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a b s t r a c t

Superconducting triangular Nb wire networks with high normal-state resistance are fabricated by using a
negative tone hydrogen silsesquioxane (HSQ) resist. Robust magnetoresistance oscillations are observed
up to high magnetic fields and maintained at low temperatures, due to the effective reduction of wire
dimensions. Well-defined dips appear at integral and rational values (1/2,3/8,1/4) of the reduced flux
f = U/U0. These results are consistent with theoretical calculations for the reduced critical temperature
as a function of f.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Wire networks are particularly useful model to investigate the
lowest energy spectrum of a lattice for tight binding electrons in
a homogeneous magnetic field [1]. A triangular wire network is a
basic geometric structure in frustrated systems [2]. To our knowl-
edge, although experimental and theoretical studies have
discussed the triangular geometry in various arrays (e.g. fractal
Sierpinski gaskets [3], Josephson junction arrays [4–6], arrays of
antidots [7–9]), a direct experimental result of triangular wire net-
works has not been reported on magnetoresistance measurements
in pervious works. On the other hand, the phase interference
phenomena in wire networks are quite sensitive to coherence of
the order parameter [10,11]. Therefore, it is important to fabricate
the wires with cross section dimensions comparable with the tem-
perature dependent coherence length n(T) [12]. It is worth to note
that, due to the divergence of n(T) near Tc, the arrays of antidots
could crossover to a network regime and show collective oscilla-
tions [11,9].

Here we investigate the triangular wire networks, fabricated by
a negative tone resist hydrogen silsesquioxane (HSQ, Dow Corning
Co.). HSQ is a high sensitive and etching durable resist, which can
effectively reduce the dimensions of wires. Due to the weak local-
ization, our samples made of pure Nb thin films show a high
normal-state resistance, in contrast to the works done on low-Tc

Al [11]. These samples with a lattice constant a much larger than
ll rights reserved.
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nðTÞ, can be viewed as weakly coupled wire networks [11,13].
Pronounced dips at both integral and fractional reduced flux
f = U/U0 are found in the magnetoresistance measurements, which
are consistent well with the numerical results. Interestingly, the
magnetoresistance oscillations can survive at much high magnetic
fields and sustain at relatively low temperatures.
2. Experimental details

Nb thin films with a thickness of 50 nm were deposited on
oxidized Si substrates by magnetron sputtering. 100 nm thick
HSQ resist was spun on the thin film and baked at 170 �C for
120 s. Designed patterns including four-probe microbridges were
written by electron beam lithography (EBL) on HSQ resist. The re-
sist was developed for 90 s in a 6.25% tetramethylammonium
hydroxide (TMAH) aqueous solution. Finally, the patterns were
transferred to the Nb layer by reactive ion etching (RIE) in SF6

and O2 plasmas. Wire networks were obtained in the centers of
the Nb microbridges, with an area of 36 lm � 37 lm. One of the
Nb microbridges was intentionally unpatterned and used as a
reference. Fig. 1 shows a typical image of scanning electron micro-
scope for a triangular Nb wire network, with a lattice constant
a = 525 nm and a uniform wire width DW = 40 nm.

Transport measurements have been performed in Physical
Properties Measurement System (PPMS-14, Quantum Design
Inc.). Phase lock-in amplifiers (SR-830) are used for ac-current
supplies with a frequency of 30.9 Hz. Magnetic field is applied per-
pendicular to the surface of thin films. The temperature stability is
approximately 2 mK during the measurements. The superconduc-
ting coherence length nð0Þ is 8.6 nm and the penetration depth
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Fig. 1. Image of scanning electron microscope for a triangular Nb wire network,
with a lattice constant a = 525 nm and a wire width DW = 40 nm.
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kð0Þ is 97.2 nm, determined by measuring the HðTÞ of the reference
Nb microbridge [14].
3. Results and discussion

As shown in Fig. 2a, the reference Nb thin film has a critical
temperature Tc of 7.920 K and a superconducting transition width
DTc of 63 mK (10–90% Rn criterion, where Rn = 3.822 X is the
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Fig. 2. (a) Resistance as a function of temperature for triangular wire network and
reference Nb film, with I = 5 lA. (b) Magnetoresistance of the triangular wire
network, measured at T = 6.600 K (t = T/Tc = 0.954), with I = 5 lA. The right axis
indicates that the reduce resistance R=Rn.
normal-state resistance at 8.5 K). In contrast to the reference film,
broad superconducting transition is visible for the thin film with
triangular network. Tc and DTc of the fabricated triangular network
is 6.920 K and 672 mK, respectively. The expansion of DTc is due to
the reduced wire dimensions in the fabrication, as commonly seen
in nanowires [15]. Note that Tc is defined by the temperature
where dR=dT has the largest value. With Rn = 93.124 X at 8.5 K,
we can roughly estimate the resistance of a single wire (� Rw) by
following way: As shown in Fig 1, the current is applied along
the X direction. The array has a length Lx of 80 unit cell and a width
Ly of (70 � 2–1), then

Rn ¼
Rw

ð2� 70Þ � 80;

Rn ¼ 93:124:
ð1Þ

From the Eq. (1), we have Rw � 163:0X and resistivity q=Rw�DW d/
L = 0.62 lX-m, where d is the thickness of thin films. This result
indicates that the dimensions of the wire are effectively reduced.

Fig. 2b plots the resistance R as a function of the magnetic field
at T = 6.600 K, with current I = 5 lA. Non-monotonic magnetoresis-
tance oscillations are observed at least up to 4000 Oe, with a series
of dips appearing at periodic values of the magnetic field. The max-
imum of R is found smaller than 1.5% Rn in the present curve,
suggesting that a very high magnetic field is needed to turn this
system to normal state. At a lower temperature of 6.480 K, the
upper critical field of the network is as large as 1.1489 T (50%Rn cri-
terion), which is much larger than the theoretical bulk critical field
Hcb = U=½2pnðtÞ2� = 0.2832 T at the same reduced temperature t = T/
Tc = 0.936. This indicates a strong enhancement of critical field in
the reduced dimensional samples. The oscillation period
H1 = 173.9 Oe corresponds to one quantum flux U0 = hc/2e per
elementary triangular loop in the network. These oscillations re-
flect the collective effect of quantization phenomena similar to that
of Little–Parks effect [16]. The enclosed area inside elementary
loops, estimated from this magnetic period, corresponds to trian-
gular cells of side a ¼

ffiffiffiffiffiffiffiffiffi
4U0ffiffi
3
p

H1

q
¼ 524 nm. This value is closed to

the one extracted from the image of scanning electron microscope
(SEM): a = 525 ± 4 nm.

Due to thin width of the wire (40 nm) and broad transition
width, we observe the magnetoresistance oscillations in a wide
range of temperatures. The present curve in Fig. 2b is measured
at t = 0.954, which is lower than the reported typical value
(t = 0.990) for perforated samples. Similar phenomena have also
been found in TiN thin film with square arrays of antidots [17]
and high-Tc NbN films with ferromagnetic nanowires arrays [18].
In the temperature range of t = 0.954�0.990, nðtÞ varies between
40 nm and 86 nm. Thus, at the measured temperatures, nðtÞ is al-
ways comparable with the width of thin wire, but much smaller
than the lattice constant a. Our sample can be treated as a weakly
coupled wire network system.

As shown in Fig. 3, magnetoresistance curves for the same net-
work are measured at several temperatures. Distinct dips at frac-
tional matching fields (1/4, 3/8, 1/2. . .) are visible when one
zooms in the low field regime. The dips are symmetrically located
around f = 1/2. All these features show a collective behaviors,
where stable vortex configurations are established at certain mag-
netic fields [19].

The superconducting wire network near the second order phase
boundary can be well described by the de Gennes–Alexander for-
mula based on the linearized Ginzburg–Landau theory [12,20].
The equations for wire networks leads to an eigenvalue problem
which is expressed in terms of the ground state eigenvalue �ðf Þ
of the tight band spectrum [12,1]. For the triangular lattice, using
Landau gauge and periodic boundary conditions, the correspond-
ing equations have the following forms:
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Fig. 3. Resistance as a function of the reduced flux U=U0, measured at several
temperatures. Fractional reduced flux f = U/U0 = 1/4, 3/8, 1/2, 5/8 and 3/4 are
observed. Solid curve is the numerical result of the mean field G–L theory, with
reduced units [1� Tcðf Þ=Tcð0Þ] vs f. (see right axis).
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�ðf ÞDn ¼ 2 cos½ð2n� 1Þpf � ky

2
�e�i

ky
2 Dn�1 þ 2 cosð4npf � kyÞDn

þ 2 cos½ð2nþ 1Þpf � ky

2
�ei

ky
2 Dnþ1; ð2Þ

where �ðf Þ is the eigenvalue equation. Dn is the value of order
parameter at node n. ky ¼ 2p k�1

N ; k ¼ ð1; . . . ;NÞ implies the periodic
condition along the y axis.

1� Tcðf Þ
Tcð0Þ

¼ nð0Þ2

a2 ½arccosð�ðf Þ
6
Þ�2; ð3Þ

The numerical results of Eq. (3) have been plotted in Fig. 3, with
reduced units ½1� Tcðf Þ=Tcð0Þ� as a function of reduced flux f. As
can be seen, the theoretical curve shows the nearly same fine
structures. The location and the relative magnitude of the dips
are reproduced at rational values U=U0 ¼ ð1=2;3=8;1=4 . . .Þ and
in good agreement with the experimental data. The missing dips
at (1/3, 2/3)H1 in experimental data is not clear yet. One possibility
is that our wire network is not large enough (139 � 80) to fulfill the
periodic conditions. Another is maybe there are some disorders in
the networks, since it is difficult to fabricate perfectly symmetric
networks [21]. The fine structures of the TcðHÞ of triangular wire
network have also been studied by using analytical approach based
on multiple-loop Aharonov–Bohm Feynman path integrals [6].
In conclusion, we have investigated the responses of a super-
conducting triangular Nb wire network to a perpendicular mag-
netic field, which shows a high normal-state resistance. Due to
the effective reduction of wire dimensions, strong magnetoresis-
tance oscillations have been observed up to much high magnetic
fields and maintained at low temperatures. In addition, pro-
nounced dips at integral and fractional reduced flux f = (1/2, 3/8,
1/4) are found, which is in good agreement with the theoretical
analysis. Our samples are promising to study phase fluctuations
and superconductor to insulator transition in ultrathin nanowire
systems.
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