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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 NbSeand 0-TaS;. 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 un-not explore the complicated current dependent field profiles
dergo a phase transition to a charge-density-wé@®W)  that develop when the CDW depin8.
state! Electrons condense into a collective state in which the Experiments are performed on crystals of NpSmd
charge density is periodically modulated. The CDW can slided-TaS;. Both materials have an anisotropic chainlike struc-
through the crystal under the application of an electric fieldture and exhibit CDW states at low temperatures. NtxSe
However, defects in the crystal lattice pin the CDW at low hibits CDW transitions along the crystallograptiicaxis at
fields and a threshold has to be overcome. The experimentdp1=145 K andTp,=59 K, while part of the conduction
study of CDW dynamics usually involves transport measure€l€ctrons remains uncondensed providing a metallic single-
ment along the chain direction. Electrical contact is mostarticle channel down to the lowest temperatures. The an-
often made by connecting metal electrodes to the crystal 480tr0PY of NbSgis ~10-20 along the axis’ and estimated
various positions on the top or bottom sifkace of the tp be about 100 along terX|s.o-Ta% has_a single transi-
crystaf or, more recently, by etching side contacts in thelion atT=220 K be_Iow which all cqnducyon electrons are
crystal itself® Most transport studies have been performed orf0densed. The anisotropy 0fTa$; is typically 1000 and

: : increases as the temperature is lowéred.
samples with contact spacings of 0m and larger. ; ; )
. . Electrical contact is made by placing the crystals on ar-
Recently, interest has grown to study the mesoscopic

CDW regime®* As the length scale for mesoscopic Iohenom_rays of 50 nm thick gold strips defined with electron-beam

lith hy. The width of th ipsis 1 h Il-
ena is on the order of microns in the longitudinal direction, it lthography. The width of the strips is 100 nm and the sma

est separation is 300 nm. The narrow gold strips are used to

is essential to reduce contact spacings to this scale. Sin‘fﬁject current and to measure voltage. The position of the

both types of lateral contacts mentioned above apply currergrysta| is fixed by putting a drop of gluéethyl-cellulose
in the transverse direction, a region of nonuniform electricyissolved in ethyl-acetateon top of it. In case ob-TaS,,
field exists in the vicinity of current contacts. This nonuni- rgliable Ohmic contacts are obtained by heating the substrate
formity is known under the name “fringing effects.” In pre- tg 120-130°C up to an hour before putting the glue down.
vious experiments so far, measurements of fringing effect$n case of NbSeg crystals, heating the substrate to 80°C
were limited by perturbing contacts and large contact sepgprevents the tiny crystals from floating in the glue solvent.
ration. The contact resistances at 120 K are on the order & 2d«
In case of anisotropic materials, fringing effects are parthe NbSg samples and on the order of 10® kfor the
ticularly pronounced. In such materials, the length scale oves-TaS, samples.
which fringing effects are important igA times larger than Cross sections are deduced from measurements of the re-
in the isotropic case. Herd is the anisotropy, which is the sistanceR for different voltage probe spacinds at room
ratio of the conductivity along and perpendicular to the crystemperature using resistivity values of(Bum for o-TaS
tal length. (Ref. 9 and 2Q um for NbSe.'° We have also used Shapiro
We have measured the electric field distribution on substep measurements to determine the cross section. These
micron length scales in the longitudinal direction. We find measurements involve a combined dc and ac current, such
good agreement with existing models which indicate thathat the narrow band noise frequency produced by CDW
fringing effects are important up to distancestqfA from sliding mode locks to the external ac frequency. At 120 K,
the current contact, whetas the crystal thickness. From our we found complete mode-locking on three samples, indicat-
data, we can deduce the correspondig/Ne find it to be ing high quality samples with flat surfaces. The cross sec-
~100 for NbSg and ~1000 foro-TaS; at T=120 K. This tions deduced from Shapiro step measurement agree very
is the first measurement éfin the crystallographia axis of  well with those deduced from the resistance measurements at
NbSe. Our measurements are performed in the pinned statepom temperature, see Table |. The width of the crystals is
so that our data concerns geometrical effects only, and doetetermined under an optical microscope, from which we can
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TABLE I. Sample characteristics at 120 K. The cross secti®ns > >
are deduced from room temperature resistance measurements; those
from Shapiro step measurements are in brackets. No Shapiro step
measurements have been performed on samplg-Aa$he values
of tyA are deduced from the fit parametéiin Eq. (2). From the —d—
thicknesst of the crystals, values of the anisotropyhave been
calculated. The error margins éfare also listed. 10

S(um?) Y (107%) tyA (um) t(um) A

NbSe-A 0.54(0.54 20 3.9 03 17850
NbSe-B 0.20(0.2) 45 1.7 02 7640 i |
TaS-A  152(-) 2.8 28 0.7 1608320
TaS-B  0.48(055 12 6.5 0.3  478:235

deduce the thickness of the crystals. The errot ig esti-
mated to be up to 25%.

Fringing effects were measured in two differen{TaS;
and two different NbSgsamples. These measurements re-
gard the pinned state of the CDW and are performed in a
four-probe current-biased configuration. The normal carrier
conductivity of o-TaS; is very low at low temperatures so

that only measurements above 90 K are performed. BbSe 0 0 m
has a metallic channel down to liquid helium temperature d
and measurements have been performedfe25 K. (pm)

TO measure fringing effects, we have dedu_ced the linear FIG. 1. Top: drawing of a side-view of a crystal with contacts at
resistance from current-voltagéM) characteristics for sev- e pottom. The black contact is the current contact. Lines with
eral different current contact pairs. The current is injectethyrows depict the numerically calculated paths of the current. The
from one of the narrow leads to a big gold pad on the sidegyrrent is uniform at the right side of the drawing. Beyond the
250 pm away to minimize the influence of fringing effects current contact on the left side, there is no net current, but at the
of the other contact. TheV characteristics are measured by bottom current flows in the opposite direction. The definitiom &f
oscillating the current by 1 mHz and measuring voltage atlso displayed. Bottom: the spreading resistaRgas a function of
several distanced from the current contact. Here, is the  the distance from the current contact of samples;TaScircles
distance from the middle of the current contact to the middleand NbSeg-A (squaresat 120 K. The solid lines are fits to E(R).
of the voltage-probe paisee Fig. 1L We have measured the
voltage with probe pairs within current contacts, as well as We have fitted our data to analytical expressions obtained
beyond contacts. When the voltage probes are in the vicinitfrom Borodinet al* who discuss the potential profile on the
of one of the current contacts, the linear resistance is largdace of the crystal with lateral current contacts. They consid-
than the linear resistance when current is injected far awayred a metal electrode of widtlwith its middle atx=0. The
This higher resistance due to the nonuniform electric fieldother contact is ax=o0. The potentiall on the face of the
near the current contact is called the spreading resisRgce crystal is

Measurements oRg of samples NbSgA and Ta3-A at

120 K are plotted in Fig. 1. A negative sign of the distadce rl X
represents the distance of the voltage probes beyond the cur- CoSN ———=| —exXp ——
rent contacts. The spreading resistance is normalized to the y(x)=— Et\/ﬂarc cos 2tVA tVA '
linear resistanc®, when fringing effects are negligible, i.e., T ) 7l

when the current is injected far from the two voltage probes sin 2t JA

Figure 1 shows the current distribution near a current con-

tact as determined from numerically solving the LaplacewhereE is the electric field far from the current contact. A
equation in two dimensions. The current is injected perpennegativex denotes positions beyond current contacts. Our
dicular to the length of the crystal. The electric field just numerical calculations of the Laplace equation agree with
above the contact is very high and the current even flowshe analytical potential profile on the face of the crystal of
beyond the contact. As a consequence, the voltage probé&sy. (1).

beyond the current contacts detect a voltage of opposite sign We use Eqg.1) to derive an estimate for the resistance
and therefore the spreading resistance is negative beyond thatio Rs/R,, which is the quantity obtained from our mea-
contacts. However, the net current beyond contacts is zerosurements. Suppose the potential difference between two
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voltage probes equalsU. Then, for small probe spacirig the single fit parameter within and beyond contacts. Good
the potential differenceAU~(dU/dx)L, wheredU/dx is fits were obtained on all samples in the temperature range
the local electric field taken in the middle of two adjacentstudied. The values of obtained at 120 K are listed in Table
voltage probed? Then, the resistance ratiBs/R, equals | and all are consistent with the assumptiére 1.

(1/E)dU/dx. We introduce a dimensionless contact width  From the definition ofY the longitudinal length scale/A

Y= ml/4t\JA. For narrow contacts{<1), Rs/R, can be and the anisotrops are deduced. The anisotropy at 120 K of

expressed as 0-TaS; and NbSg is on the order of 1dand 16, respec-
tively. The anisotropy of the thin samples seems to be under-
Rs exp(4Y /1) estimated. We have also determinédat other temperatures
R_o = 1—exp(4Yxl) |2 : 2 and Y is approximately temperature independent. To get a
v \/< _ better estimate oA(T), thicker crystals and a more accurate
2Y determination of the width are needed.
The spreading resistané®; approximate®k, when measur- We acknowledge useful discussions with S.V.itZav-

ing far from the current contact, so thag/R, goes to unity  Zotov and P.H. Kes. This work was supported by the Dutch

for x—c0. Beyond the current contact the spreading resisFoundation for Fundamental Research on Matfe®M).

tance is negative and goes to zero fer — oo, H.S.J.vd.Z. was supported by the Dutch Royal Academy of
We have fitted our data with=100 nm and using as Arts and Science@KNAW ).
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