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Anomalous negative resistance in superconducting vanadium nanowires
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Low-temperature electrical transport measurements were performed on large arrays of 150-nm-wide super-
conducting vanadiurfV) wires covered with either a thin layer of AW/Au) or Fe(V/Fe). The measurements
were conducted using various electrical contact geometries. Our results show that a particular arrangement of
the electrical contacts in combination with the superconducting proximity effect can result in a pronounced
“negative resistance” anomaly below the resistive transition. We demonstrate that this “negative resistance”
can be clearly reproduced by constructing resistor circuits based upon the particular contact arrangement.

I. INTRODUCTION and normal metafranular wires. When the thickness of
these wires was slowly increased, a large abrupt drop in their
For many years, the effect of dimensionality on the elecresistance was observed. These results were speculated to be
tronic properties of superconductors has been a subject ofue to a first-order electronic phase transition between the
extensive research. In particular, the role of disorder on thabove states. The size of the resistance gap was found to
superconductivity in thin films and narrow wires is, evendepend on the number of grains across the wire width and
today, an active area of experimental and theoretical studyiot on the specific material. This resistance gap decreases as
Various experimental investigations @dflisordered super-  the number of grains increases.
conducting aluminum thin films* and narrow wire$® re- In this paper we present the results of low-temperature
port anomalous resistance peaks in the vicinity of the transielectrical transport measurements conducted on large arrays
tion temperatureT,, where the resistance can exceed its(~10% of narrow vanadiun{V) wires of 150 nm in width.
normal-state value by as much as 30%. These experiment@lur initial purpose was to investigate the so-called proximity
results could be qualitatively understood by the formation ofeffect in these very narrow superconducting wires. In previ-
phase-slip centers or the presence of normal-superconductimgis work, the proximity effect was studied in V/Fe multilay-
interface$? between the two voltage probes of the sampleers, in which a suppression df. was observed due to the
Recently, it was shown by radio-frequency irradiation or bypresence oferromagneticFe spacer layers:'? Extending
applying sufficiently high dc driving currents that these this work, our V wires were covered with a thin layer of
phase-slip centers nucleate at particular spots in the sampégther ferromagneticFe (V/Fe) or nonmagneticAu (V/Au).
with a locally reducedr,.® Moreover, it was demonstrated However, in the course of our investigation it turned out that
that a resistance peak could also be induced by deliberatelyur samples exhibited variable. values, which prevented a
applying an ac noise current to narrow Al lines in addition tosystematic study of the proximity effect.
the ordinary probe current. Nevertheless, electrical transport measurements per-
Other experiments report a reductionTof accompanied formed on our V/Au and V/Fe wires reveal a very pro-
by a broadening of the resistive transition by narrowing thenounced “negative resistance” belo¥. Previously, nega-
width of superconducting wiresSimilar features were ob- tive resistances were also observed in planar tunnel junctions
served in narrow uniform Pb wires for which the width and when the junction resistance was smaller than the lead resis-
thickness were systematically varig@he observed behav- tances in a four-terminal configuratio®.* In this case, the
ior was explained in terms of disorder-enhanced supercomegative resistance is an artifact caused by a nonuniform
ducting fluctuations neaf .. Below T, these fluctuations current distribution over the junction area. More recently, a
enhance the number of thermally activated phase slips, causegative resistance was observed in supercondugtiaigu-
ing a resistance increase, whereas abivsuch fluctuations lar Sn wires of approximately the same widtk100 nm) as
lead to a resistance decrease. In later experiments the reswar wires!’ In addition to reproducible MR oscillations,
tance of Pb wires similar to those of Shasfial® was stud-  which were attributed to screening currents induced by mag-
ied in the presence of a magnetic fi€lfhese wires exhibit netic flux threading phase coherent loops of grains, the MR
a negative magnetoresistar(®4R) below T, within the tran-  of these wires also displayed a clear negative resistance be-
sition region. Both the magnitude of the negative MR and thdow T.. Here it was speculated that this negative resistance
crossover field to positive MR increase with decreasing is caused by screening currents in the narrow voltage probes
and wire cross section. The negative MR corresponds to adistorting the current path, but the exact cause is still unclear.
enhancement of superconductivity and a suppression of sWe therefore proceeded to explore this striking negative re-
perconducting fluctuations by the magnetic field with respecsistance in our narrow V/Au and V/Fe wires rather than con-
to the zero-field case. tinuing to investigate the proximity effect. Our electrical
The transition from a strongly localizétlinsulating”) to  transport measurements were performed using three different
a weakly localized(“metallic” ) state was systematically electrical contact geometridgsee below. Our results show
studied by Herzogt al1°in various narrow superconducting that the negative resistance anomaly belwis induced by
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a particular arrangement of the electrical contacts in combi- 1 v
nation with the superconducting proximity effect. By con- : |
structing passive resistor circuits based upon the contact ge- - 3mm

ometry, we will demonstrate that this negative resistance ] 'l'
anomaly can be clearly reproduced. Hence, we require no
new or exotic physics to explain the negative resistance ob- A ALl 1.5 Hifi
served in our narrow wires.

Il. EXPERIMENT 0.5 mm 0.5 mm 0.5 mm

Our V/Au and V/Fe wires were prepared by oblique \'A I.
electron-beam evaporation onto V-groove-patterned InP sub-
strates with a period of 240 nf.The V, Au, and Fe were v, L
evaporated at a rate of 0.2 and 0.1 nm/s, respectively, in a
vacuum system with a base pressure~0£0 & mbar. All
targets were casted in an arc furnace from 99.99% pure bulk P
material. During evaporation, the V-groove InP substrates
were held at room temperature. The width of the wires was B
~150 nm as determined from inspection with a scanning
electron microscope.

Films with the same layer composition as the wires were
deposited simultaneously onto flat(@)1) substrates to en-
sure the same preparation conditions. These simultaneously
evaporated films served as reference samples for calibrating
the thickness of the V, Au, and Fe layers using electron- silver paint/indium contacts
probe microanalysis. The thickness of the V layer~igd0 / T
nm, whereas that of the Au and Fe layers~i2 nm. The ]
crystalline structure of the films was analyzed using x-ray C ; Jz mm
diffraction (XRD). The XRD analysis indicated that the films
possess a nanocrystalline structure with a random orientation il I
of the crystallographic axes of constituting grains. The lattice
constant of the V layers was the same as that for bulk vana-
dium (0'30.2 n_n). . FIG. 1. Various electrical contact arrangemefas B, and C)

Magnetization measurements conducted in the normal ;

. . . used to perform electrical transport measurements on V/Au and

state at 20 K using a superconducting quantum mterferenc\g”:e wire samples.
device (SQUID) magnetometefQuantum Design MPMS-

59 confirmed that the thin Fe cover layer is ferromagnetic . . . .
with a moment ofup,~1.1ug/Fe atom density was kept as low a possible, to avoid heating effects,
~1. . . : .

Electrical transport experiments were performed in a four—ahnd was typ(;cally In thi_ranhge of 10-100 ﬁ/?:rBy yar%mg .

probe configuration using the three electrical contact arine current density within this range, no change in the resis-

rangements shown in Fig. 1. The electrical contacts in geomt-'ve transitions was observed. During dc measurements, the

etry A and B were made on top of the wires by evaporatingVOIt""g(.e signal was always porrected for thgrmovoltages by

300 nm of Au through a mechanical mask held in closereversing the current direction or by recording the thermo-

proximity to the surface of the wire samples. The number ofVOI}agﬁ at zero mezlasunng current. Both methods yield ex-

wires contacted in parallel is typically 5% 10°, while the actly the same resu s. .

distance between adjacent contact pads-B&s5 mm. The The electronic mean free path of the wiles3 nm was

wire samples were glued in a chip holder, after which theestimated from their residual resistivity at 4.2 K. Since this

current and voltage lead#\u, ~20 um in diameter were value is much smaller than_ the BCS_coherence lerggth
attached to the Au contact pads by ultrasonic wire bonding~40 M for pure bulk ‘\‘/a_nadl_urlr_?,”our wire samples should
Contact geometrf is the same as geometdy but with the bg treated within the “dirty limit” regime. The dirty-limit
current and voltage leads interchanged. In contact geometf§NZburg-Landau coherence lengf0)~9 nm was deter-
C the current and voltage lead€u, ~100 zm in diametey . ined from the change of; in a fixed external magnetic
are attached to the sample using either silver paint or indiunfeld-
pressure bonding. For all contact geometries, the contact re-
sistance is less than 06. lll. RESULTS AND DISCUSSION

Low-temperature electrical transport measurements were
performed in various cryostats down to 1.4 K using ac or dc  Figure 2 illustrates the temperature dependence of the re-
measuring techniques. All measurements yield the same reistance(normalized to its normal-state value at 4.2 #r
sults. The measurements were performed in external mad-50-nm-wide V/Au and V/Fe wires in the vicinity of; in
netic fields up @ 8 T oriented parallel and normal to the various fixed external magnetic fields applied normal to the
sample plane. For resistance measurements the probe curreample plane. The measurements were performed using con-

<—+e
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(a)l ViAwies T measurements conducted using contact geomBtryield
1or w=150 nm similar results compared to those obtained for contact geom-
contact geometry A etry A.

The negative resistance anomaly observed in the resis-
tance measurements using contact geomeriasdB is also
manifested inl-V curve measurementsot shown by the
appearance of a pronounced negative voltage bélpvi®
We found that for small enough ac and dc driving currents
and sufficiently low temperatures, no negative voltage is in-
duced in our V/Au wires. However, for higher driving cur-
rents, a negative voltage appears which increases linearly
with driving current. In contrast, our V/Fe wires exhibit a
negative voltage even for the smallest driving currents,
which increases linearly with current. The linear current de-
pendence of the negative voltage indicates that the negative
resistance exhibits Ohmic behavior. The negative resistance
derived from thd -V curves equals the value observed in the
resistance measurements.

In summary, by using contact geometridsand B our
150-nm-wide V/Au and V/Fe wires exhibit a pronounced
negative resistance beloly.. The results for the V/Au wires
show that in zero external field and low enough driving cur-
rents this negative resistance vanishes at temperatures suffi-
ciently below T.. However, the negative resistance reap-
pears when a small external magnetic field or a higher
driving current is applied to the wires. For the V/Fe wires the
resistance is negative beloliy and independent of tempera-
ture, magnetic field, and driving current.

Figure 3 displays the temperature dependence of the re-
sistance for our 150-nm-wide V/Au and V/Fe wires in vari-
ous fixed external fields oriented normal to the sample plane.

e — The experiments were performed using contact geonr@try
1.0 15 2.0 25 3.0 35 4.0 (see Fig. L In contrast to the measurements performed using
T (K) contact geometrA andB, no negative resistance anomaly is

observed belowl , for this contact arrangement. The values

FIG. 2. The temperature dependence of the resistance in variouosf T, equal those measured using contact geomefiaad
fixed external fields applied normal to the sample plane figdor B ¢

(a) 150-nm-wide V/Au wires andb) 150-nm-wide V/Fe wires. The
measurements were performed using contact geonfetinsets:

magnification of the resistance curves beldw. Apparent is the
striking negative resistance which appears below
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The results of our resistance measurements clearly indi-
cate that the negative resistance anomaly is associated with a
particular arrangement of the electrical contacts. We note
that in contact geometries andB the two current leads are
tact geometnA (see Fig. 1 Very striking is the appearance connected to the Au contact pads near the sample edge, but
of a “negative resistance” for these wires beldly [see on opposite sides of the multiwire sample. Hence, when a
insets in Figs. @) and 2b)]. For our V/Au wires in zero current is injected, part of it will flow through the contact
external field, this negative resistance is only present jugpads from one edge to the other edge of the wire sample,
below T, and disappears again at temperatures sufficientlyvhich gives rise to an extra resistance in series with the
belowT.. Nevertheless, in the presence of an external magresistance of the wires. Like the two current leads, the two
netic field, this negative resistance persists down to lowestoltage leads are attached to the Au contact pads near the
temperatures with a value which is approximately indepensample edge on opposite sides of the wire sample. It is there-
dent of temperature and external field. Unlike the V/Aufore conceivable that the two narrow voltage leads probe the
wires, the negative resistance even in zero field for our V/Felectrochemical potential of two different sets of wires lo-
wires is approximately independent of temperature and pecated on opposite sides of the wire sample. Hence, in the
sists down to the lowest temperatures. Application of an expresence of a driving current, the Au voltage pads are not
ternal magnetic field does not affect the temperature depergquipotential areas.
dence or magnitude of the negative resistance. Hence, in the Based upon this qualitative analysis we can model contact
presence of an external field, the temperature dependengeometryA by the resistor circuit illustrated in Fig(a&, in
and magnitudé~1% of the normal-state resistanacef the  order to allow a more quantitative analysis. In our analog
negative resistance is approximately the same for our 150€sistor network two current paths or branches can be distin-
nm-wide V/Au and V/Fe wires. We note that the behavior ofguished. Each current path corresponds to a set of wires
this negative resistance as a function of temperature is indgrobed by one of the voltage leads. H&e, R,, Rz, Rg,
pendent of the way how the temperature is varied. Resistand®;, and Rg represent the resistances of the wire sections
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o
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. . . .
w=150 nm
[ contact geometry C 1 | \Y
08F . * ’
| H L plane . . . .
0.02 0T ] FIG. 4. The two resistor circuits corresponding to contact geom-
c 08 / J j J orsT [057T s etriesA andB in Fig. 1.

I 0.00 d 10T . . A .
0.4r 1 V/Au and V/Fe wires. In the following we will illustrate this
oot 1 for the zero-field resistance versus temperat[R{T)]

0.2 ool g . curves of our V/Au and V/Fe wires measured using contact
- ] geometryA (see Fig. 2 For the assumed temperature depen-
0.0 dence ofR; we take theexperimental RT) curves of our
" L 1 i

L . V/Au and V/Fe wires measured in zero field using contact
2.0 25 3.0 3.5 4.0 geometryC (see Fig. 3, in which no negative resistance
T (K) anomaly was observed.
In order to reproduce the experimental zero-fi&(T)
FIG. 3. The temperature dependence of the resistance in variousurve of the V/Au wires measured using contact geomatry
fixed external fields oriented normal to the sample plane hgéor [see Fig. 2a)], we have to assumB,(T)=0.02R,(T) for
(8) 150-nm-wide V/Au wires andb) 150-nm-wide V/Fe wires. The  T>T_ andT.,=0.93T.,. Here T, ~3.75K represents the
resistance was measured using contact geont@tipsets: magni-  transition temperature d&, (i.e., V/Au wires, whereasT .,
fication of the resistance curves beldy. Note the absence of the represents the transition temperatureRaf(i.e., Au contact
negative resistance beloW, for this contact arrangement. pads. The assumed zero-fiel,(T) andR,(T) curves are
, illustrated in Fig. %a). SubstitutingR;(T) and R,(T) into
between adjacent contact pads, wheRasRs andRy, Rqp Eq. (1) we obtain the temperature dependence Ryf
represent the resistances of the two Au current and voltag{q;zA(T)] in zero field. Thesimulatedzero-fieldRA(T) curve

pads, respectively. Because the length of the wire sectiong ghown in Fig. ). Note that the negative resistance dip
between adjacent contact pads is the same in contact geo']ﬂ'st belowT, is clearly reproduced by this simulation.

etry A, we can simplify our analysis by assumifigj =R, Hence, in order to explain the negative resistance dip in
=R3=Rs=R;=Rg. Moreover, since the dimensions of the y,o eynerimental zero-fiel®(T) curve of our V/Au wires
Au contact pads are approximately equal, We_further assum@ee Fig. 28)], we have to assume that a superconducting
that R4=Rs=Rg=Ryo. The "measured resistanceRa  |ayer is nucleated in the contact pads which extends over the
= (V4 —V._)/l for contact geometrj expressed in terms of \hole area of the contact padsTat = 0.93T.,~3.49 K. The
R, andR, is then given by only possible way to induce such a superconducting layer in
5 5 the Au contact pads at this temperature is via the proximity
_ 2R1+2RiR,— R} effect. The proximity effect occurs because Cooper pairs
AT AR+Ry) (1) from a superconductor in contact with a normal metal pen-
etrate into the normal metal over a typical distance known as
From Eq.(1) it is easy to see that the measured resisté)ce the proximity length. The proximity length in a normal metal
becomes negative wheneRy<R,, which occurs when the  &,~ (%D, /27wkgT) 2, whereD,=vl/3 is the diffusion con-
V wires becomes superconductin®,&0), while the Au  stant,v¢ the Fermi velocity, and the elastic mean free path
contact pads remain resistivR{>0). of the normal metal. Hencég, increases for decreasing tem-
By using Eq.(1) we tried to reproduce the negative resis- peratureT.
tance anomaly observed beloW. for our 150-nm-wide Since the Au contact pads are deposited onto a regular
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. T T , creasing temperature reflects the growth of these proximity-

10f(@) 10.020 effect-induced superconducting regions. AT=T.,
I ~3.49 K, the superconducting volumes induced around each
) 08T 150 nm wide V/AU wires R,(M Joois @ V wire start to overlap such that a continuous superconduct-
S 06 ] 5 ing layer is formed, which extends over the whole area of the
s HH=0T Loo108 contact pads. In order to form a continuous superconducting
L o4l s layer, we estimaté,~ %° nm, because the distance between
o RAT) ot neighboring wires is 240 nm. By assumihg 100 nm for the
02l 70-005 Au contact pads and using:-~ 1.4x 10° m/s for Au, we find
£,~130nm atT=3.49 K. This value is in good agreement
0.0 0.000 with &,~120 nm estimated to form a continuous supercon-
' . L ' L ducting layer extending over the whole area of the contact
2.5 3.0 3.5 4.0
T (K) pad. .
Resistance measurements performed on our V/Au wires
using contact geometrn show that the negative resistance
persists down to the lowest temperatures by applying a small
1op (b) - ' ‘ ™ Joom (~0.1 T) external magnetic field. This behavior implies that
R(T) in the presence of a small magnetic field, the Au contact pads
o 081 1 — do not become superconducting, but remain resistRg (
= 150 nm wide V/Fe wires 70015 ‘g >0). Consequently, the measured resistaRgET) remains
S o6 HeoT 3 negative when the V/Au wires are superconductirigy (
g - #ot = Ho.010 g =0). The fact that the contact pads remain normal can be
T 04r R ~ explained by assuming that nucleation of a superconducting
T do.005 o« layer is strongly suppressed by application of an external
o2r magnetic field of~0.1 T.
00 0,000 In addition, we also tried to simulate thexperimental
’ , ) . ] , . . : zero-fieldR(T) curve of our 150-nm-wide V/Fe wires mea-
2.5 3.0 35 4.0 sured using contact geometfy[see Fig. 20)]. The experi-

T (K) mental R(T) curve can be reproduced by assumRgT)
=0.0Ry(T) for T>T,; and T4<T¢,. The assumedzero-
field R1(T) and R,(T) curves are illustrated in Fig.(B).

T T T . Figure 5c) shows thesimulated zero-field Ro(T) curve

10f(¢) 150 nm wide wires 1 based upon the assum&j(T) and R,(T) curves. Also in

I V/Fe ] this case, the experimental zero-fi®(T) curve of our V/Fe

< OB o mH=0T A wires, measured using contact geomeftycan be nicely
Y 06 fon | reproduced. Since for this simulation we have to assume

= ' V/AU R4(T)=0.0R(T) for T>T,; and T.4,<T.q, such implies

E( 0.4 o ] that the contact pads remain norm&,&0) for T>Tg,.
o 001 J \/ ] Hence, in zero external field, no proximity-effect-induced su-
02| i perconducting layer is formed in the contact pads of our
P®TES s0 s s ] V/Fe wire samples. This can be explained by considering the
0.0 fact that the thin ferromagnetic Fe layer on top of the V/Fe
Py 3f0 3f5 —5 wires breaks Cooper pairs, such that diffusion of Cooper

T (K pairs into the normal Au contact pads is strongly suppressed.
() Because the contact pads remain resistRgX0), the mea-

FIG. 5. The assumed temperature dependence of the resistanc%‘éred resistancky in Eq. (1) will remain negative down to

R; andR, of the resistor circuit corresponding to contact geometryT“Tc4<T91- )
A in zero magnetic field fofa) 150-nm-wide V/Au wires andb) The resistance measurements performed using contact ge-

150-nm-wide V/Fe wires(c) The simulated temperature depen- Ometry A show that the zero-fiel®R(T) and field R(T,H)
dence of the measured resistafe(normalized to its value at 4.2 curves of our V/Fe wires exhibit the same temperature be-
K) in zero magnetic field for our 150-nm-wide V/Au wirggsing  havior (apart from the usual reduction @f. in an external
R4(T)=0.0R(T) for T>T,; andT,=0.93T ] and for our 150- magnetic fielgl This field-independent behavior can be un-
nm-wide V/Fe wires[using R,(T)=0.0Ry(T) for T>T,; and derstood by realizing that superconductivity in the contact
Tea<Tel pads is already strongly suppressed by the ferromagnetic Fe
layer. A similar suppression of the superconducting proxim-
grid of V wires, which are only 240 nm apart, it is conceiv- ity effect by a thin ferromagnetic Fe layer was recently ob-
able that, once the V wires have become superconductingerved in V/Fe multilayer system&!?
superconductivity is also induce@ia the proximity effeck The resistor circuit corresponding to contact geom&ry
in regions of the contact pads surrounding the V wires. Thes illustrated in Fig. 4b). The equation for the measured
suppression of the negative resistance anomaly in the zeroesistance using contact geomeByis the same as Ed1l)
field R(T) curve of our V/Au wires[see Fig. 2a)] for de-  derived for contact geometd. Hence, for contact geometry
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B, the same analysis can be applied as for geom&tr®n  can induce a pronounced negative resistance anomaly below
the other hand, no negative resistance anomaly was observéd. By constructing resistor networks based upon the contact

below T, in resistance measurements performed using congeometries in which such anomalies appear, we were able to
tact geometrnyC (see Fig. 3 This is due to the fact that in derive expressions for the measured resistance. From these
this contact geometry, the current and voltage leads are aexpressions we could clearly reproduce the negative resis-

ranged along a straight line, resulting in a single well-definedance anomaly observed belovy .

current path. Consequently, the two voltage probes measure

the electrochemical potential along the same current path.
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