
PHYSICAL REVIEW B, VOLUME 63, 092506
Superconducting transition of single-crystal tin microstructures
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Single-crystal superconducting microstructures have been fabricated. The resistances of tin whiskers were
measured in a multiprobe configuration. Contacts were made of copper, gold, or niobium films usinge-beam
lithography followed by a lift-off process. Structures with normal metal probes showed unusual behavior:
below the critical temperature of bulk tin, the resistance decreases in distinct steps and does not reach zero even
when cooled down to 1 K. The origin of these phenomena is not clear but is likely related to a proximity effect.
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Metal microstructures and nanostructures are typic
composed of thin films. This fabrication method results
samples being at the so-called ‘‘dirty’’ limit where the me
free pathl is the smallest physical scale important for ele
tron transport. At the dirty limit, the short mean free pa
leads to the renormalization of the superconductor cohere
lengthj(0)50.85(j0l )1/2, which determines the dimension
ality of the system. A long mean free path, resulting in a lo
coherence length, in single crystals expands the region c
to the critical temperatureTc , over which the diverging co-
herence lengthj(T)5j(0)(12T/Tc)

21/2 governs the effec-
tive dimensionality of such a superconducting system.
additional advantage of pure single crystals is their supe
homogeneity compared to structures at the dirty limit.

We have selected tin quasi-one-dimensional sin
crystals ~whiskers! for fabrication of clean limit
microstructures.1 Typical cross sections and lengths of the
objects are;1 mm2 and ;1 mm, respectively. Prelim
inary measurements showed a residual resistance
(RRR)5R(300 K)/R(4.2 K);200. Utilizing the valuer l
510215V m2, for the mean free path, one obtainsl
*10mm which is larger than the transverse dimension of
whisker. The mean free path in such an ultraclean lim
therefore, strongly depends on the surface properties.2

We used the whisker as the ‘‘body’’ of the microstructu
and the probes were fabricated by conventionale-beam li-
thography~Fig. 1!. Unfortunately, it appeared that a whisk
freely lying on the Si substrate and being fixed only
evaporated thin film probes can not withstand the lift-
process. Crystals should be glued and the chip’s sur
should be sufficiently planar to allow lithography. AlliedSig
nal Inc.3 spin-on-glass~SOG! was selected for planarization
Reactive ion plasma etching was used to remove the S
from the top of the whisker. Afterwards,e-beam lithography
was used followed by evaporation of microcontacts made
Cu, Au, or Nb. Typical widths of contacts were about 5
nm with thicknesses of about 200 nm. Spacing between v
age probes varied from 1.5–10.5mm. Etching appeared to b
the most crucial step, resulting in a low yield of ‘‘measu
able’’ structures. From approximately 160 fabricated str
tures only 17 samples showed no obvious drawbacks
R(T) dependencies and were selected for further meas
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ments. These drawbacks were mainly large or infinite con
resistance between the electrodes and the whisker. We
sider this effect is probably due to a combination of surfa
damage, while etching, and mechanical stress, while cool
due to the mismatch of thermal expansion coefficients. T
RRR of studied microstructures decreased from the ini
value of about 200 down to 5–70.

A simple glass cryostat has been used for all experime
The Earth’s magnetic field was reduced by am-metal shield.
Samples were immersed directly into the4He bath which
was pumped down to 0.95 K with a diffusion booster. T
majority of the measurements were made using a lock
technique at a typical operating frequency of 19 Hz w
Stanford Research System SR554, SR552, and SR560
end preamplifiers, with noise levels of 110 pV/AHz, 2 nV/
AHz, and 4 nV/AHz, respectively. The noise for our low
ohmic samples is mainly determined by the total source
pedance with a dominating contribution due to the whisk
probe contact resistance. However, independent of noise
jection capabilities of the devices, only samples with cont
resistances of below a few tens ofV at 4.2 K were subjected
to further measurements. All experiments were done usin
four-probe configuration.

Out of 17 ‘‘successful’’ microstructures, four were mad
using superconducting metal~niobium! for voltage and cur-
rent probes. With these samples nothing unusual was
served. The superconducting transition was centered at
bulk critical temperature of tin,Tc

bulk53.78 K, and it’s data
plot had a rounded upper part which stretched to above
K. Probably, the shape of the superconducting transition
be attributed to the proximity effect due to a nearby sup
conductor with a higher critical temperature, which for o
Nb films was about 7 K.

Half of the structures with normal metal probes~Cu or
Au! showed a conventional superconducting transition at
critical temperature of bulk tin. However, the width of th
transition was typically larger~;40 mK! than that based on
prediction; that is, for the fluctuation governed form of th
R(T) dependence of a quasi-one-dimensional superc
ductor.4 It is important to note, that such behavior was ch
acteristic of samples which were measurable but had a hig
contact resistance. Probably, the wide transition can be
©2001 The American Physical Society06-1
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BRIEF REPORTS PHYSICAL REVIEW B 63 092506
counted for by internal deformations due to stress wh
cooling since the crystal and the SOG have different ther
expansion coefficients.

The other half of the structures with normal metal prob
had a rather low resistance: a fewV between the correspond
ing voltage probes when measured using a two-pr
method. We believe, that this low value stems from the qu
ity of the lead’s connection and it indicates that whisk
probe contact is Ohmic. For these samples, rather un
pected forms of resistance vs temperatureR(T) curves were
observed~Fig. 2!. The position of the top part of the ‘‘super
conducting transition’’ corresponds to the critical tempe
ture of bulk tin. The resistance does not drop to ‘‘zero’’ ev
when the temperature is lowered down toT51 K. At the
foot of theR(T) dependence unusual steps develop. Wit
our experimental accuracy, these steps are reproducible
after several thermal cycling~Fig. 3!. We believe, that the
observed hysteresis of about 40 mK~Fig. 3! is not connected
to any physical process in the measured samples. It o
nates from the space, of about 2 cm, between the sample
the thermometer, and from the temperature gradient wi
our long ~110 cm! and narrow~30 mm! glass Dewar during
cool-down and warm-up. Although measurement of ea
sample’sR(T) dependence takes more than a hour, still
temperature distribution inside the cryostat is not uniform

A remarkable feature of this step structure is that
sample behaves as a ‘‘multilevel system,’’ at each plat
the signal is constant until the system ‘‘switches’’ to a ne
‘‘state’’ ~Fig. 3, inset!. Between various samples, we cou
not find any universal dependence for the width (dTstep) and
height (dVstep) of the steps. Nevertheless, for a given pair
voltage probes, at least, the heights of the steps look ra
regular~Fig. 3!. If to assume that each step corresponds t
superconducting transition of some part of a structure, t

FIG. 1. ~a! Scanning electron microscope image of one of
studied structures;~b! enlarged view of the contact region.
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one can estimate the average domain length which con
utes to each step:dLeff520– 900 nm for various samples.
is most surprising that this effective length can be sma
than both the mean free pathl and the coherence lengt
j(0)'230 nm. Probably, such a naive ‘‘static’’ calculatio
is not justified.

The application of a longitudinal magnetic field of a fe
mT causes only the top part of theR(T) curve to shift~su-
perconducting transition of bulk tin?! to a lower temperature
but leaves the steps at the foot unchanged. TheR(T) depen-
dencies were measured for a variety of ac currents, where
linearity of theV(I ) characteristics had been checked. In th
limit, variation of the measuring current alters neither t
shape of the step structure~Fig. 3, inset!, nor the rest of the
R(T) dependency. Examples of the current-voltage char
teristicV(I ) and its first derivativedV/dI(I ) are presented in
Fig. 4. For all temperatures within the steplike resistive tra
sition @Fig. 4~a!, inset# the V(I ) dependencies are linea
when currents are small (I<100mA). At higher currents the
current-voltage characteristics~Fig. 4! deviate from being
linear, exhibiting broad transitions to states with high
dV/dI values but with smaller than normal state resistan
RN . The threshold current of the transitionI 0 decreases with

FIG. 2. Typical normalizedR(T)/RN dependencies for variou
sections of the structure shown in the inset. Contact resistance
the probe pairE2-D1 is larger than for other electrodes: the sign
is noisy and the resistance drops to a lower value. Note that
normal state resistancesRN do not scale with the distance betwee
the probes. Probably, this observation is related to the quality of
contact-whisker interface. The inset image shows the arrangem
of the measurement probes.
6-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 092506
temperature@Fig. 4~b!, inset#. This tendency qualitatively re
sembles the well-known behavior of a critical current in
superconductor. However, the temperature dependence o
currentI 0 does not follow exactly the ‘‘32 law’’ as expected
for the critical current of a one-dimensional superconduc
I c

1D}T3/2 @Fig. 4~b!, inset#. The origin of the nonlinearity of
the current-voltage characteristics is not clear. Certainly
the current-induced transition occurs from the state with
nite resistance, the threshold currentI 0 cannot be straightfor-
wardly associated with superconducting critical current. W
want to stress that allR(T) steplike transitions@Figs. 2, 3,
and 4~a!, inset# were measured using ac currents with ma
nitudes much smaller than the threshold currentsI 0 . We be-
lieve that, in this linear limit, the process responsible for
steps onR(T) dependencies is not related to the nonlinea
of the current-voltage characteristics, observed at m
higher currents.

No correlation has been found between the distance of
voltage probes~sample resistance! and the parameters of th
step structure~Fig. 2!. However, the smaller the contact r
sistance, the more pronounced the step structure is. W
exposed to the atmosphere at room temperature for a
days, the steps observed, on the same pair of contacts o

FIG. 3. An example of a pronounced steplikeV(T) dependence.
Arrows indicate the direction of the temperature sweep. The sm
hysteresis is a consequence of the temperature measuremen
details see the text. The inset shows an enlarged view of sev
R(T) steps from the low-temperature end of the same figure m
sured at two different currents. The curves are shifted slightly
to the zero offset drift of our preamplifier or lock-in amplifier.
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same structure, disappear: the transition becomes sm
and, within the measuring accuracy, a zero value of re
tance is reached. Typically, after another few days at ro
temperature in normal atmosphere, the structures show
high contact resistance and cannot be measured further
assume, that this degradation is due to aging of the whis
probe contact. As a result of the plasma etching, the sur
of the whisker is not smooth and the region under the pr
contains small SOG islands@Fig. 1~b!#. Certainly, such a
configuration favors continuous oxidation of the interface

Similar steplike structures onR(T) dependencies hav
been reported in early experiments with superconduc
whiskers.5,6 However, there are several principal differenc
in our observations. First, in those experiments, steps co
be stimulated only by high dc current. At low currents, t
transitions were rather smooth. In our case, steps were

ll
For
ral
a-
e

FIG. 4. Inset to~a!: resistive transition of the structure with
distance of 8.8mm between the probes and measured with a 50mA
ac bias current.~a!–~c!: current-voltage characteristicsV(I ) ~solid
symbols! and their first derivativesdV/dI(I ) ~open symbols! taken
at temperatures indicated by the arrows in the inset to~a!. The dc
currentI was modulated with 10mA ac component. The solid lines
are guides for eyes. TheV(I ) dependencies do not extrapolate e
actly to the coordinate origin due to the drift of the zero offset
our dc multimeter. The temperature dependence of the thres
current I 0 is plotted in the inset to~b!. For each temperature, th
threshold currentI 0 corresponds to the maximum of the derivativ
of the current-voltage characteristic.
6-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 092506
served within a wide range of ac currents with much sma
current densities than reported in Refs. 5 and 6. Seco
contacts to those samples were ‘‘handmade’’ by pressing
whisker into two superconducting islands of Wood’s me
thus enabling two-probe measurements. In our case, s
were detected only in structures with normal metal el
trodes. Note, that the steps on theI -V characteristics in thes
pioneering experiments5 had a strong impact on the physic
of nonequilibrium superconductivity; namely, curren
induced activation of phase slippage. However, to
knowledge, the origin of the step structure onR(T) depen-
dencies has yet to be explained. Obviously, the ortho
model, dealing with fluctuations governed by thermal acti
tion of phase slip centers,4 is unable to explain the wide
steplikeR(T) transitions in quasi-one-dimensional system

For the moment, we can only speculate on the origin
the steps in theR(T) dependencies. We do not have an u
derstanding of the accompanying effect: why the resista
does not drop to zero. In all samples displaying the s
in

s

9
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structure, within the accuracy of experiment, theR50 point
has not been reached down toT51 K. Both phenomena
have been observed in samples with the lowest contact re
tance between the whisker and the normal metal probes.
effects disappear with the increase of the contact resista
In the structures with superconducting electrodes, neit
steps nor incomplete superconducting transition have b
observed. One may suggest that the effects are related t
presence of a normal metal and its effect on the electro
properties of a superconductor in the clean limit.

We would like to acknowledge N. P. Danilova and Yu.
Gaidukov for introducing us to the physics and techniqu
associated with whiskers. This work has been supported
the Russian Foundation for Basic Research~Grant No. 98-
02-16850! and by the Academy of Finland under the Finni
Center of Excellence Program 2000-2005~Project No.
44875, Nuclear and Condensed Matter Physics Program
JYFL!.
1R. Tidecks, Current-Induced Nonequilibrium Phenomena
Quasi-One-Dimensional Superconductors~Springer, Berlin,
1990!.

2Yu. P. Gaidukov, N. P. Danilova, and R. Sh. Georgiu
Mankarius, Zh. Eksp. Teor. Fiz.93, 1074 ~1987! @Sov. Phys.
JETP66, 605 ~1987!#.

3AlliedSignal Inc., Advanced Microelectronic Materials, 134
-

Moffett Park Drive, Sunnyvale, CA 94089.
4J. S. Langer and V. Ambegaokar, Phys. Rev.164, 498~1967!; D.

E. McCumber and B. I. Halperin, Phys. Rev. B1, 1054~1970!.
5J. D. Meyer and G. V. Minnigerode, Phys. Lett.38A, 529~1972!;

J. D. Meyer, Appl. Phys.2, 303 ~1973!.
6R. Tidecks and G. Slama, Z. Phys. B: Condens. Matter37, 103

~1980!.
6-4


