PHYSICAL REVIEW B 69, 073105 (2004

Crossover from two-dimensional to one-dimensional collective pinning in NbSe
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We have fabricated Nbgestructures 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 thami,.@orresponding
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 metalli@s an elastic medium that deforms to adjust its phase in the
chains often undergo a phase transition to a charge-densipgresence of impurities. The FLR Hamiltonian is
wave (CDW) state. The charge density is periodically modu-
lated in spacé:

1 . . _
> 3> =K | dr(Ve)>+V cod Q- R+ ¢(R;
p(N)=po+p1c0$ Q-1 + (1], 1) H=3 f (Vo) oplzi §Q-Ri+¢(Ri)]
wherep, is the CDW amplitude an@ =2k is the CDW dapeff&t
wave vector, wheré is the Fermi wave vector. The CDW f ' Q - 2

phase¢ describes the local position of the CDW with re-

spect to the underlying lattice. Under the influence of an

electric field the CDW can slide with respect to the latfice. 1€ first term describes the elastic energy, whres the
However, impurities and defects in the lattice pin the CDWeIastlc force constant of the CDW; the second term describes

so that depinning occurs only above a threshold electric fieldhe interaction with impurities located Bf, whereV is the
Er. impurity potential; and the third term describes the coupling
Another consequence of pinning is that the CDW's phas®f the CDW phase to an electric field wherepcs is an
¢ varies on a characteristic length,, known as the effective condensed-charge density. _
Fukuyama-Lee-Rice length (and analogous to the Although “strong” impurities can locally pin the phase at
Ovchinnikov-Larkin length in pinned vortex latticgsln ~ low temperatures and require amplitude collapse for local
clean CDW materials like NbSethis length can be mi- Phase motioff, on larger scales the CDW is collectively
crometers, allowing study of finite-size effeét®revious Pinned by elastic deformations of its phase on lendths
studies by McCarteet al* showed a crossover from three- larger than the impurity spacing=3/1/n;, wheren; is the
dimensional(3D) to two-dimensional(2D) collective pin-  impurity concentration. These deformations allow the CDW
ning in NbSg when the crystal thicknesgrystallographic  to gain pinning energy by taking advantage of fluctuations in
a* axis) was smaller than the phase correlation lerigfhn the interaction with randomly distributed impurities on that
that direction. Finite-size effects play a key role in under-length scale. The elastic-energy cost of these deformations is
standing CDW physics, since nearly all properties of pinnedalanced by the impurity-energy gain within a phase coher-
and moving CDW’s depend on the dimensionality of CDW ent volume. The elastic-energy cost has an upper limit, be-
pinning and dynamics and thus on crystal size. causeﬁ¢ does not exceee: /I 4 within a phase coherent
The width (crystallographicc axis) of ribbon-shaped domain. For simplicity, we consider the case wheégeis
NbSe crystals is almost always much larger thignin this  isotropic; the appropriate scaling for the anisotropic case is
direction, so previous work has focused on the 2D limit.described in Refs. 4 and 7.
Here, we have prepared structures of varying widths both In 3D, the pinning-energy gain of a phase coherent vol-
larger and smaller thaky,. We observe a crossover from 2D yme is_voplm_ Minimizing the total energythe elas-

to 1D pinning, and use this crossover to deduce the value afc energy plus the pinning-energy gaiper unit volume of
the CDW'’s phase-phase correlation length in the width di'sizel?ﬁ yields

rection. The 1D limit provides new opportunities for study-
ing CDW physics, such as the effect of a single phase coher-

ent domain on the dynamics of the CDW. 22K |2
The depinning of a CDW is described by the model of lpy=| —F—=| - 3
Fukuyama, Lee, and Rig&LR).®’ They consider the CDW 3Vopy Ny
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TABLE I. The phase coherence lendthand the threshold field cases, the initial crystals were thinner than the corresponding
Er for weak pinning in case of no confinemeBD), confinement  phase correlation length so that the pinning was initially in
in the thicknesg (2D), and for confinement in both widtlv and the 2D limit.
thickness(1D). ,, is given for the isotropic case. To compdgto The second technique does not use etching to reduce the
t(S)rystal size. Instead, bulk Nb$erystals are mixed into py-
ridine and then shaken in an ultrasonic bath. The ultrasound
cleaves the crystals, producing a suspension of RlbSe

account. The appropriate scaling is described in Refs. 4 and 7.

Confinement Iy E; ) . ) "
nanowires with typical cross sectiongXw) of 50 nm
22k |2 Q(Voprvnp)? X100 nm and lengths of 2am. A drop of this suspension
None Nepiin Aperibr(2m2K)3 is put on a Si substrate coated with insulating S&dd left
oPiTR 5 to evaporate. The position of the nanowires is determined
Thickness K ) : Q(Vopa V) 1 with respect to predefined markers on the substrate, and
Vopr/n; 2petipr(mK) e-beam lithography followed by Ti and Au depositions are
23 used to define a contact pattern on top of the wires. Both
Width-thickness 2“2_K 3 Q(VL\/“—;)A;(L) * 2-point and 4-point structures are made wi'Fh typical _contact
! ! Vopryni 2perpr(2mK) MBI WL separations of 2 to wm. The two fabrication techniques

complement each other, producing samples with cross sec-
tions varying by nearly five orders of magnitude from
500 nnt to 20 um?.

The threshold electric fiel&; is determined from the The depinning fielde; was determined from differential
electrical energy needed to overcome the total energy peesistance dV/dl) measurements in a helium flow cryostat

unit volume using a standard lock-in amplifier technique. To characterize
current homogeneity within the samples, we have applied
5 large amplitude ac signals to mode lock the internal CDW
peiiErdr _ \ﬁ_ﬁ(z) 4) “washboard” frequency to multiples of the applied fre-
Q 0P1 |f’/) 211y " quency. We have observed complete mode locking on

samples prepared by both fabrication techniques, indicating

) ) homogeneous current flow and that the fabrication tech-

wheredr is the angle through which the CDW has to evolve g es do not reduce the high quality of the crystals. From
before it depins. . ' . the distance between mode-locked steps, we have deter-
When the CDW is confined to a thicknestess than the mined the sample cross-sectional areas and these agree to

3D phase correlation length in that direction, the CDW doe%/vithin 10% with cross sections determined from the room-

not deform in that direction and the optimization of the pin- temperature resistance. Similar results are obtained by com-
ning energy occurs in 2D, that is, in the width and along the P ' y

; L —Z paring the 2- and 4-point resistances, indicating that contact
cha|_ns. _The_plnnlng energy changes Wopl n'l.‘/’t _and_ resistances are less than 10% of the nanowire resistance.
again minimizing the total energy results in a depinning field

proportional to 1. When the CDW is only confined in the Data presented here were obtained &t120 K, where con-

width direction,E; has the same form withreplaced by the tr_|but|ons to the measured voltage due .to_ the current conver-
width w. sion process at current contacts are minimal.

When the CDW is confined in both thickness and width, Figure 1 shows the threshold fiefit as a function oR/L
phase deformations occur along the chdli), and the pin- for the FIB z_and Sk etched samples as well as for the much
ning energy becomes Vyp, ’—nil¢wt resulting in a thresh- smaller sonicated sampleR/L is the room—temperature re-
old field proportional to (Mit)23. §|stance between voltage probes, gnq \(Vlth the good assump-

These results assume that there is no surface pinning $t9n that the room-temperature resistivity is independent of
that the elastic energy per unit volume is unchanged from théample sizeR/L is inversely proportional to the cross sec-
3D case. Table | summarizes results for the phase correlatidion A=wt. WhenR/L is less thar=1(/um corresponding
lengthl , and the depinning fielé+ in the 3D, confined 2D to a cross-sectional area larger tharu®?, E; does not
and confined 1D cases. depend on the cross section. FRfL>1 Q/um, Et in-

To probe width-dependent pinning and the 2D to 1Dcreases strongly with decreasing cross section. On the log-
crossover we have fabricated small NpSgructures using log plot of Fig. 1,E; follows the solid line with a slope of
two techniques. In the first, a crystal is placed on top of a&/3 over more than two decades.
gold contact pattern. The crystal width is then reduced by Figure 2 shows theV/dI curves for four nanowires. The
using either a focused-ion beafRIB) or by reactive-ion R/L values are shown next to each curve. For R¥L val-
(SFs) etching. The crystal width can be controllably reducedues, the threshold for sliding is easy to determine visually by
to ~200 nm, provided that the thickness is comparable to oa sharp decrease of the differential resistance. As the cross
smaller than the final width. Measurements are then persection decreases the threshold for sliding is more gradual
formed in a 4-point configuration. A full description of the and harder to determine due to thermal roundifigThis
fabrication process can be found in Refs. 9 and 10. In altontributes to the increased scatter in the data of Fig. 1 for
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A (um’) increase when decreasing temperature further to a value of
20 2 0.2 0.02 0.002 0.76 atT=100 K. This increase may be due to larger con-
tributions toE from phase slip processes at lower tempera-
tures.

What is the origin ofE¢’s size dependence in small crys-
tals? The CDW in the crystal larger than@n? in Fig. 1
begins in the 2D collective pinning regime whegx1/t,
and where pinning related CDW deformations are cut off by
the crystal thickness. The crossover to a width-depenlent
as the crystal is etched to small widths is due to a crossover
from 2D to 1D collective pinning, in which transverse CDW
deformations are cut off by both the thickness and width.
. . . This is strongly supported by the measured exporient

0.1 1 10 100 1000 « A~?? for crystals ranging over three orders of magnitude
R/L (Q/um) . ) . . S
in cross section, which corresponds with the prediction for

FIG. 1. The threshold fiel&; at T=120 K as a function of the 1D collective pinning in Table I. The crossover width de-
room-temperature resistanBeover the voltage probe separatibn ~ pends on the thickness of the crystal\dsand is smaller for
The cross sectioA=wt for rectangular cross sections is inversely thinner crystalé.z The crossover width of the sample repre-
proportional toR/L. The open symbols are data of the three FIB sented by the squares in Fig. 1 is *&2 um. This value is
processed crystals, with thicknesses (sfuares 0.56 um, (tri- a factor of two larger than the bull8D) CDW correlation
angle 0.58 um, and.(cwcle;) 0.20 um. The stars are data of an length in the ¢t axis of 0.75um measured by x-ray
SF; etched crystal with a thickness of Quin. These are all smaller diffraction 3 This provides strong additional support for a
than the lower bound of the bu8D) CDW phase-phase correla- - -

. . . S . 2D to 1D pinning origin.
tion length in the thickness directio@* axis) of 0.80 um mea- - . . .
. 13 ; An increase ofE; with decreasing crystal cross section
sured by x-ray diffractiot® For reference, 0.2 V/cm is the thresh- d al ise due to pinning b tal fabes thi
old field of an unprocessed sample with0.5 um, taken from cou a,SO arse ) ue to pinning by crystal surfaces.this )
gaseEr is determined by the crystal surface-to-volume ratio.

Ref. 4. Each closed square represents the data of a different nan . .
wire. The solid line displays th&~23=(R/L)?? dependence ex- For thin but wide w>1 um) crystalsEro 1/ for both sur-

pected for 1D pinning. The dashed line displays theY?  face pinning and 2D collective pinning, making these mecha-
= (RIL)Y2 dependence expected for surface pinning. nisms difficult to distinguisf. But in crystals where the
CDW is confined in both width and thickness; due to

very small crystals R/L>1 kQ/um). For nanowires with Surface pinning is proportional tow(tt)/wt. Since the

R/L>10 kQ/um, the threshold for sliding could not be de- width-to-thickness ratiav/t shows only a small sample-to-
termined afT=120 K. sample variation compared with the three orders of magni-

tude variation of cross-sectional area in Fig. 1, this simplifies
to E;xA~Y2 This differs from the 1D collective pinning
predictionErx A~ 2", As indicated by the dashed line in Fig.
1, Er<A~2is clearly inconsistent with experiment. The re-
sults for Ey with R/L>1Q/um clearly show that surface

: : : pinning can be excluded.
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We have also investigatdsl; at temperatures of 130 K to
100 K. We have obtained plots whdeg increases withr/L
following a straight line on a log-log scale similar to Fig. 1.
The exponents aT =130 K andT=120 K are 0.67, and

In the 1D limit, the total energy of a phase coherent do-
N main is proportional to\t)%3. Accounting for NbSgs an-
12k - isotropy and using< =3.5 meV/A, Vop;=4 meV andn;
o ’ﬂ\ =2.5x10' cm™2 taken from Refs. 4 and 14, we estimate
= 0.8 kum the total energy of a 1D domain in a crystal witR/L
2 ol | =2 kQ/um to be only~4.5 kT at T=120 K, compared
) 0.3 ke with bulk 3D values of 18 K. This small energy explains
- the pronounced thermal rounding in the depinning transition
visible in thedV/dI for these small crystals in Fig. 2.
08 0.09 kQ/um The number of pinning centers per unit length decreases
: : : : : with decreasing cross-sectional area. Eventually the separa-
-200 -100 0 100 200 tion between pinning centers is comparable to the phase-

E (Viem) coherence length along the length. This changes pinning for

FIG. 2. The differential resistancéV/dl normalized by the ~Samples with small cross-sectional areas. The separation of

zero-bias resistandg, for four nanowires as a function of electric PiNNing centers for our smallest sample is estimated to be
field at T=120 K. The curves have offsets of 0, 0.1, 0.2, and 0.3.100 nm (using n;=2.5x 10" cm 3 and wt=400 nnf),

The room-temperature resistance per unit lerfth is shown next ~ While the predicted 1D phase-coherence length, taken from

to each curve. The onset of CDW conduction becomes mordable I, is 350 nm for the smallest sample. This means that

rounded for higheR/L values. for all samples shown in Fig. 1 the phase-coherence length is
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larger than the separation between pinning centers. Thus tidomain to be explored with nanofabricated probes spaced
weak pinning limit applies to all our samples. along the crystatl:’® Large-scale numerical simulations by
In summary, we have shown a dimensionality crossoveMatsukawa® suggest that the CDW’s dynamical correlation
from two-dimensional to one-dimensional weak pinning inlength should be larger or comparable to the pinned correla-
NbSe. 1D pinning is observed when both the width andtion length out to at least a few tim&s; . Theoretically, the
thickness are smaller than the CDW's bulk phase-coherencgze of the critical regime near the depinning transition
length in these directions. The observation of 1D pinningshould be larger in 1B'-'°and may finally make it experi-
behavior is not an artifact of the fabrication technique, sincgnentally accessible, although equally interesting finite-size

it is observed for samples prepared using three differentfrects in the dynamic¢&®should also be more important.
methods. From the width dependenceEfwe estimate the

CDW'’s phase-correlation length in that direction to be We appreciate useful discussions with P. H. Kes and
1.6 um, comparable to the value obtained by x-raywe thank S. V. Z#isev-Zotov and M. A. Holst for work
diffraction® on the nanowires. This work was supported by the Dutch

The ability to reach the 1D limit should provide new op- Foundation for Fundamental research on Mati&dM), the
portunities for studying CDW physics. For example, in ordi- Netherlands Organization for Scientific Reseaf®WO),
nary size crystals the cross section contains a large numb&dTAS (Project No. 01-0474 and the National Science
of phase correlated domains in the pinned state and of dyroundation(NSH (Grants Nos. DMR 0101574 and INT
namically correlated domains in the depinned state. In 1¥812326. K.O. was supported by a U.S. Department of Edu-
crystals, the cross section will contain a single domain incation Fellowship. Nanofabrication work was performed at
both the pinned state and in the depinned state at modeBdMES in Delft and at the Cornell NanoScale Science and
fields, and the length of the domain will be1l0 um. This  Technology Facility, supported by the N$Grant No. ECS-
will allow the detailed dynamics on the scale of a single9731293.
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