belon To, indicating 
that the charge transport for s > 1;8 sustains a 
2D nature. as in the HTSCs. In this sense; the 
obsen-ed change when we go through 1/8 is a 
ID-2D cross01-er. Strictly, a t1~11y 1D state 
\I-ould be realized at the lowest teinperature 
near T = 0 where my, would vanish. Figure 3 
indicates that the 1D state is not robust against 
increasing temperahre, \17hich stroilgly reflects 
the fluctuating nature of the charge stripes. 

A question that follows is whether we can 
affiliate these experimental obsei~ations with 
the results of the scattering experiments (2- 
4 ) .  The low-energy inagiletic scattering in 
LSCO, which is characterized by the 2D anti- 
ferromagnetic wave vector Q,, = ( 112.1 :2).  

at e q  lo\\ dop~ng. shlfts to pos~ t~ons  ( 1  2 i 
E .  1 2 )  and ( 1  2 ,  1 2 i E )  mcomnlensurate 
with the u~lderlyi~lg lattice. with the linear 
relationship bet~veen E and x ( E  - .u) for 
0.05 < .v 5 1:8. For s > 1/8. E tends to 
saturate. keeping the value around 1.8. This 
relation of E and x is followed exactly by the 
elastic peaks in LNSCO. That x = 1.8 is 
regarded as the crossover point in the spin 
dynanlics of L(Ii)SCO indicated by these 
results is consistent with 1D-2D crosso~-er in 
the charge dynamics. 

According to the stripe pich~re, the incom- 
n~ensurability E represents an interstripe dis- 
tance of I. with the relation I = n i 2 ~  (where n 
is the in-plane lattice constant). At s = 1.8 
the half-occupied charge stripes (one hole 
resides at eI-ely two Cu sites on the charge 
stripe) folnl a regular array with the inter- 
stripe spacing 40.  The linear relationship be- 
tween E and x for s < 118 indicates that the 
interstripe distance is inversely proportional 
to the hole number and hence the occupancy 
of the holes \+ ithin each charge strioe remains - 
constallt I11 such a case, holes ould be able 
to inol e along each stllpe because they ha\e 
a deglee of fieedom at the s~ngle-str~pe le\ el. 
although a charge-density-\\ ave ol spm-den- 
s~ ty -u  aI e instab~lity should doininate at T = 

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 
t r a~~er se  the hole-depleted spin domains (25). 

The satl~ration of E for s > 1 /8 indicates that 
the interstripe cannot be shorter than 30. Excess 
holes either sllould be accomnlodated into 
charge domains. which are already half-occu- 
pied. or should overflo\\- into spin domains. In 
either case. each stripe can no longer be regular. 
Charge shipes \I-ould broaden and penetrate 
into spin domains or would be bent in order to 
put in all carriers (26) .  Then there might arise 
extra shipe path~vays running along the pelyen- 
dicular direction. All these effects \I-ould violate 
the one-dimensionality. As a result, holes be- 
come able to hop between charge stripes; thus 
making o,, and R, finite (27) .  

Finally; we discuss the transport properties 
of the normal CuO, planes without static stripe 
order. !Are have pointed out that the longihidinal 
charge transport in the spin-charge-ordered 
phase is apparently different fro111 that of the 
no~nlal states of HTSC. but the differences are 
small. The magnihlde of resisti1-ity is nearly the 
same and a logarithmic increase of resistivi:)~ is 
also obsei~ ed for LSCO when its superconduc- 
tivity is suppressed by strong magnetic fields. 
In addition, a quasi-static spin-charge order has 
been obsered in LSCO for x 5 1:s bv the 
elastic neutron-scattering experiment ( 28 )  and 
inore recently by the 6 3 C ~ ~  NQR measureinent 
(29). All these results strongly suggest that the 
smpe 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- Tc cuprates. 
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Angle-resolved photoemission spectroscopy was carried out on (La1 28
Nc*o.6 

Sr012)Cu04, 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 c/-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 \kx\ = TT/4 and vertical momenta \ky\ = TT/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 (1, 2), which has attracted 
considerable attention in connection with re­
cent neutron-scattering data from Nd-substi-
tuted (La148Nd04Sr012)CuO4 (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 (ID) domain walls. At 
the same time, the electronic spins in the 
domain between the walls order antiferro-
magnetically with a TT 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 A>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 A>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 superconductivity. 

Angle-resolved photoemission spectroscopy 
(ARPES) measures the single-particle spectral 
function A(k, o>) 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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