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Superconducting wire-networks are paradigms to study Cooper pairing issues, vortex dynamics and arrangements.
Recently, emergent low-dimensional crystalline superconductors were reported in the minimal-disorder limit, providing
novel platforms to reveal vortices-related physics. Study on superconducting loops with high-crystallinity is thus currently
demanded. Here, we report fabrication and transport measurement of finite square-network based on two-dimensional
crystalline superconductor Mo2C. We observe oscillations in the resistance as a function of the magnetic flux through the
loops. Resistance dips at both matching field and fractional fillings are revealed. Temperature and current evolutions are
carried out in magnetoresistance to study vortex dynamics. The amplitude of oscillation is enhanced due to the interaction
between thermally activated vortices and the currents induced in the loops. The driving current reduces the effective
activation energy for vortex, giving rise to stronger vortex interaction. Moreover, by the thermally activated vortex creep
model, we derive the effective potential barrier for vortex dissipation, which shows well-defined correspondence with
structures in magnetoresistance. Our work shows that low-dimensional crystalline superconducting network based on
Mo2C possesses pronounced potential in studying the modulation of vortex arrangements and dynamics, paving the way
for further investigations on crystalline superconducting network with various configurations.

Keywords: superconducting wire-network, crystalline superconductor, vortex dynamics, low temperature
transport

PACS: 74.78.–w, 74.81.Fa, 74.25.F–, 74.25.Ha DOI: 10.1088/1674-1056/ac67c7

1. Introduction
In a superconducting loop, due to the requirement of

single-valued property in complex superconducting order pa-
rameter ψ , the phase ϕ changes by integral multiples of 2π ,
leading to flux quantization, with the flux quantum Φ0 =

h/2e.[1,2] In the presence of magnetic field, the induced su-
percurrent in loop changes periodically, which tunes critical
transition temperature Tc periodically, as revealed by oscillat-
ing magneto-resistance in Little–Parks experiments,[3–5] with
oscillation period H0 = Φ0/S, where S is the loop area. Subse-
quent studies extended phase-related characteristics into two-
dimensional (2D) superconducting nanostructures.[6–23] This
phase coherence in superconductors is an intrinsic property,
providing a powerful tool for dealing with problems of super-
conductors under magnetic field, such as the pairing puzzles in
insulating state,[6] anomalous metallic state[7] and magneto-
resistance peak anomaly[8] in the superconducting to insulat-
ing transition (SIT), as well as pairing symmetry issues in un-
conventional superconductors.[24,25]

In terms of superconducting wire network, flux quan-
tization is required at every single cell. What makes net-
work different from single loop is that the arrangements of
vortices are correlated, following the minimum-energy prin-
ciple. Thus the vortex arrangement plays an essential role
in determining Tc.[9–12] The value of magnetic field is de-
scribed as filling factor f = H/H0, where H is the applied
field. When f equals an integer, due to the flux quantiza-
tion, this corresponds to integral multiples filling of vortices
in every unit cell of the network, accompanied by significant
enhancement of Tc and large resistance dips. When f is a non-
integer, nevertheless, at some specific fields, the arrangement
pattern of vortex-lattice is energetically favored, leading to ad-
ditional resistance dips at these fields, namely, fractional fill-
ing states.[9–12] Typically, the superconducting square-lattice
network is a good candidate to experimentally study the ar-
rangement of vortices.[13–17] For example, f = 1/2 represents
an energetically favored checkerboard pattern, manifested by
secondary dips of the magneto-resistance.[18–20]
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It is intriguing to study vortex dynamics in artificial super-
conducting nanostructures, which induce a modified potential
for vortex motion. For example, interacting vortices confined
in an asymmetric potential reveal ratchet effect and multiple
drift reversals.[26] Signature of Weber blockade is observed
in narrow superconducting nanowire with regular oscillation
in magnetoresistance, corresponding to single vortex entry.[27]

Besides, large oscillations of magnetoresistance in supercon-
ducting double network are caused by the interaction between
thermally excited moving vortices and currents induced in the
nanoloops.[21] However, quantitative description of the poten-
tial barrier for tunable vortex motion in superconducting net-
work is still lacking.

Recently, the advance of technology for fabricating 2D
crystalline superconducting materials with higher quality,
lower disorder and less defects, is of great benefit to carry
on phase-coherence related study.[28] It is highly demanded to
develop loop structures and explore the phase-related physics
and vortex physics in crystalline superconductors. Mo2C crys-
tal, grown by chemical vapor deposition (CVD) method, is
an air-stable 2D high-quality crystalline superconductor with
Tc = 3–4 K.[29] Recent study has shown that Mo2C is an ex-
cellent platform to study the tuning of superconductivity and
vortex related physics.[30–32] Therefore, it is tempting to study
superconducting wire network structure in low-dimensional
crystalline Mo2C.

In this work, we fabricated finite superconducting square
wire-network based on 2D crystalline Mo2C by lithography
and etching method, then carried out low-temperature electri-
cal transport measurement. Magneto-resistance dips at both
the integral and fractional filling factors are revealed. The
amplitude of oscillating magneto-resistance versus tempera-
ture is larger than that predicated by the Little–Parks theory,
due to the interaction between vortices and currents induced in
the loop. Further increasing the driving current decreases the
effective vortex excitation energy and gives birth to stronger
vortex interaction. Moreover, effective potential barrier for
vortex dissipation derived from vortex creep model oscillates
and matches well with the periodicity in magneto-resistance.
Our work demonstrates that Mo2C crystalline superconduct-
ing wire-network provides a high-quality and promising plat-
form to study vortex arrangements and dynamics.

2. Experiments
The as-grown 2D Mo2C crystals were transferred onto

SiO2/Si substrates for device fabrication and electronic trans-
port measurements. To avoid pinning effect at multi-domain
boundaries, we selected rectangle and octagonal shaped sam-
ples with single domain.[30,31] Figure 1(a) shows the schematic
of a standard four-terminal device of superconducting Mo2C
crystalline square network and the electrical measurement

setup. The electrodes were first fabricated by the standard
electron-beam lithography (EBL) followed by electron-beam
evaporation (EVE) of bilayer-metal Ti/Au = 5/90 nm. Then we
etched Mo2C channel crystals via the mask of electron-beam
resist defined by another EBL process. The etching was con-
ducted in an inductive coupled plasma (ICP) enhanced reactive
ion etching (RIE) equipment, whose recipes include 300 W
RF power, 80 W ICP RF power, 50 sccm CF4 as main etchant,
35 mTorr pressure and 30 s process time to ensure complete
reaction of Mo2C crystal. Figure 1(b) shows a scanning elec-
tronic microscopy (SEM) image from a part of an etched
Mo2C square-network sample Dev.01 with the inner loop size
400×400 nm2 and the wire width 200 nm. The total number
of unit square is 15×20 = 300. The low-temperature electrical
transport measurements were conducted either in a physical
property measurement system (PPMS) or a Dewar with vari-
able temperature insert (VTI) equipment, cooling the sample
down to 2 K with tunable magnetic field perpendicularly ap-
plied to the sample plane. An alternating current (AC) method
using a lock-in amplifier at a low frequency of 17.777 Hz
was employed with the driving current ranging from 10 nA
to 100 µA.

3. Results and discussion
The inset of Fig. 1(c) shows resistance versus tempera-

ture with driving current 1 µA in Dev.01, from which super-
conducting transition can be observed. The critical transition
temperature Tc is defined at which resistance equals 99%Rn,
where Rn is the normal state resistance, yielding Tc = 2.96 K.
The main panel of Fig. 1(c) shows the field dependence of
the network resistance at 2.6 K, indicated by the green dot
in the inset. We observed regular oscillations superposed on
a parabolic background. This parabolic envelope stems from
the contribution of the bulk of Mo2C strips.[5,13] The oscillat-
ing period is H0 = 56.5 Oe, corresponding to an effective loop
area of S = 0.366 µm2, which is equivalent to the length of
side 605 nm. Due to the finite width w = 200 nm in Mo2C
strip, the equivalent length lies between the outer and inner
boundaries for unit square. As shown by the white dashed box
in Fig. 1(b), the actual effective area circles along the middle-
line of the stripe, in reasonable agreement with the lattice pa-
rameter of the nano-patterned square network. Therefore, the
periodic modulations pointed by black arrows are close to the
Little–Parks effect, where each unit square is filled with inte-
gral multiple of vortices, leading to commensurate filling and
forming an energetically stable lock-in state.[9]

Figure 1(d) is a magnification of the first oscillating pe-
riod in Fig. 1(c), shaded in light canary. The abscissa is re-
duced to filling factor f =H/H0 and the parabolic background
has been subtracted. As indicated by the arrows, well-defined
dips are observed at f = 1/3, 1/2, 2/3 and other fillings, in
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addition to the fundamental dip at f =±1. These dips at frac-
tional fillings are associated with the commensurate arrange-
ment of vortex-lattice with lower energy in the presence of un-
derlying network.[33,34] Quantitatively, the phase boundaries
are calculated in the spirit of mean-field theory by solving the
linearized Ginzburg–Landau equation on the nodes.[9,10] This
is analogous to the problem of an electron on a square lattice

with unifrom magnetic field, whose energy spectrum is calcu-
lated in the tight-binding form by Hofstadter[35] and only the
edge of the spectrum is related to superconducting-network
problem. The factional fine structures in Fig. 1(d) are in agree-
ment with the theory[9] and previous expriments,[13] indicating
the effective interaction between vortex-lattice and underlying
crystalline Mo2C wire network.
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Fig. 1. (a) Schematic of four-terminal device and its electrical measurement for finite superconducting square wire-network based on 2D crystalline
Mo2C. The square network is fabricated by reactive ion etching with etchant CF4. Green dots represent fluorinion excited by plasma. (b) SEM
image of a part of network channel in Dev.01. The white dashed box indicates the effective loop area. (c) Magnetoresistance at 2.60 K. The arrows
indicate the magnetic field values corresponding to integral number of filling factor f = H/H0 per unit cell of the network. Inset shows resistance
versus temperature with critical temperature Tc = 2.96 K. (d) Magnified view of the first period (−H0 6 H 6 H0) of the critical line. In addition to
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Then, we conducted temperature evolution of magneto-
resistance from 2.6 K to 2.78 K in Dev.01, as seen in Fig. 2(a).
After subtracting the parabolic background, oscillating resis-
tances ∆R versus filling factor f in the first period were plot-
ted in Fig. 2(b). Mean variation of the oscillation resistance
amplitude ∆R was obtained by averaging over five periods of
oscillation and shown as blue dots in Fig. 2(d). Notably, the
∆R is non-monotonic with temperature, exhibiting the max-
imum amplitude around 2.65 K, which is closely related to
vortex dynamics.[17] Initially, the activation energy of vortex
decreases with increasing temperature, hence, the resistance
amplitude climbs up at lower temperatures due to the rising
effective vortex dissipation. However, this rise sees a turning
point at 2.65 K, when stronger interaction between vortices de-
creases their mobility, giving rise to less effective dissipation,
thus a drop of ∆R. In addition, temperature approaching Tc

destroys superconducting phase coherence in network, further
diminishing the ∆R.

This non-monotonic ∆R–T relation is reminiscent of
the Little–Parks effect, in which the resistance oscilla-
tion amplitude is also non-monotonic in terms of ∆R =

∆Tc(dR/dT ).[3–5] The amplitude of oscillations in Tc is ∆Tc =

0.14Tc(ξ0/r)2,[1] where ξ0 is the coherence length and r is
the loop effective radius r = (Φ0/πH0)

1/2 = 341.5 nm. Ac-
cording to the Ginzburg–Landau coherence length for pure
superconductor,[1] ξ (T ) = 0.74ξ0(1− T/Tc)

−1/2, using typ-
ical value of ξ (0) = 22 nm at T = 0 K in Mo2C[29] we es-
timated ξ0 ≈ 30 nm, which yields ∆Tc = 3.2 mK. Then we
can calculate oscillation amplitude ∆R with ∆Tc timing tem-
perature derivative dR/dT and the result is shown as black
square symbols in Fig. 2(d). However, it can be seen that the
amplitude by the Little–Parks theory is much samller than the
measured ∆R.

Recent study focusing on the amplitude anomaly pro-
posed a model that the enhancement of ∆R is due to the
interaction between thermally excited moving vortices and
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the oscillating persistent currents induced in the loops,[21,22]

where the induced current is periodic stemming from the flux
quantization,[2–5] with the derived ∆R as follows:

∆R = RLoop
I1(Ev/2kBT )
I0(Ev/2kBT )3

[
E0

2kBT

]2

, (1)

where RLoop is the effective resistance from the loop, I1

and I0 are respectively the first-order and zero-order modi-
fied Bessel functions of the first kind, kB is the Boltzmann
constant, Ev is the energy needed for creation of the vor-
tex/antivortex in a ring, E0 is associated with the interaction
between a vortex or an antivortex and the current. Specifi-
cally, Ev = Φ2

0 ln[2w/πξ (T )]/8π2Λ(T ), where w is the an-
nulus width, ξ (T ) = 0.74ξ0(1− T/Tc)

−1/2 is the Ginzburg–
Landau coherence length[1] and Λ(T )= 2λ (T )2/d is the Pearl

penetration depth in a film of thickness d with the London
penetration depth[1] λ (T ) = λ0[1 − (T/Tc)

2]−1/2, and E0 =

Φ2
0 ln[(r+w/2)/(r−w/2)]/8π2Λ(T ).

In Dev.01, the film thickness is d = 12 nm measured
by atomic force microscopy (AFM). Taking r = 341.5 nm
into Eq. (1) to fit ∆R–T yields λ0 = 515 nm, ξ0 = 30 nm,
RLoop = 0.92 Ω, Tc = 2.95 K, w = 190 nm. The obtained
parameters are physically reasonable. Note that the lithogra-
phy and etching process may cause damage to the surface and
sides and decreases the effective width. Nevertheless, the suc-
cessful fitting in Fig. 2(d) indicates that the model[22] accounts
well for our experiments and we conclude that the amplitude
anomaly mainly stems from contribution of the vortex dynam-
ics.
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Fig. 2. (a) Resistance of the superconducting crystalline square-lattice as a function of magnetic field perpendicular to the sample plane at
different temperatures from 2.6 K to 2.78 K. (b) Magnified view of the first period (−H0 6 H 6 H0) of the critical line in (a) after subtracting
a parabolic background. (c) FFT for ∆R–T in (b) from 2.6 K to 2.78 K. Amplitude peaks denoted by H1, H2, H3, H4, H5 and H6 correspond to
oscillation periods of 56.5 Oe, 28.24 Oe, 18.87 Oe, 14.15 Oe, 11.3 Oe and 9.45 Oe, respectively, in line with the integral and fractional fillings
in magnetoresistance. (d) Temperature dependence of the mean oscillation amplitude (blue circles) corresponds to y-axis on the left side. The
red solid line is fitted with Eq. (1). The black squares show the resistance oscillations amplitude calculated for the Little–Parks effect. The
orange snowflake symbols represent the amplitude of FFT for H1 corresponding to the y-axis on the right side.

Apart from tuning the ∆R with temperature, as seen in
Fig. 2(b), fine structures at fractional fillings gradually disap-
pear with rising temperature. Nevertheless, resistance dips at
f = N, where N is an integer, still survive at 2.78 K, indi-
cating more stable vortex-arrangement in integral filling than
that of fractional filling. This characteristic is obvious by per-
forming fast Fourier transform (FFT) analysis in ∆R–H. Fig-
ure 2(c) depicts temperature evolution of FFT. Notably, mul-
tiple amplitude-peaks versus frequency are revealed, corre-
sponding to H1 = 56.5 Oe, H2 = 28.24 Oe, H3 = 18.87 Oe,
H4 = 14.15 Oe, H5 = 11.3 Oe and H6 = 9.45 Oe, as labeled

in the figures. H1 equals the H0, the interval between adjacent
dips of integral fillings in Figs. 1(c) and 2(a), thus H1 corre-
sponds to the period of magneto-resistance oscillation. The re-
lation of these peaks follows H1 = 2H2 = 3H3 = 4H4 = 5H5 =

6H6. Hence, H2 denotes period at f = 1
2 +N, and H3, H4 are

related to structures at f = 1
3 or 2

3 +N and f = 1
4 or 3

4 +N,
respectively. H5 is related to structures at integral multiple of
f = 1

5 . H6 could be the rational structures at f = 1
6 or 5

6 +N,
as well as the difference between structures at f = 1

2 +N and
f = 1

3 or 2
3 + N. In addition, the amplitude of these peaks

declines monotonically from H1 to H4, suggesting that vor-
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tex arrangement at f = 1
2 +N is the most stable type among

the fractional fillings in terms of temperature, while less stable
than that of f = N. The FFT amplitudes versus temperature
from H1 to H4 follow the similar non-monotonically trend of
variation, while the changes of FFT amplitude for H5 and H6

are too small to distinguish. We plot typical data of H1 in
Fig. 2(d), in good accord with the non-monotonic behavior of
∆R–T .

Since we have elucidated temperature evolution of vortex
in the superconducting network, it worths noting that driving
current can also tune the vortex dynamics effectively. Spe-
cially, we fixed the temperature near the largest resistance

oscillation amplitude, denoted by the green dot in the cool-

ing curve for Dev.02 in Fig. 3(a). The current evolution of

magneto-resistance after subtracting parabolic background is

seen in Fig. 3(b). Six periods are shown and the signal-to-

noise ratio is relative poor in the lower current regimes. Nev-

ertheless, FFT analysis reveals multiple peaks at H1 and H2,

corresponding to f = N and f = 1
2 +N, respectively, indicat-

ing effective interaction between vortex-lattice and underlying

network. ∆R–I and FFT amplitude at H1 are obtained in the

same way above and plotted in Fig. 3(d), displaying monotonic

decrease trend versus increasing current.
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to 100 µA. Amplitude peaks denoted by H1 and H2 correspond to oscillation periods of 66.56 Oe and 33.3 Oe, respectively, in line with the
structures at f = N and 1

2 +N in magnetoresistance, where N is an integer. (d) Temperature dependence of the mean oscillation amplitude
(blue circles) corresponds to y-axis on the left side. The red solid line is fitted based on a phenomenological model in the main text. The orange
snowflake symbols represent the amplitude of FFT for H1 corresponding to y-axis on the right side.

In the presence of field, thermally assisted creeping
of vortices over pinning energy barrier contributes to the
dissipation,[1,36,37] which can be described by an Arrhenius
activation law

R = R0exp
(
− U

kBT

)
, (2)

where kB is the Boltzmann constant, R0 is the preexponential
factor, and U is the flux pinning energy or activation energy
for flux creep that depends on the strength of the applied mag-
netic field. It can be seen that the contribution to the resistance
is closely related to the flux activation energy U .

Inspired by the thermally activated flux creep model, the
influence of increasing the driving current should reduce the

effective activation energy of vortex for dissipation, leading
to enhanced density of dissipative-vortex. At the temperature
point where ∆R is the largest, the vortices work in the most dis-
sipative way. Further increasing the driving current creates ex-
cessive dissipative-vortices that interact with each other, lead-
ing to lower efficiency for dissipation, which accounts for the
monotonic decrease of ∆R–I.

To quantitatively illustrate the ∆R–I relation, we de-
fined effective activation energy of vortex creeping that con-
tributes to the variation of resistance Ueff(I), which can be re-
duced by increasing currents, following phenomenologically
as Ueff(I) = Ueff[1− (I/Ic)

α ], where Ic is the critical current
and α is the fitting factor. Replacing Ueff(I) into Eq. (2),
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we obtained the variation of resistance oscillation amplitude
∆R = R0 exp[Ueff(I)/kBT0], where T0 = 2.5 K is the fixed tem-
perature. We used this equation to fit ∆R–I in Fig. 3(d), which
yields Ueff(I)/kBT0 = 5.5, α = 0.75, Ic = 60 µA. The phe-
nomenologically fitting agrees well with the ∆R–I relation and
thus illustrates that the driving current decreases the effective
activation energy of vortex creeping.

In continues and uniform 2D superconducting films, acti-
vation energy for vortex creep is observed to decrease mono-
tonically with the applied magnetic field.[38,39] In contrast, in
superconducting films nanopatterned into a network of loops,
this activation energy becomes oscillatory, due to the peri-
odic potential barrier by the network combined with the in-
teraction between moving vortices and currents induced in
nanoloops,[21,22] as we have shown in Fig. 2(d). The equiv-
alent effective potential barrier for vortex motion can be ana-
lyzed in terms of Eq. (2).

Hence, to obtain the relation between effective potential
barrier and field strength, we carried out measurement of re-
sistance versus temperature under a series of magnetic field
strength, as seen in Fig. 4(a), with the driving current of 5 µA.
The magnetic field gradually shifts R–T curves to lower tem-
perature, with the critical field at about 20H0. In Fig. 4(b),
we show an Arrhenius plot of the R–T with the same data in
Fig. 4(a). The data exhibits clear thermal activation behavior
just below Tc, indicated by straight black dashed lines. We

then can deduce the effective potential barrier from the linear
fits to the activated region shown in Fig. 4(b), and the obtained
U/kB together with magneto-resistance are plotted in Fig. 4(c)
with the same reduced abscissa f .

The U/kB– f shows periodical oscillation superposed on
a downward trend with increasing f . Notably, this character-
istic is inverse with that of magneto-resistance. When f = N,
the vortex-lattice matches network well[9,10] and the lock-in
of vortices is strongest as evidenced in Figs. 2 and 3. Besides,
there is no induced current at f = N and no interaction occurs
between vortices and induced currents. Hence, the energy cost
for dragging a vortex to be dissipative is the largest, which cor-
responds to the maximum of U at f = N. When f = 1

2 +N,
the vortex-lattice forms checkerboard pattern.[18–20] This is the
most energetically-stable arrangement among fractional fill-
ings, as evidenced by Figs. 2(c) and 3(c), though, less stable
than that of f =N. Therefore, the amplitude variation of U/kB

at f = 1
2 +N should be larger than other fractional fillings in

the same period and smaller than adjacent f = N. This char-
acteristic is confirmed in the first period by U/kB from f = 0
to f = 1, where at f = 1

2 a peak appears. As a result, U/kB– f
oscillates between adjacent f = N and f = 1

2 +N, providing
us with quantitative demonstration that the effective potential
barrier for vortex dissipation oscillates periodically with the
field strength in the presence of underlying network.
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Fig. 4. (a) Superconducting resistive transition of crystalline square-lattice Dev.03 at a series of fixed perpendicular magnetic fields. H0 is one
integral oscillation period. (b) Arrhenius plot of the resistive transition in (a), indicating the thermally activated behavior. The black dashed
lines are corresponding fitting curves using the collective flux creep model described by Eq. (2). (c) Magnetic field dependence of the activation
energy U/kB (lower panel), which is obtained from fitting in (b). The upper panel shows the typical magnetoresistance. Note that the U/kB
oscillates and matches well with the resistance structures.
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4. Conclusion
To conclude, we have fabricated finite 2D supercon-

ducting square network based on crystalline Mo2C and ob-
served resistance dips at both integral and fractional filling
factors. The enhanced amplitude of resistance oscillation
is attributed to interaction between thermally activated vor-
tices and currents induced in the loops. Increasing the driv-
ing current declines activation energy for vortex, which in
turn, leads to stronger vortex interaction and lower vortex
mobility. The effective potential barrier for vortex dissipa-
tion oscillates periodically, synchronously and inversely with
magneto-resistance in terms of underlying network. Our work
demonstrates that the finite crystalline superconducting net-
work based on Mo2C provides effective periodic potential bar-
rier for vortex-lattice, and is a novel, clean and high-quality
platform to study vortex arrangements and dynamics.
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