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Electric-field distribution near current contacts of anisotropic materials
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We have measured the nonuniformity of the electric field near lateral current contacts of the charge-density-
wave materials NbSe3 and o-TaS3. In this contact geometry, the electric field increases considerably near a
current contact. Fitting our data to an existing model yields values for the conduction anisotropy and a
characteristic longitudinal length scale. This length scale is on the same order as the mesoscopic phenomena in
charge-density-wave devices.
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Anisotropic conductors with a chainlike structure can u
dergo a phase transition to a charge-density-wave~CDW!
state.1 Electrons condense into a collective state in which
charge density is periodically modulated. The CDW can sl
through the crystal under the application of an electric fie
However, defects in the crystal lattice pin the CDW at lo
fields and a threshold has to be overcome. The experime
study of CDW dynamics usually involves transport measu
ment along the chain direction. Electrical contact is m
often made by connecting metal electrodes to the crysta
various positions on the top or bottom side~face! of the
crystal2 or, more recently, by etching side contacts in t
crystal itself.3 Most transport studies have been performed
samples with contact spacings of 10mm and larger.

Recently, interest has grown to study the mesosco
CDW regime.3,4 As the length scale for mesoscopic pheno
ena is on the order of microns in the longitudinal direction
is essential to reduce contact spacings to this scale. S
both types of lateral contacts mentioned above apply cur
in the transverse direction, a region of nonuniform elec
field exists in the vicinity of current contacts. This nonun
formity is known under the name ‘‘fringing effects.’’ In pre
vious experiments so far, measurements of fringing effe
were limited by perturbing contacts and large contact se
ration.

In case of anisotropic materials, fringing effects are p
ticularly pronounced. In such materials, the length scale o
which fringing effects are important isAA times larger than
in the isotropic case. Here,A is the anisotropy, which is the
ratio of the conductivity along and perpendicular to the cr
tal length.

We have measured the electric field distribution on s
micron length scales in the longitudinal direction. We fi
good agreement with existing models which indicate t
fringing effects are important up to distances oftAA from
the current contact, wheret is the crystal thickness. From ou
data, we can deduce the correspondingA. We find it to be
;100 for NbSe3 and;1000 foro-TaS3 at T5120 K. This
is the first measurement ofA in the crystallographica axis of
NbSe3. Our measurements are performed in the pinned s
so that our data concerns geometrical effects only, and d
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not explore the complicated current dependent field profi
that develop when the CDW depins.5,6

Experiments are performed on crystals of NbSe3 and
o-TaS3. Both materials have an anisotropic chainlike stru
ture and exhibit CDW states at low temperatures. NbSe3 ex-
hibits CDW transitions along the crystallographicb axis at
TP15145 K andTP2559 K, while part of the conduction
electrons remains uncondensed providing a metallic sin
particle channel down to the lowest temperatures. The
isotropy of NbSe3 is ;10–20 along thec axis7 and estimated
to be about 100 along thea axis.o-TaS3 has a single transi-
tion at T5220 K below which all conduction electrons a
condensed. The anisotropy ofo-TaS3 is typically 1000 and
increases as the temperature is lowered.8

Electrical contact is made by placing the crystals on
rays of 50 nm thick gold strips defined with electron-bea
lithography. The width of the strips is 100 nm and the sma
est separation is 300 nm. The narrow gold strips are use
inject current and to measure voltage. The position of
crystal is fixed by putting a drop of glue~ethyl-cellulose
dissolved in ethyl-acetate! on top of it. In case ofo-TaS3,
reliable Ohmic contacts are obtained by heating the subs
to 120–130 °C up to an hour before putting the glue dow
In case of NbSe3 crystals, heating the substrate to 80 °
prevents the tiny crystals from floating in the glue solve
The contact resistances at 120 K are on the order of 2 kV for
the NbSe3 samples and on the order of 100 kV for the
o-TaS3 samples.

Cross sections are deduced from measurements of th
sistanceR for different voltage probe spacingsL at room
temperature using resistivity values of 3Vmm for o-TaS3
~Ref. 9! and 2Vmm for NbSe3.10 We have also used Shapir
step measurements to determine the cross section. T
measurements involve a combined dc and ac current, s
that the narrow band noise frequency produced by CD
sliding mode locks to the external ac frequency. At 120
we found complete mode-locking on three samples, indic
ing high quality samples with flat surfaces. The cross s
tions deduced from Shapiro step measurement agree
well with those deduced from the resistance measuremen
room temperature, see Table I. The width of the crystals
determined under an optical microscope, from which we c
©2001 The American Physical Society03-1
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deduce the thickness of the crystals. The error int is esti-
mated to be up to 25%.

Fringing effects were measured in two differento-TaS3
and two different NbSe3 samples. These measurements
gard the pinned state of the CDW and are performed i
four-probe current-biased configuration. The normal car
conductivity of o-TaS3 is very low at low temperatures s
that only measurements above 90 K are performed. Nb3
has a metallic channel down to liquid helium temperat
and measurements have been performed forT.25 K.

To measure fringing effects, we have deduced the lin
resistance from current-voltage (IV) characteristics for sev
eral different current contact pairs. The current is injec
from one of the narrow leads to a big gold pad on the si
250 mm away to minimize the influence of fringing effec
of the other contact. TheIV characteristics are measured
oscillating the current by 1 mHz and measuring voltage
several distancesd from the current contact. Here,d is the
distance from the middle of the current contact to the mid
of the voltage-probe pair~see Fig. 1!. We have measured th
voltage with probe pairs within current contacts, as well
beyond contacts. When the voltage probes are in the vici
of one of the current contacts, the linear resistance is la
than the linear resistance when current is injected far aw
This higher resistance due to the nonuniform electric fi
near the current contact is called the spreading resistanceRS .

Measurements ofRS of samples NbSe3-A and TaS3-A at
120 K are plotted in Fig. 1. A negative sign of the distancd
represents the distance of the voltage probes beyond the
rent contacts. The spreading resistance is normalized to
linear resistanceR0 when fringing effects are negligible, i.e
when the current is injected far from the two voltage prob
(.200 mm).

Figure 1 shows the current distribution near a current c
tact as determined from numerically solving the Lapla
equation in two dimensions. The current is injected perp
dicular to the length of the crystal. The electric field ju
above the contact is very high and the current even flo
beyond the contact. As a consequence, the voltage pr
beyond the current contacts detect a voltage of opposite
and therefore the spreading resistance is negative beyon
contacts. However, the net current beyond contacts is ze

TABLE I. Sample characteristics at 120 K. The cross sectionS
are deduced from room temperature resistance measurements;
from Shapiro step measurements are in brackets. No Shapiro
measurements have been performed on sample TaS3-A. The values
of tAA are deduced from the fit parameterY in Eq. ~2!. From the
thicknesst of the crystals, values of the anisotropyA have been
calculated. The error margins ofA are also listed.

S (mm2) Y (1023) tAA (mm) t (mm) A

NbSe3-A 0.54 ~0.54! 20 3.9 0.3 170650

NbSe3-B 0.20 ~0.21! 45 1.7 0.2 70640

TaS3-A 1.52 ~–! 2.8 28 0.7 16006320

TaS3-B 0.48 ~0.55! 12 6.5 0.3 4706235
03340
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We have fitted our data to analytical expressions obtai
from Borodinet al.11 who discuss the potential profile on th
face of the crystal with lateral current contacts. They cons
ered a metal electrode of widthl with its middle atx50. The
other contact is atx5`. The potentialU on the face of the
crystal is

U~x!52E
tAA

p
arc coshUcoshS p l

2tAA
D 2expS px

tAA
D

sinhS p l

2tAA
D U ,

~1!

whereE is the electric field far from the current contact.
negativex denotes positions beyond current contacts. O
numerical calculations of the Laplace equation agree w
the analytical potential profile on the face of the crystal
Eq. ~1!.

We use Eq.~1! to derive an estimate for the resistan
ratio RS /R0, which is the quantity obtained from our mea
surements. Suppose the potential difference between

ose
tep

FIG. 1. Top: drawing of a side-view of a crystal with contacts
the bottom. The black contact is the current contact. Lines w
arrows depict the numerically calculated paths of the current.
current is uniform at the right side of the drawing. Beyond t
current contact on the left side, there is no net current, but at
bottom current flows in the opposite direction. The definition ofd is
also displayed. Bottom: the spreading resistanceRS as a function of
the distance from the current contact of samples TaS3-A ~circles!
and NbSe3-A ~squares! at 120 K. The solid lines are fits to Eq.~2!.
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voltage probes equalsDU. Then, for small probe spacingL,
the potential differenceDU'(dU/dx)L, where dU/dx is
the local electric field taken in the middle of two adjace
voltage probes.12 Then, the resistance ratioRS /R0 equals
(1/E)dU/dx. We introduce a dimensionless contact wid
Y5p l /4tAA. For narrow contacts (Y!1), RS /R0 can be
expressed as

URS

R0
U5 exp~4Yx/ l !

2YAS 12exp~4Yx/ l !

2Y
D 2

21

. ~2!

The spreading resistanceRS approximatesR0 when measur-
ing far from the current contact, so thatRS /R0 goes to unity
for x→`. Beyond the current contact the spreading res
tance is negative and goes to zero forx→2`.

We have fitted our data withl 5100 nm and usingY as
nd

. I

v-

s.:

03340
t

-

the single fit parameter within and beyond contacts. Go
fits were obtained on all samples in the temperature ra
studied. The values ofY obtained at 120 K are listed in Tabl
I and all are consistent with the assumptionY!1.

From the definition ofY the longitudinal length scaletAA
and the anisotropyA are deduced. The anisotropy at 120 K
o-TaS3 and NbSe3 is on the order of 103 and 102, respec-
tively. The anisotropy of the thin samples seems to be un
estimated. We have also determinedY at other temperature
and Y is approximately temperature independent. To ge
better estimate ofA(T), thicker crystals and a more accura
determination of the width are needed.
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1G. Grüner, Rev. Mod. Phys.60, 1129~1988!.
2S. G. Lemay, M. C. de Lind van Wijngaarden, T. L. Adelman, a

R. E. Thorne, Phys. Rev. B57, 12 781~1998!.
3O. C. Mantel, F. Chalin, C. Dekker, H. S. J. van der Zant, Yu

Latyshev, B. Pannetier, and P. Monceau, Phys. Rev. Lett.84, 538
~2000!.

4Yu. I. Latyshev, O. Laborde, P. Monceau, and S. Klaumu¨nzer,
Phys. Rev. Lett.78, 919 ~1997!.

5T. L. Adelman, M. C. de Lind van Wijngaarden, S. V. Zaitse
Zotov, D. DiCarlo, and R. E. Thorne, Phys. Rev. B53, 1833
~1996!.

6M. E. Itkis, F. Ya. Nadˇ, P. Monceau, and M. Renard, J. Phy
Condens. Matter5, 4631~1993!.
.

7N. P. Ong and J. W. Brill, Phys. Rev. B18, 5265~1978!.
8Yu. I. Latyshev, Ya. S. Savitskaya, and V. V. Frolov, Pis’ma Z
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