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Crossover from two-dimensional to one-dimensional collective pinning in NbSe3
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We have fabricated NbSe3 structures with widths comparable to the Fukuyama-Lee-Rice phase-coherence
length. For samples already in the two-dimensional pinning limit, we observe a crossover from two-
dimensional to one-dimensional collective pinning when the crystal width is less than 1.6mm, corresponding
to the phase-coherence length in this direction. Our results show that surface pinning is negligible in our
samples, and provide a means to probe the dynamics of single domains giving access to a different regime in
charge-density wave physics.
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Quasi-one-dimensional compounds comprised of meta
chains often undergo a phase transition to a charge-de
wave~CDW! state. The charge density is periodically mod
lated in space:1

r~rW !5r01r1cos@QW •rW1f~rW !#, ~1!

wherer1 is the CDW amplitude andQW 52kWF is the CDW
wave vector, wherekWF is the Fermi wave vector. The CDW
phasef describes the local position of the CDW with r
spect to the underlying lattice. Under the influence of
electric field the CDW can slide with respect to the lattic2

However, impurities and defects in the lattice pin the CD
so that depinning occurs only above a threshold electric fi
ET .

Another consequence of pinning is that the CDW’s ph
f varies on a characteristic lengthl f , known as the
Fukuyama-Lee-Rice length ~and analogous to the
Ovchinnikov-Larkin length in pinned vortex lattices.! In
clean CDW materials like NbSe3 this length can be mi-
crometers, allowing study of finite-size effects.3 Previous
studies by McCartenet al.4 showed a crossover from three
dimensional~3D! to two-dimensional~2D! collective pin-
ning in NbSe3 when the crystal thickness~crystallographic
a* axis! was smaller than the phase correlation lengthl f in
that direction. Finite-size effects play a key role in und
standing CDW physics, since nearly all properties of pinn
and moving CDW’s depend on the dimensionality of CD
pinning and dynamics and thus on crystal size.

The width ~crystallographicc axis! of ribbon-shaped
NbSe3 crystals is almost always much larger thanl f in this
direction, so previous work has focused on the 2D lim
Here, we have prepared structures of varying widths b
larger and smaller thanl f . We observe a crossover from 2
to 1D pinning, and use this crossover to deduce the valu
the CDW’s phase-phase correlation length in the width
rection. The 1D limit provides new opportunities for stud
ing CDW physics, such as the effect of a single phase co
ent domain on the dynamics of the CDW.5

The depinning of a CDW is described by the model
Fukuyama, Lee, and Rice~FLR!.6,7 They consider the CDW
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as an elastic medium that deforms to adjust its phase in
presence of impurities. The FLR Hamiltonian is

H5
1

2
KE drW~¹W f!21V0r1(

i
cos@QW •Ri

W1f~Ri
W !#

1E drW
re f fEf

Q
. ~2!

The first term describes the elastic energy, whereK is the
elastic force constant of the CDW; the second term descr
the interaction with impurities located atRi

W , whereV0 is the
impurity potential; and the third term describes the coupl
of the CDW phase to an electric fieldE, wherere f f is an
effective condensed-charge density.

Although ‘‘strong’’ impurities can locally pin the phase a
low temperatures and require amplitude collapse for lo
phase motion,8 on larger scales the CDW is collectivel
pinned by elastic deformations of its phase on lengthsl f

larger than the impurity spacingl i5A3 1/ni , whereni is the
impurity concentration. These deformations allow the CD
to gain pinning energy by taking advantage of fluctuations
the interaction with randomly distributed impurities on th
length scale. The elastic-energy cost of these deformation
balanced by the impurity-energy gain within a phase coh
ent volume. The elastic-energy cost has an upper limit,
cause¹W f does not exceed'p/ l f within a phase coheren
domain. For simplicity, we consider the case wherel f is
isotropic; the appropriate scaling for the anisotropic case
described in Refs. 4 and 7.

In 3D, the pinning-energy gain of a phase coherent v
ume is2V0r1Ani l f

3 . Minimizing the total energy~the elas-
tic energy plus the pinning-energy gain! per unit volume of
size l f

3 yields

l f5S 2p2K

3V0r1Ani
D 2

. ~3!
©2004 The American Physical Society05-1



p

ve

e
in-
th

eld
e

th

g
th
ti

D

f
b

ed
o
e
e
a

ing
in

the

und
Se

ed
and
re
oth
act
s
sec-
m

l
at
rize
lied
W
-
on

ting
ch-
om
eter-
ee to
m-
om-
tact
nce.

ver-

ch
-
mp-
of

c-

log-

by
ross
ual

for

in
.

BRIEF REPORTS PHYSICAL REVIEW B69, 073105 ~2004!
The threshold electric fieldET is determined from the
electrical energy needed to overcome the total energy
unit volume

re f fETfT

Q
5V0r1Ani

l f
3

2
K

2 S p

l f
D 2

, ~4!

wherefT is the angle through which the CDW has to evol
before it depins.

When the CDW is confined to a thicknesst less than the
3D phase correlation length in that direction, the CDW do
not deform in that direction and the optimization of the p
ning energy occurs in 2D, that is, in the width and along
chains. The pinning energy changes to2V0r1Ani l f

2 t and
again minimizing the total energy results in a depinning fi
proportional to 1/t. When the CDW is only confined in th
width direction,ET has the same form witht replaced by the
width w.

When the CDW is confined in both thickness and wid
phase deformations occur along the chains~1D!, and the pin-
ning energy becomes2V0r1Ani l fwt resulting in a thresh-
old field proportional to (1/wt)2/3.

These results assume that there is no surface pinnin
that the elastic energy per unit volume is unchanged from
3D case. Table I summarizes results for the phase correla
length l f and the depinning fieldET in the 3D, confined 2D
and confined 1D cases.

To probe width-dependent pinning and the 2D to 1
crossover we have fabricated small NbSe3 structures using
two techniques. In the first, a crystal is placed on top o
gold contact pattern. The crystal width is then reduced
using either a focused-ion beam~FIB! or by reactive-ion
(SF6) etching. The crystal width can be controllably reduc
to ;200 nm, provided that the thickness is comparable to
smaller than the final width. Measurements are then p
formed in a 4-point configuration. A full description of th
fabrication process can be found in Refs. 9 and 10. In

TABLE I. The phase coherence lengthl f and the threshold field
ET for weak pinning in case of no confinement~3D!, confinement
in the thicknesst ~2D!, and for confinement in both widthw and
thickness~1D!. l f is given for the isotropic case. To comparel f to
measurements, the anisotropy of the material should be taken
account. The appropriate scaling is described in Refs. 4 and 7

Confinement l f ET

None S 2p2K

3V0r1Ani
D 2 Q(V0r1Ani)

4

4re f ffT( 2
3 p2K)3

Thickness S p2K

V0r1Ani
DAt

Q(V0r1Ani)
2

2re f ffT(p2K)

1
t

Width-thickness S 2p2K

V0r1Ani
D 2/3

A3 wt
Q~V0r1Ani !

4/3

2re f ffT~2p2K !1/3 S 1

wtD
2/3
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cases, the initial crystals were thinner than the correspond
phase correlation length so that the pinning was initially
the 2D limit.

The second technique does not use etching to reduce
crystal size. Instead, bulk NbSe3 crystals are mixed into py-
ridine and then shaken in an ultrasonic bath. The ultraso
cleaves the crystals, producing a suspension of Nb3

nanowires with typical cross sections (t3w) of 50 nm
3100 nm and lengths of 20mm. A drop of this suspension
is put on a Si substrate coated with insulating SiO2 and left
to evaporate. The position of the nanowires is determin
with respect to predefined markers on the substrate,
e-beam lithography followed by Ti and Au depositions a
used to define a contact pattern on top of the wires. B
2-point and 4-point structures are made with typical cont
separations of 2 to 5mm. The two fabrication technique
complement each other, producing samples with cross
tions varying by nearly five orders of magnitude fro
500 nm2 to 20 mm2.

The depinning fieldET was determined from differentia
resistance (dV/dI) measurements in a helium flow cryost
using a standard lock-in amplifier technique. To characte
current homogeneity within the samples, we have app
large amplitude ac signals to mode lock the internal CD
‘‘washboard’’ frequency to multiples of the applied fre
quency. We have observed complete mode locking
samples prepared by both fabrication techniques, indica
homogeneous current flow and that the fabrication te
niques do not reduce the high quality of the crystals. Fr
the distance between mode-locked steps, we have d
mined the sample cross-sectional areas and these agr
within 10% with cross sections determined from the roo
temperature resistance. Similar results are obtained by c
paring the 2- and 4-point resistances, indicating that con
resistances are less than 10% of the nanowire resista
Data presented here were obtained atT5120 K, where con-
tributions to the measured voltage due to the current con
sion process at current contacts are minimal.

Figure 1 shows the threshold fieldET as a function ofR/L
for the FIB and SF6 etched samples as well as for the mu
smaller sonicated samples.R/L is the room-temperature re
sistance between voltage probes, and with the good assu
tion that the room-temperature resistivity is independent
sample size,R/L is inversely proportional to the cross se
tion A5wt. WhenR/L is less than'1V/mm corresponding
to a cross-sectional area larger than 2mm2, ET does not
depend on the cross section. ForR/L.1 V/mm, ET in-
creases strongly with decreasing cross section. On the
log plot of Fig. 1,ET follows the solid line with a slope of
2/3 over more than two decades.

Figure 2 shows thedV/dI curves for four nanowires. The
R/L values are shown next to each curve. For lowR/L val-
ues, the threshold for sliding is easy to determine visually
a sharp decrease of the differential resistance. As the c
section decreases the threshold for sliding is more grad
and harder to determine due to thermal rounding.4,11 This
contributes to the increased scatter in the data of Fig. 1

to
5-2



-

1.

e of
n-
ra-

-

by
t
ver

th.

de
for
e-

e-

a

n

io.

ha-

-
ni-
es

.
e-

o-

te

ion

ses
ara-
se-
for

n of
be

rom
that
th is

ly
IB

n
r
-

-

a
-

c
.3

o

BRIEF REPORTS PHYSICAL REVIEW B69, 073105 ~2004!
very small crystals (R/L.1 kV/mm). For nanowires with
R/L.10 kV/mm, the threshold for sliding could not be de
termined atT5120 K.

We have also investigatedET at temperatures of 130 K to
100 K. We have obtained plots whereET increases withR/L
following a straight line on a log-log scale similar to Fig.
The exponents atT5130 K and T5120 K are 0.67, and

FIG. 1. The threshold fieldET at T5120 K as a function of the
room-temperature resistanceR over the voltage probe separationL.
The cross sectionA5wt for rectangular cross sections is inverse
proportional toR/L. The open symbols are data of the three F
processed crystals, with thicknesses of~squares! 0.56mm, ~tri-
angle! 0.58mm, and ~circles! 0.20mm. The stars are data of a
SF6 etched crystal with a thickness of 0.7mm. These are all smalle
than the lower bound of the bulk~3D! CDW phase-phase correla
tion length in the thickness direction~a* axis! of 0.80mm mea-
sured by x-ray diffraction.13 For reference, 0.2 V/cm is the thresh
old field of an unprocessed sample witht50.5 mm, taken from
Ref. 4. Each closed square represents the data of a different n
wire. The solid line displays theA22/35(R/L)2/3 dependence ex
pected for 1D pinning. The dashed line displays theA21/2

5(R/L)1/2 dependence expected for surface pinning.

FIG. 2. The differential resistancedV/dI normalized by the
zero-bias resistanceR0 for four nanowires as a function of electri
field at T5120 K. The curves have offsets of 0, 0.1, 0.2, and 0
The room-temperature resistance per unit lengthR/L is shown next
to each curve. The onset of CDW conduction becomes m
rounded for higherR/L values.
07310
increase when decreasing temperature further to a valu
0.76 atT5100 K. This increase may be due to larger co
tributions toET from phase slip processes at lower tempe
tures.

What is the origin ofET’s size dependence in small crys
tals? The CDW in the crystal larger than 2mm2 in Fig. 1
begins in the 2D collective pinning regime whereET}1/t,
and where pinning related CDW deformations are cut off
the crystal thickness. The crossover to a width-dependenET

as the crystal is etched to small widths is due to a crosso
from 2D to 1D collective pinning, in which transverse CDW
deformations are cut off by both the thickness and wid
This is strongly supported by the measured exponentET

}A22/3 for crystals ranging over three orders of magnitu
in cross section, which corresponds with the prediction
1D collective pinning in Table I. The crossover width d
pends on the thickness of the crystal asAt and is smaller for
thinner crystals.12 The crossover width of the sample repr
sented by the squares in Fig. 1 is 1.660.2 mm. This value is
a factor of two larger than the bulk~3D! CDW correlation
length in the c* axis of 0.75mm measured by x-ray
diffraction.13 This provides strong additional support for
2D to 1D pinning origin.

An increase ofET with decreasing crystal cross sectio
could also arise due to pinning by crystal surfaces.3 In this
caseET is determined by the crystal surface-to-volume rat
For thin but wide (w@1 mm) crystals,ET}1/t for both sur-
face pinning and 2D collective pinning, making these mec
nisms difficult to distinguish.4 But in crystals where the
CDW is confined in both width and thickness,ET due to
surface pinning is proportional to (w1t)/wt. Since the
width-to-thickness ratiow/t shows only a small sample-to
sample variation compared with the three orders of mag
tude variation of cross-sectional area in Fig. 1, this simplifi
to ET}A21/2. This differs from the 1D collective pinning
predictionET}A22/3. As indicated by the dashed line in Fig
1, ET}A21/2 is clearly inconsistent with experiment. The r
sults for ET with R/L.1V/mm clearly show that surface
pinning can be excluded.

In the 1D limit, the total energy of a phase coherent d
main is proportional to (wt)2/3. Accounting for NbSe3’s an-
isotropy and usingK53.5 meV/Å, V0r154 meV andni
52.531016 cm23 taken from Refs. 4 and 14, we estima
the total energy of a 1D domain in a crystal withR/L
52 kV/mm to be only '4.5 kT at T5120 K, compared
with bulk 3D values of 105 K. This small energy explains
the pronounced thermal rounding in the depinning transit
visible in thedV/dI for these small crystals in Fig. 2.

The number of pinning centers per unit length decrea
with decreasing cross-sectional area. Eventually the sep
tion between pinning centers is comparable to the pha
coherence length along the length. This changes pinning
samples with small cross-sectional areas. The separatio
pinning centers for our smallest sample is estimated to
100 nm ~using ni52.5 31016 cm23 and wt5400 nm2),
while the predicted 1D phase-coherence length, taken f
Table I, is 350 nm for the smallest sample. This means
for all samples shown in Fig. 1 the phase-coherence leng
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larger than the separation between pinning centers. Thus
weak pinning limit applies to all our samples.

In summary, we have shown a dimensionality crosso
from two-dimensional to one-dimensional weak pinning
NbSe3. 1D pinning is observed when both the width a
thickness are smaller than the CDW’s bulk phase-cohere
length in these directions. The observation of 1D pinn
behavior is not an artifact of the fabrication technique, sin
it is observed for samples prepared using three differ
methods. From the width dependence ofET we estimate the
CDW’s phase-correlation length in that direction to
1.6 mm, comparable to the value obtained by x-r
diffraction.13

The ability to reach the 1D limit should provide new o
portunities for studying CDW physics. For example, in or
nary size crystals the cross section contains a large num
of phase correlated domains in the pinned state and of
namically correlated domains in the depinned state. In
crystals, the cross section will contain a single domain
both the pinned state and in the depinned state at mo
fields, and the length of the domain will be'10 mm. This
will allow the detailed dynamics on the scale of a sing
ov

E.
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s.

s.
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domain to be explored with nanofabricated probes spa
along the crystal.5,15 Large-scale numerical simulations b
Matsukawa16 suggest that the CDW’s dynamical correlatio
length should be larger or comparable to the pinned corr
tion length out to at least a few timesET . Theoretically, the
size of the critical regime near the depinning transiti
should be larger in 1D,17–19 and may finally make it experi-
mentally accessible, although equally interesting finite-s
effects in the dynamics18,19 should also be more important.

We appreciate useful discussions with P. H. Kes a
we thank S. V. Za�tsev-Zotov and M. A. Holst for work
on the nanowires. This work was supported by the Du
Foundation for Fundamental research on Matter~FOM!, the
Netherlands Organization for Scientific Research~NWO!,
INTAS ~Project No. 01-0474! and the National Science
Foundation~NSF! ~Grants Nos. DMR 0101574 and INT
9812326!. K.O. was supported by a U.S. Department of Ed
cation Fellowship. Nanofabrication work was performed
DIMES in Delft and at the Cornell NanoScale Science a
Technology Facility, supported by the NSF~Grant No. ECS-
9731293!.
s of

-

.D.

tt.

v-
1R.E. Peierls,Quantum Theory of Solids~Oxford University Press,
Oxford, 1955!.
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