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Normal-state conductivity in underdoped La2ÀxSrxCuO4 thin films: Search for nonlinear effects
related to collective stripe motion

A. N. Lavrov, I. Tsukada, and Yoichi Ando
Central Research Institute of Electric Power Industry, Komae, Tokyo 201-8511, Japan

~Received 22 April 2003; published 10 September 2003!

We report a detailed study of the electric-field dependence of the normal-state conductivity in La22xSrxCuO4

thin films for two concentrations of doped holes,x50.01 and 0.06, where formation of diagonal and vertical
charged stripes was recently suggested. In order to elucidate whether high electric fields are capable of
depinning the charged stripes and inducing their collective motion, we have measured current-voltage charac-
teristics for various orientations of the electric field with respect to the crystallographic axes. However, even
for the highest possible fields (;1000 V/cm for x50.01 and;300 V/cm for x50.06) we observed no
nonlinear conductivity features except for those related to the conventional Joule heating of the films. Our
analysis indicates that Joule heating, rather than collective electron motion, may also be responsible for the
nonlinear conductivity observed in some other two-dimensional transition-metal oxides as well. We discuss
that a possible reason why moderate electric fields fail to induce a collective stripe motion in layered oxides is
that fairly flexible and compressible charged stripes can adjust themselves to the crystal lattice and individual
impurities, which makes their pinning much stronger than in the case of conventional rigid charge-density
waves.

DOI: 10.1103/PhysRevB.68.094506 PACS number~s!: 74.25.Fy, 74.72.Dn, 71.45.Lr, 72.20.Ht
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I. INTRODUCTION

The parent compounds of high-Tc cuprates are known to
be correlated Mott insulators that become metallic and su
conducting ~SC! upon doping with charge carriers; th
mechanism of this evolution, however, still remains a m
tery. One of the possible pictures is that the doped ho
segregate, instead of being homogeneously distributed,
establish an array of microscopic conducting chann
~charged stripes! embedded in the insulating matrix.1–5 In
fact, these conducting channels reduce the penalty for
rupting the correlated insulating state, and allow even a
holes to move through a Mott insulator. Owing to the lon
range Coulomb interaction, the hole-rich channels tend
order into a fairly periodic pattern, reminiscent of the charg
density wave ~CDW! in quasi-one-dimensional~1D!
conductors.6 Periodic charge-density modulations have
deed been found in some of the cuprate compounds,1,2,7 giv-
ing support to the stripe picture.

Despite the resemblance, the charged stripes differ f
conventional CDW both in properties and in the mechan
driving their formation: A conventional CDW is governed b
the Fermi-surface instability of a metal and results in op
ing of a gap exactly at the Fermi level,6 while charged stripes
stem from the tendency of doped holes to avoid localizati
and do not require such gap formation.1 The absence of a ga
at the Fermi level allows the stripes to be conducting, a
also makes them compressible—the hole filling of stripes
well as the distance between them should be readily varia
Consequently, the conducting stripes may well be flexi
and fluctuating in contrast to rather rigid CDW.

Apparently, those strong fluctuations make the stripes
cuprates quite elusive, causing many experiments aime
observing the stripes to fail. Although one can easily fi
0163-1829/2003/68~9!/094506~9!/$20.00 68 0945
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evidence for microscopic charge inhomogeneity, no sta
stripe ordering is observed unless a strong collective pinn
~commensurability effects at 1/8 filling, structural distortio
in La22x2yNdySrxCuO4, etc.! fixes the position and orienta
tion of the stripes in CuO2 planes, making them visible fo
diffraction techniques.1,2,7 This naturally casts doubts o
whether the stripes are inherent in cuprates and ultima
relevant for high-Tc superconductivity or the observed strip
superstructures are just a side effect caused by lattice in
bilities. Even more challenging is to find out what are t
new qualitative features that the charged stripes are bring
about.

Upon selecting experiments to clarify the role of stripe
one may consult how the existence of collective elect
states has been substantiated in other systems, particu
when diffraction methods were incapable of giving a conc
sive evidence. In the field of inorganic quasi-1D compoun
the key experiments that have led the CDW picture to
umph, and have ultimately convinced researchers that t
are dealing with a truly collective state, were~i! observation
of a sharp threshold electric field in conductivity, corr
sponding to the onset of coherent CDW sliding, and~ii ! ob-
servation of a ‘‘narrow-band noise’’ induced by the motion
a washboardlike CDW over defects.8 The transport measure
ments were certainly indispensable for 2D electron syste
~2DES! in heterostructures, where a conducting layer is b
ied deep in the crystal and diffraction methods can hardly
used. A variety of collective electron states including strip
‘‘bubble,’’ and Wigner-crystal phases, expected9 to be real-
ized in 2DES, were also documented by observations
threshold conduction and narrow-band noise.10,11 Another
class of experiments is related to qualitatively new featu
introduced by the collective state to the single-particle tra
port. The most fascinating among those is the observatio
a large resistivity anisotropy which spontaneously devel
©2003 The American Physical Society06-1
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in seemingly isotropic 2DES at low temperatures, and wh
orientation can be switched by a magnetic field.12

In cuprates, the qualitative evidence for conducti
stripes, collected thus far from transport measurements
limited to a spontaneous~or field-induced! in-plane resistiv-
ity anisotropy that develops at low temperatures,5 in striking
resemblance to 2DES. A suppression of the Hall resistivity
the static-stripe system La22x2yNdySrxCuO4, initially con-
sidered as a clear evidence for 1D transport,13 has been later
understood as coming from a tricky cancellation of the h
and electron terms, which may or may not be related to
1D hole motion; in fact, such Hall-resistivity suppression i
rare exception among cuprates.4,14 It might sound surprising,
but such key features as narrow-band noise or threshold
ductivity have never been seriously looked for in high-Tc
cuprates, though nonlinear conduction has been observe
ladder cuprates.15,16This is partly because of a common wi
dom which tells us that the CDW~or stripe! sliding is hardly
possible in 2D/3D systems because of too strong pinn
However, this understanding has been challenged recent
a number of papers reporting spectacular nonlinear con
tion in layered nickel and manganese oxides,17–21which has
been attributed to the collective charge motion and the
lapse of the charge-ordered state. If this interpretation is
tually correct, one may look for similar stripe-sliding effec
in cuprates22 which, if found, would finally clarify the elec-
tronic state underlying the high-Tc superconductivity.

In this study, we search for nonlinear conductivity fe
tures in the most promising system La22xSrxCuO4 ~LSCO!,
where static and dynamic stripes of different topology ha
been observed by neutron scattering.1–3 The compositionsx
50.01 andx50.06 are chosen as representing the ‘‘diag
nal’’ and ‘‘vertical’’ stripe states3 ~Fig. 1!. In order to mini-
mize the Joule heating, we prepare LSCO thin films p
terned into narrow bridges, which allows us to perfo
current-voltage characteristic measurements up to ele
fields of 100–1000 V/cm. The bridges are formed along s
eral crystallographic directions, making possible the field
plication along or transverse to the expected stripe direct
However, up to the highest electric fields we observe
nonlinear conductivity features other than those related to
Joule heating. This indicates that the electric-field energy

FIG. 1. Schematic picture of the CuO2 plane, and an expecte
topology of the charge modulation:~a! diagonal stripes with the
periodicity d running along the orthorhombica axis ~Cu-Cu direc-
tion!; ~b! vertical stripes running along the Cu-O-Cu directions.
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tegrated over the correlated stripe volume~if the stripe pic-
ture is actually appropriate for cuprates! is still too weak to
overcome pinning and to drive the stripe sliding. Cons
quently, the correlated volume for the stripe ordering in c
prates appears to be much smaller and the stripe pinnin
be much stronger than in conventional CDW systems,23 and
moderate electric fields may never be able to induce
stripe sliding. Furthermore, a simple analysis of Joule he
ing shows that electric fields of the order of 100–1000 V/c
represent a characteristic threshold for many ‘‘insulatin
transition-metal oxides. For fields above this threshold,
samplesmust show nonlinear conductivity and switchin
phenomena which, however, are related neither to collec
charge motion nor to other electronic peculiarities, but
caused simply by overheating. This calls for more caution
interpreting numerous observations of the nonlinear cond
tion in transition-metal oxides.

II. EXPERIMENTAL DETAILS

A difficult problem one inevitably faces upon measurin
the high electric-field characteristics is the Joule overhea
of samples. Often used simultaneous current and volt
limitations17–21 merely result in stabilizing an inhomoge
neous state, e.g., composed of conducting filaments,24,25

which hides the intrinsic behavior. Another approach is
employ short-pulse technique; however, to reduce overh
ing to a reasonable level, the pulses should be as sho
1 ms or less in most cases.25,26For CDW systems possessin
huge dielectric constants and strong frequency depend
of the conductivity,6 such short-pulse measurements wou
give data that have nothing to do with the dc conductio
Apparently, the only effective approach is to reduce the s
of samples in order to decrease the produced heat and to
the heat removal. This miniaturization is naturally limited b
the characteristic correlation length of the ordered state un
investigation, when the surface pinning and size effects
come important.27 For high electric-field measurements, w
therefore chose thin-film samples, and employed a conv
tional dc four-probe method.

Epitaxial La22xSrxCuO41d films with x50.01 and 0.06
were prepared by a conventional pulsed-laser deposi
technique. During the growth, the temperature of the s
strate was set at 800–830°C, and the oxygen pressure
kept around 4 Pa. An important point was a proper choice
substrates, in order to minimize any unwanted film distort
induced by the lattice mismatch. Since LSCO with thex
50.01 composition was orthorhombic and was expected
possess ‘‘diagonal’’ stripes running along one of the orth
rhombic Cu-Cu directions~Fig. 1!, we selected orthorhombic
YAlO3 ~YAP! substrates for growingx50.01 LSCO films. In
doing so, we intended to obtain films with perfectly align
crystallographic axes, and thus possessing aunidirectional
stripe structure. We indeed succeeded in growing untwin
La1.99Sr0.01CuO4 films on the~001! surface of YAP, where
the in-plane orientation LSCO@100# was parallel to YAP
@100#, according to the x-ray diffraction. LSCOx50.06
films, which were expected to have ‘‘vertical’’ stripes, we
prepared on the~100! surface of SrTiO3 ~STO! and ~001!
6-2
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NORMAL-STATE CONDUCTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B68, 094506 ~2003!
surface of LaSrAlO4 ~LSAO! substrates. Both STO an
LSAO have a slight lattice mismatch with LSCO, yet th
mismatch is of different signs; thus, the LSCO films dep
ited on these substrates are subject to an expansive and
pressive in-plane strain, respectively.28 Since the epitaxial
strain can easily affect the stripe pinning, as it does with
superconducting transition temperature, we use films both
STO and LSAO for a comparative study of the curre
voltage characteristics.

The thickness of prepared La22xSrxCuO41d films was de-
termined to be'1200 Å and 2400 Å forx50.01 films, and
'1000 Å forx50.06 films~a piece of film was dissolved in
acid and the amount of material was measured by the ind
tively coupled plasma spectrometry!. Each film was pat-
terned into narrow,;20–50mm, bridges aligned along th
Cu-Cu or Cu-O-Cu directions, using photolithography. Ele
tric contacts were made by gold paint with subsequent
nealing in pure helium~for x50.01 films! and in air~for x
50.06 films!, following the heat treatment procedure dev
oped for bulk crystals,29 which is required to establish th
oxygen stoichiometryd50.

The current-voltage characteristics were determined
applying a small low-frequency ac modulation voltage to
sample while a dc bias voltage was slowly swept, and m
suring the differential conductancedI/dV. Upon measure-
ments, the substrate with sample was attached to a co
block, whose temperatureTbasewas stabilized with an accu
racy better than 0.01 K. The angular dependence of the m
netoresistance~MR! was measured by rotating the sample
the fixed temperature and magnetic field.

III. RESULTS AND DISCUSSION

A. Resistivity and magnetoresistance

It is well known that crystal defects and strains, includi
those induced by a mismatch with the substrate, grain bou
aries, or surface effects, can easily pin the CDW/stripe st
ture, preventing it from sliding.6,27 It is important, therefore,
to obtain thin-film samples with properties not much diffe
ent from those of high-quality single crystals. In the case
light doping (x50.01), we have succeeded in prepari
LSCO films on YAlO3 with the resistivity behavior quite
similar to that of single crystals,4 but the film thickness had
to be kept above 1000 Å~Fig. 2!. A resistivity upturn appears
at somewhat higher temperatures in thinner films, indicat
easier localization of holes and larger disorder.

According to the neutron-scattering data, compositio
with x<0.05 possess unidirectional stripes running along
orthorhombica axis.3 In order to compareI -V characteristics
along and transverse to the stripes, one needs a sin
crystalline film with uniform orientation of the orthorhomb
a and b axes. Previous studies30,31 of detwinned LSCOx
50.01 single crystals have revealed a strong in-plane an
ropy of the susceptibility and magnetoresistance: Whe
magnetic field is applied along thea-b plane, only theb
component of the field affects the spin and stripe struct
and causes magnetoresistance.31 Our LSCO films actually
09450
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demonstrate a clear sin2u angular dependence of the M
~inset of Fig. 2!, indicating that the crystallographic axes a
perfectly aligned.

The compositionx50.06 is located just on the verge o
the superconductivity, where the stripes are also reporte
change their orientation from ‘‘diagonal,’’ that is, being pa
allel to the orthorhombic axes, to the ‘‘vertical’’ one. Corr
spondingly, to check all possible geometries, we prepa
bridges directed along the diagonal, Cu-Cu, and vertical,
O-Cu, directions~insets of Fig. 3!. The resistivity behavior of
LSCO x50.06 films deposited on SrTiO3 and LaSrAlO4
substrates~Figs. 3 and 4! demonstrates that they are of hig

FIG. 2. Normalized resistivity of LSCO (x50.01) films depos-
ited on YAP in comparison with single-crystal data from Ref.
Four-probe measurements are done on narrow bridges formed a
thea or b axis. Inset: angular dependence of the magnetoresista
measured at 100 K upon rotating the 14 T magnetic field within
a-b plane~parallel to the film!.

FIG. 3. Resistivity of 1000-Å LSCO (x50.06) films deposited
on STO. Insets illustrate the arrangement of narrow bridges al
the Cu-Cu or Cu-O-Cu directions.
6-3
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A. N. LAVROV, I. TSUKADA, AND YOICHI ANDO PHYSICAL REVIEW B 68, 094506 ~2003!
quality. The resistivity values are close to those observe
the best single crystals,4 rab(300 K)'2 mV cm, and the
linear fitting of the high-temperature resistivity@r(T)5r0
1AT# gives r0'0, indicating negligible impurity scatter
ing. The films, however, show some dispersion in propert
For example, in films on STO~Fig. 3! both resistivity andTc
vary, indicating slightly different doping levels. In films o
LSAO ~Fig. 4!, the doping seems to be the same for all film
as follows from the position of the SC transition~inset of
Fig. 4!, yet the resistivity does vary. Nevertheless, for th
particular composition on the border of the superconductiv
region (x50.06), one can hardly achieve better homoge
ity; SC transitions depicted in the inset of Fig. 4 are alrea
among the narrowest ever reported for single crystals or
films.4

The low-temperature resistivity upturn in Figs. 2–4 r
flects the process of collective—caused by the str
pinning—or individual localization of holes. At low tempera
tures, neutron scattering also showed the dynamic stripe
relations to slow down and to evolve into a static orde3

Apparently, it should be this region where one may exp
high electric fields to overcome the pinning and to cau
nonlinear conductivity features.

B. Overheating effects

Before proceeding to theI -V measurements, let us firs
consider the current-induced Joule heating, and estimate
high an electric fieldE can be applied to a bridge withou
causing a significant increase of its temperature. For the
ometry of narrow bridges, where both the produced heat
the heat removal scale with the bridge’s length, the overh
ing can be estimated rather easily, without complica
mathematics25 required for bulk samples. Taking a typic

FIG. 4. Resistivity of 1000-Å LSCO (x50.06) films deposited
on LSAO; bridges are formed along the Cu-Cu or Cu-O-Cu dir
tions. Inset: resistivity of two pairs of bridges in the vicinity of th
superconducting transition.
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thin (0.1mm) bridge with a width of 25–50mm, and as-
suming the substrate to be thermally anchored at a dista
of ;1 mm, one can calculate the bridge overheating to
DT'2Pl /ksub, where Pl is a power being dissipated pe
unit length of the bridge andksub is the thermal conductivity
of the substrate. We can therefore estimate the actual t
perature for each bridge,Tbr , as a function of the applied
electric field, using experimental resistivity datarab(T):

Tbr~E!5Tbase1DT'Tbase12E2S@rab~Tbr!k̃sub#
21, ~1!

whereS is the bridge’s cross section andk̃sub is an effective
heat conductivity in the range fromksub(Tbase) to ksub(Tbr).

Although in realityksubdepends on the type of substrate
and may vary strongly with temperature, a reasonable qu
tative picture of the overheating can be obtained by assum
ksub to have an average, temperature-independent value.
ure 5 illustrates how an actual temperature of a typical LS
x50.01 bridge (0.1mm thick, 25mm wide! should change
with applied electric field; the calculations are done using
experimentalrab(T) data and takingksub;150 mW/K cm.
Apparently, as the applied electric field reaches several h
dreds V/cm, the actual temperature of the bridge should
viate considerably from the base temperature; this devia
is stronger at higherTbase, where the bridge conductivity an
thus the produced power are larger. For low base temp
tures, the smooth heating becomes unstable because
positive feedback; as the bridge is heated, its resistivity dr
and the produced power grows much quicker than the h
removal does, causing a thermal instability and a very abr
increase in temperature by several hundreds degrees~Fig. 5!.
In fact, for realisticksub(T) that decreases at high temper
tures, the high-T branches of the curves in Fig. 5 becom

-

FIG. 5. Estimated temperatureTbr of a LSCO (x50.01) film
bridge as a function of applied voltage for several base temp
tures; the heat conductivity of substrateksub is taken as 150 mW/
K cm, cross section of the bridge is 2.5mm2. Arrows indicate
jumps that should occur upon increasing and decreasing the ele
field at the base temperature of 20 K.
6-4
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NORMAL-STATE CONDUCTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B68, 094506 ~2003!
almost vertical, so that an applied voltage of several kV/
would literally burn the sample.

The nonlinearity inI 2V characteristics, which follows
from the calculated Joule overheating, is shown in Fig. 6
turns out that the differential resistancedV/dI may stay vir-
tually unchanged up to the electric field;0.120.3 kV/cm,
but it should show a spectacular drop upon further increas
the voltage, as the bridge gets heated by the current.
arrows in Fig. 6 indicate an inevitable switching between
high- and low-resistance states accompanied by
hysteresis—the phenomena that are unrelated to any
tronic peculiarities, but are governed exclusively by the c
ventional heating. Upon measuring theI -V characteristics
and interpreting the data, we therefore should keep in m
the threshold field of 0.121 kV/cm, where the Joule heatin
becomes crucial.

One may wonder whether a pulse technique can be h
ful in avoiding the overheating problem; thus, it is instructi
to estimate the characteristic time for the sample heating.
example, atT520 K the heat capacity per unit length of
bridge ~with a cross section of 2.5mm2) can be estimated
as Cl ( 20 K ) ; (2.5 mm2)0.1 J/K cm352.531029 J/K cm.
When an electric field of 1 kV/cm is applied to the bridge
20 K @Fig. 6~a!#, the produced power isPl'12 mW/cm~or
merely;0.1 mW for our 100-mm-long bridge!. In an equi-
librium state, when the heat is removed through the subst
with ksub;150 mW/K cm, the powerPl512 mW/cm would
cause just a minor overheating byDT'2Pl /k'0.16 K.
However, in the absence of heat removal, this seemin
small power would heat the bridge at a rate ofdT/dt
5Pl /Cl;53106 K/s; apparently, the bridge’s temperatu
should approach its equilibrium value within an extreme
short time of;0.1 ms. In the case of thin films, the hea
capacity is therefore a poor competitor to the heat cond
tivity in controlling the overheating rate, and thus the pu
technique can hardly be helpful.

FIG. 6. ~Left! Electric-field dependence of the differential res
tancedV/dI that should be caused solely by the bridge overheat
as estimated in Fig. 5. Arrows indicate jumps that should oc
upon increasing and decreasing the electric field at the base
perature of 20 K.~Right! Differential resistance normalized to it
low-field value.
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It should be noted that the above estimates are done
LSCO x50.01, while for samples with higher doping th
‘‘safe’’ electric field decreases as a square root of the re
tivity; it also decreases with increasing the sample’s cr
section, so that bulk samples can be significantly overhea
by orders of magnitude smaller electric fields.

C. Current-voltage characteristics

Upon looking for nonlinear conductivity features relate
to the collective charge motion, we have measured the
ferential resistancedV/dI of narrow (;20 mm) LSCO x
50.01 bridges by sweeping the bias field up to;1 kV/cm.
Measurements were performed at fixed temperatures in
range from 150 K@whererab(T) has a minimum, see Fig. 2#
down to 40 K ~where rab exceeds the minimum value b
several times!; typical dV/dI data taken atT570 K are
shown in Fig. 7. TheI -V characteristics turn out to be pe
fectly linear, and thus the differential resistance stays
changed up to rather high fields of;100 V/cm. Upon fur-
ther increasing the voltage, the differential resistance g
down, dropping by;10% as the field approaches 1 kV/cm
However, this resistivity decrease is smooth, without a
steplike feature that one would expect for the collect
stripe sliding; moreover, it well fits the overheating effe
estimated for each bridge using its resistivityrab(T) and the
heat conductivity of the substrate~solid lines in Fig. 7!. In
order to confirm that theI -V nonlinearity emerging at high
voltages is caused solely by the Joule heating, we have m
sured several bridges with different geometries. Since
produced heat scales with the sample’s volume, while
heat removal rate changes rather slowly, the onset of non
earity in larger bridges should take place at lower elec
fields. Figure 7 demonstrates that this is indeed the c
Wide bridges show nonlinearity starting already at 10-

,
r
m-

FIG. 7. Normalized differential resistance of LSCO (x50.01)
thin-film bridges as a function of dc bias field. The presented d
were taken at 45 K~circles! and 100 K~triangles! on wide, 460
2500 mm, bridges~1200-Å films!; and at 70 K on narrow, 18
220 mm, bridges~2400-Å films!. Solid and open symbols show
the resistance measured along thea andb axes, respectively. Solid
lines indicate an estimated effect of overheating for the narr
bridges.
6-5
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A. N. LAVROV, I. TSUKADA, AND YOICHI ANDO PHYSICAL REVIEW B 68, 094506 ~2003!
V/cm. Apparently, the obtained data leave little room for a
intrinsic non-linear conductivity in LSCOx50.01 films, at
least at moderate electric fields that do not cause signifi
overheating.

The I -V characteristics measured for LSCO (x50.06)
bridges also show a perfectly linear behavior up to elec
fields of 20230 V/cm ~Figs. 8 and 9!, that is, as long as the
field stays within the ‘‘safe’’ range where the estimated Jo
heating is negligible. At higher fields, thedV/dI data deviate
from a constant value, however this deviation clearly tra
the temperature dependence ofrab , giving an additional evi-
dence for the overheating mechanism. For exam
dV/dI(V) dependences measured for LSCO (x50.06)
bridges at T568 K—somewhat below the resistivit
minimum—exhibit a nonmonotonic behavior, also pass
through a minimum~Fig. 8!. In fact, what we see in the
dV/dI(V) curves is simply an increase of the actual bridg

FIG. 8. Normalized differential resistance of LSCO (x50.06)
films measured atT568 K as a function of dc bias field. Solid line
show an estimated effect of the bridge overheating.

FIG. 9. Normalized differential resistance of LSCO (x50.06)
films at several temperatures as a function of dc bias field. S
lines show the estimated effect of overheating.
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temperatureTbr , so thatdV/dI is equal to the resistivity
rab(Tbr). A good quantitative agreement of the data with t
fit in Fig. 8 clearly indicates that there is no other source
the nonlinear conduction, besides overheating.

Figure 9 presents thedV/dI data obtained for LSCO (x
50.06) bridges deposited on LaSrAlO4. Depending on
whether the measurements are done at temperatures w
drab /dT is positive or negative~see Fig. 4!, the differential
resistance increases or decreases with increasing ele
field, exactly as expected for the nonlinearity originating e
clusively from the Joule overheating. No other features co
be detected in theI -V curves at any temperature down to th
onset of superconductivity atT,10 K.

To summarize the experimental observations, we can s
that no signs ofintrinsic nonlinear conductivity are found in
LSCO (x50.01 and 0.06! thin films when electric fields up
to several hundreds V/cm are applied along any crysta
graphic direction.

D. Do the stripes actually exist in cuprates?

Since the performed experiments could not reveal a
nonlinear feature related to the collective charge motion
natural question to be asked is whether this negative re
can somehow be reconciled with the existence of char
stripes. In fact, the only obvious possibilities are that t
charged stripes in LSCO, if actually exist, are either pinn
so strongly that available electric fields appear to be
weak to induce their sliding, or they are instead not pinned
all and exhibit a linear fluidlike behavior even at the lowe
fields. The latter possibility, however, sounds quite unlike
given the insulating tendency of the resistivity at low tem
peratures~Fig. 2!. We should therefore consider the cond
tions that may prevent the charge order from being drag
by electric fields; then the limitations imposed by the pres
result on the picture of stripes in cuprates will become cle

In general, the electrical conductivity of solids becom
non-linear when electrons accelerated by an applied ele
field E acquire an energyeEl ~where l is the hopping dis-
tance or mean free path! comparable to other relevant energ
scales such as the Fermi energy«F , the band gapD, or kBT;
usually this occurs at very high fields,;1042107 V/cm.
What is specific to charge-ordered systems is that
electric-field effect is integrated over a macroscopic num
of electrons being able to move cooperatively. Consequen
the characteristic fields are reduced dramatically, roug
speaking by as many times as the number of electrons
volved in the cooperative motion. The observation of
threshold conductivity at small fields thus implies that t
following conditions are met:~i! the charge order is stiff
enough to keep its phase over a fairly large coherent dom
whose volumeV5Lx3Ly3Lz containsNe5Vne@1 elec-
trons participating in the CDW;~ii ! pinning of such domain
by the lattice or impurities is substantially stronger than th
mal fluctuations,kBT, otherwise the system exhibits a flui
behavior without any threshold for conduction;~iii ! a force
exerted by a fairly small electric field on a phase-correla
domain,eNeE, can overcome the pinning. In fact, the latt
two conditions are also related to the CDW stiffness: Th

id
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mal fluctuations become irrelevant for macroscopic dom
sizes, and a stiffer CDW is pinned less readily byuncorre-
lated defects.6,22,23

In inorganic chain compounds such as transition-me
chalcogenides NbSe3 , TaS3, or blue bronze K0.3MoO3, the
key to spectacular nonlinear conductivity phenomena is
extremely large coherence length of the charge order, re
ing ;12100 mm.6,27,32Correspondingly, the threshold fiel
for depinning the CDW is reduced by many orders of ma
nitude from characteristic single-electron values down
1–100 mV/cm,6,8,27,33and the features related to the CD
sliding stay sharp up to the CDW-formation temperatu
since thermal fluctuations have no impact on macrosco
correlated domains.

The fact that electric fields of several hundreds V/cm
unable to induce nonlinear conduction in lightly dop
LSCO indicates that the phase-correlated domains h
should be much smaller than in chain compounds. Let
roughly estimate how small they should be. According
neutron scattering, the stripes become static at tempera
below 10–30 K, implying the pinning energy per domain
be of the order of several meV. By comparing the work th
an electric field would do upon dragging stripes by one
tice constanta, eNeEa, with the pinning energy, one ca
estimate that electric fieldsE;1 kV/cm would be incapable
of depinning phase-correlated domains if they containNe
<100 electrons. More sophisticated calculations by Mor
Smithet al.22 predictNe;100 and a stripe-depinning field i
LSCO x50.01, Ec;104 V/cm. Whatever the case may b
the phase coherence in LSCO can hardly exceed;100 lat-
tice constants along the direction of stripes and more t
just a few periods in transverse directions. It is worth noti
however, that the above estimates do not imply the stripe
be fragmented, they only indicate the length scale o
which the stripe structure can behave as astiff object.

Apparently, the charge stripes in cuprates with so sh
coherence length should look like a ‘‘spaghetti’’ of flexib
weakly interacting strings~Fig. 10!, rather than a conven
tional rigid CDW. The term ‘‘electronic liquid crystal’’ has
been coined to describe such unusual state of matter.34 What,

FIG. 10. ~Left! A charge stripe separating antiferromagnetic d
mains in a CuO2 plane; arrows indicate spins localized on Cu ion
The stripes at low doping are believed to be essentially diago
yet they can easily contain kinks or vertical fragments. The vert
stripes at higher doping, in turn, may include diagonal parts.~Right!
Possible topologies of stripes suggested in Ref. 34.
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however, makes the stripes so different from CDW, and w
allows them to be flexible? In 1D chain compounds, the st
ness of CDW comes from its insulating nature: The el
tronic energy is reduced owing to a gap opening at the Fe
energy, and the CDW period is strictly determined by t
Fermi wave numberkF . Consequently, any forced modifica
tion of the CDW period would shift the gap away from th
Fermi surface, and thus inevitably destroy the CDW. In
systems, the metallic state usually survives the CD
formation,35 and the resulting CDW is much less stiff: it ca
modify the periodicity and orientation to fit different parts
the Fermi surface. The charged stripes in cuprates hav
good reason to be even more flexible; they are formed
cause holes are expelled from antiferromagnetic doma
while a possible ordering of stripes into a periodic structu
is merely a secondary effect. In fact, the stripe’s flexibil
originates from the absence of a gap at the Fermi le
which allows the stripes to change their filling~number of
holes per unit length! and thus the spacing between adjace
stripes. Moreover, the energy of stripes only weakly depe
on their orientation within CuO2 planes, since both vertica
and diagonal ones are experimentally observed3 in lightly
doped LSCO. This makes it easy for stripes to bend and fo
kinks, as is sketched in Fig. 10. Needless to say that s
‘‘electronic liquid crystals,’’ where each small fragmen
slides virtually independently and can adjust itself to t
ionic lattice or impurities, should never exhibit any thresho
conduction features. In this sense, our observation of lin
I -V characteristics gives evidence that if the charge-den
modulations actually exist in underdoped cuprates th
should be of the electronic liquid-crystal type.

E. Implications for other transition-metal oxides

One might wonder whether the absence of threshold c
duction in LSCO indicates a fundamental difference of t
stripes in cuprates from the charge-ordered states in o
transition-metal oxides, such as nickelates
manganites.17–21 This may indeed be true, since the charg
ordered nickelates or manganites usually possess m
higher resistivity than the layered cuprates do. Howeve
close analysis of relevant publications shows that there is
fact, no unambiguous evidence for the collective charge m
tion in other layered~or 3D! oxides either. The spectacula
resistivity switching found in single crystals of manganite
nickelates, or chain cuprates SrCuO2 and Sr2CuO3 always
takes place at remarkably similar conditions,17–19,36implying
that peculiarities of the electronic and crystal structures
these compounds may not be the key for this phenomen
Moreover, the observed characteristic threshold fieldEth of
the order of several kV/cm and the shape of theI -V charac-
teristics, both are very similar to what should be expected
the heating effects~Fig. 6!. In all these experiments, th
power dissipation in the low-resistance state was;100 mW;
given a rather small heat conductivity of these samples~for
example, in manganites37 k;30 mW/K cm), this was large
enough to overheat the millimeter-size crystals by.10 K,
let alone a much stronger local heating possible for inhom
geneous current flows.24,25
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Of course, it would be incorrect to attribute the nonline
conductivity in manganites and nickelates entirely to
Joule heating: electronic inhomogeneities inherent in th
compounds may set an arrangement of conducting filame
the flowing current may alter the charge-order domain str
ture, etc. The problem is, however, that the electric fie
required to induce the resistivity switching in layered oxid
are clearly out of the ‘‘safe’’ range, and thus special ca
should be taken while distinguishing an initial cohere
charge-order sliding,19 if it actually takes place, from the
following heating effects that quickly mess everything u
Such problems were often encountered uponI -V measure-
ments of 2D electron systems38 and semiconductors25,39 as
well.

When a high electric field is applied to an insulatin
sample, a homogeneous current distribution becom
unstable24 and a kind of ‘‘spark’’ may develop along the be
conducting path, tending to spread and burn the sample
however, the total current flowing through the sample is li
ited, the spark channel optimizes its size to keep the temp
ture high enough for providing the required conductivity.
self-optimized channel may collect virtually all the curre
flowing through the sample,25,39 rising its density up to 103

2105 A/cm2.40 In a sense, such conducting filament inside
crystal is quite reminiscent of our conducting bridges on
sulating substrates. As we discussed in Sec. III B, a powe
;1 mW ~typical for high-resistivity state19,36! can consider-
ably overheat a bridge or, equivalently, a conducting filam
within several microseconds; apparently, the experiment
observed19,36 switching delays of 1–1000 ms provide mo
than enough time for the heating process to develop.

To understand whether or not the temperature of cond
ing filaments actually exceeds significantly the average t
perature of crystals, one needs to know the exact geomet
filaments.25,39 An optical study of Pr0.7Ca0.3MnO3 crystals
has shown that a 0.15-mm-long conducting filament expa
up to 0.2 mm in diameter as the dissipating power reac
'90 mW.18 For that particular filament geometry and th
heat conductivityk;30 mW/K cm ~Ref. 37!, one can esti-
mate that the overheatingmust be rather large,;50
2100 K, which alone can induce a resistivity switch. T
role of heating becomes more clear when samples with
V
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ferent sizes are compared. In Pr0.7Ca0.3MnO3 thin films, the
resistivity switching has been found21 to occur at signifi-
cantly higher fields,Eth'23105 V/cm; interestingly, the
power dissipation in the low-resistance state of these fi
still appears to be virtually the same as in single crysta
;100 mW. This power released on the surface
2500mm2—exactly as the surface of our bridges (2
3100 mm2)—had to overheat the film by>100 K, which
well accounts for the observed resistivity drop.

It turns out, therefore, that the non-linear conductivity
layered transition-metal oxides is observed only at very h
electric fields where heating effects should become cruc
Consequently, thus far one has insufficient information
conclude whether or not a coherent sliding of stripes~or
another charge order! can ever be induced in these com
pounds. It may well be that the charge ordering in laye
oxides is always of the same kind—flexible and readily a
justable to the ionic lattice and impurities.

IV. CONCLUSIONS

The ubiquity and properties of the charged stripes in hi
Tc cuprates still remain an issue. We have tried to induc
coherent sliding of the charged stripes in La22xSrxCuO4 (x
50.01 and 0.06! thin films by applying high electric fields
up to 100–1000 V/cm, yet observed no nonlinear conduc
ity features, at least as long as the films are not overhe
significantly by the flowing current. This result can be re
onciled with the existence of charged stripes only if they
very flexible, since the less stiff order is known to be pinn
more readily. Simple estimates show that the volume o
which the stripes move coherently can hardly include m
than;100 holes, implying that the stripe fragments are c
pable of moving virtually independently. Consequently, t
self-organized electronic structures in cuprates, and pres
ably in other layered oxides, should be considered as a k
of ‘‘electronic liquid crystal’’ rather than as a superpositio
of rigid charge- and spin-density waves.
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