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Recent progresses in the growth and fabrication techniques for preparing crystalline two-dimensional (2D)
superconductors have stimulated intense interest in the studies of the electronic properties of these systems. Here
we investigate the superconducting transport properties based on chemical vapor deposition-grown thin NbC
crystals consisting of network structures. The 2D character of the superconductivity in individual NbC crystals

is revealed by examining the angular dependence of magnetotransport measurements. At low temperatures, the
samples show nonmonotonic double-step superconducting transitions as a function of temperature and magnetic
field. We demonstrate that the observed transport characteristics can be understood in terms of coupled Josephson
junctions forming between isolated NbC crystals, including the effects of Josephson and quasiparticle tunneling.

In particular, detailed analysis of the magnetic field-driven transition suggests the existence of quantum flux-
creep regime at low temperatures and small magnetic fields in such thin NbC superconducting crystals. Our
work underlines the importance of the morphology on the transport properties of 2D superconducting crystals,
providing a comprehensive understanding of crystalline 2D superconductors.

DOLI: 10.1103/PhysRevB.101.115422

I. INTRODUCTION

In the past few decades, two-dimensional superconductiv-
ity has attracted intense research interest in understanding
the nature of superconducting states and continuous phase
transitions [1,2]. In recent years, a number of synthetic meth-
ods and fabrication techniques, including mechanical exfo-
liation, ionic-liquid gating, molecular beam epitaxy (MBE),
and chemical vapor deposition (CVD), have been developed
for obtaining high-quality crystalline two-dimensional (2D)
superconductors [3-6]. These 2D crystalline superconductors
have offered great possibilities to observe interesting quantum
phenomena such as Ising paring [7], quantum Griffiths singu-
larity [8], topological superconductivity [9,10], and anoma-
lous metallic phase [2,4].

Depending on the growth methods and conditions, there
exists a variety of morphologies in 2D materials such as
domain boundaries, wrinkles, and network structures, which
could significantly affect the electrical and mechanical perfor-
mance of materials and devices [11-13]. In particular, there
has been a considerable interest in a network of superconduct-
ing island system for studying the superconductor-to-insulator
transitions [1,2]. In the early works on granular or disor-
dered amorphous superconducting films, unusual transport
properties such as reentrant behavior and negative magnetore-
sistance have been observed, which have been attributed to

“Corresponding author: wcren@imr.ac.cn
tCorresponding author: nkang @ pku.edu.cn

2469-9950/2020/101(11)/115422(7)

115422-1

the interplay of localization and superconducting correlation
[14-18]. One can describe the transition behavior in granu-
lar superconductors with the model of grains connected via
Josephson-type weak links. In terms of the picture of coupled
Josephson junctions, the observed resistive superconducting
transition can be interpreted as a combination of Josephson
and quasiparticle tunneling processes between a network of
superconducting islands [19-22]. However, strong disorder is
present in such superconducting systems, usually exhibiting
an insulating or localization behavior at low temperatures.
The effect of disorders limits the understanding on the in-
trinsic mechanism, and the nature of transition behavior is
still a long debated topic. Recently, the rapid progress in
2D materials and nanofabrication techniques has enabled the
realization of 2D artificial superconducting networks or hy-
brid materials, providing a novel platform to study supercon-
ducting correlations and quantum phase transitions [23-26].
Understanding the characteristic superconducting transitions
in network structures may shed light on the superconductor-
metal transition in 2D superconducting systems [27].
Despite these investigations, the impact of morphology on
superconductivity in crystalline 2D superconductors is rarely
explored. Recently, we have synthesized a series of high-
quality ultrathin transition metal carbides (TMCs) crystals
including Mo, C, TaC, and WC, by means of the CVD method
[6,28,29]. The 2D character of the superconductivity has
been demonstrated in «-Mo,C crystals [6]. It was found that
the transport properties of these ultrathin crystals are highly
reproducible and stable under ambient conditions, resulting
from the covalent bonds between transition metal and carbon
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FIG. 1. (a) Optical image of reticular 2D NbC crystals on growth substrate. (b) Low magnification and (c) high magnification SEM images
of the reticular NbC crystals on growth substrate. (d) Low magnification HAADF-STEM image of a hexagonal 2D NbC crystal transferred
onto TEM grid. (e) Corresponding SAED pattern and (f) high-resolution HAADF-STEM image of an individual 2D NbC crystal along [111]

zone axis.

atoms. Therefore, these ultrathin TMCs crystals provide an
attractive material platform for exploring exotic quantum
phases in a clean 2D superconducting system due to their high
crystallinity combined with excellent thermal and chemical
stability.

In this paper we report on the low-temperature trans-
port measurements on the thin NbC superconducting crystal
networks. Angle-dependent magnetotransport measurements
demonstrate the 2D character of the superconductivity in
individual NbC crystals. We observe a nonmonotonic su-
perconducting transition as a function of temperature and
magnetic field, which can be related to the characteristic mor-
phology consisting of a network of 2D NbC islands. In terms
of the picture of coupled Josephson junctions, the observed
transport behavior at low temperatures can be interpreted
as a combination of Josephson and quasiparticle tunneling
processes. We further analyze the effect of magnetic field
on the superconducting transitions, revealing the existence
of quantum flux-creep regime at low temperatures and small
magnetic fields.

II. METHODS

The single crystalline NbC used in this study was grown
by CVD, with Cu foil put on the top of Nb foil as a growth
substrate, and methane (CHy4) as a carbon source at a temper-
ature nearby 1085 °C (the melting point of copper) for 10 min.
Different from the growth of 2D ultrathin Mo,C crystals
reported previously [6], the Cu/Nb substrate should be kept at
a moderate temperature to avoid the serious alloying between
Cu and Nb at a high temperature. Due to the mass diffusion
of Nb atoms onto the surface of Cu foil, the as-obtained
NbC samples have very high nucleation density with thick-
ness ranging from 10 to 20 nm. Figures 1(a)-1(c) show the

as-grown reticular NbC crystals on Cu substrates, consisting
of arrays of NbC islands. Due to the high nucleation density of
NbC crystals, they connect with each other forming a network
structure. The structure of the individual NbC crystals was
characterized by transmission electron microscopy (TEM). A
hexagongal NbC was transferred onto TEM grid, as shown in
Fig. 1(d). The corresponding selected area electron diffraction
(SAED) pattern shows a typical sixfold rotational symmetry,
which is in accord with the characteristic of that of cubic
NbC along the [111] zone axis [Fig. 1(e)]. The lattice con-
stants derived from the SAED patternisa = b = ¢ = 4.50 A,
consistent with that of cubic NbC crystal. Moreover, high-
resolution high angle annular dark field-scanning transmis-
sion electron microscopy (HR-HAADF-STEM) was used to
characterize the crystalline quality, as shown in Fig. 1(f).
It can be seen that there are no visible defects in such a
large area, showing a highly crystalline quality for NbC
crystal.

For device fabrication and transport measurements, the
NbC crystals were transferred onto SiO,/Si substrates by
means of the poly(methyl methacrylate)-mediated method [6].
After the transfer process, the NbC crystals were identified
and located by optical microscopy. Titanium/gold (5/90 nm)
electrodes were patterned on NbC crystals using standard
electron beam lithography followed by electron beam evap-
oration of the metals. The electrical transport measurements
were performed in a Physical Property Measurement Sys-
tem (Quantum Design DynaCool) from room temperature to
1.8 K. The four-terminal resistance was measured using the
standard low-frequency lock-in technique with an excitation
current of 1-5 A at a frequency of 17.77 Hz. The magnetic
field up to 3 T was applied perpendicular to the sample
plane, except for the angular dependent magnetotransport
measurement.
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FIG. 2. (a) Temperature dependence of four-terminal resistance
for a typical NbC sample with a thickness of 12 nm, measured in the
temperature range of 1.8-300 K at zero magnetic field. Inset shows
expanded view of R(T') curve between 1.8 and 10 K, exhibiting two-
step superconducting transitions. The arrows indicate two character-
istic transition temperatures 7;; and T,, respectively. (b) Supercon-
ducting resistive transition under different applied magnetic fields of
0, 0.5, and 3.0 T, respectively. The nonmonotonic resistive transition
at zero magnetic field can be divided into three temperature regions,
highlighted in blue, yellow, and red backgrounds, respectively.

III. RESULTS AND DISCUSSION

Figure 2(a) displays the temperature-dependent four-
terminal resistance R(7') of a typical NbC device, measured
in the temperature range of 1.8-300 K at zero magnetic field.
We observe a metallic behavior upon decreasing temperature
from 300 K. Reducing the temperature further, the resistance
begins to drop rapidly at a critical transition temperature
T.1 ~ 7.0 K, indicating the onset of superconductivity. The
inset of Fig. 2(a) shows a magnified view of the resistive
transition at low temperature region. A notable feature of
the data is that the superconducting transition for thin NbC
samples occurs via two separated stages. The resistance first
drops below a normal state value at 7., and then reaches a
minimum followed by an upturn below ~4.5 K, exhibiting a
quasireentrant behavior (dR/dT < 0) [18,30,31]. As the tem-
perature is further lowered, a second resistance drop occurs at
T, ~29K.

Figure 2(b) shows the resistance as a function of temper-
ature measured under various magnetic fields poH, applied
perpendicular to the sample plane. The temperature evolution
of the normal state resistance (above T;1) remains unchanged,
showing no indication of localization behavior in the normal
state. A magnetic field of approximately 0.5 T completely
suppresses the second resistance drop at T.,, whereas the
higher-temperature resistance drop at 7,; vanishes up to the
magnetic field of ~3 T. Obviously the different response of
resistance drops to the magnetic fields suggests the existence
of two different transition mechanisms in the development
of superconductivity in NbC networks. In contrast to the
known reentrant behavior observed earlier in granular super-
conducting films [18,30,31] or Josephson junction arrays [32],
this nonmonotonic temperature dependence of the resistive
transitions can be divided by three regions, i.e., two-step drop
of resistance (I, III) and resistance upturn (II), as depicted in
Fig. 2(b). Similar nonmonotonic superconducting transitions
as a function of temperature and magnetic field from another
sample are shown in the Supplementary Material (see Fig. S1

[33D.

FIG. 3. (a) Magnetic field dependence of the resistance for dif-
ferent tilting angles 6, obtained at 1.9 K. The inset illustrates the
measurement configuration. The 6 is the angle between the applied
field and the sample plane. As the magnetic field is titled toward the
sample plane (0 — 0), the resistive transitions gradually shift to the
higher magnetic fields. (b) Angle dependence of upper critical field
H, deduced from higher resistive transition region. The blue dashed
line is the fitting result using the Tinkham model with Eq. (1) for 2D
superconductors.

Before the discussion of unusual nonmonotonic supercon-
ducting transitions, we first characterize the dimensionality of
the superconductivity in NbC flake by carrying out the an-
gular dependent magnetotransport measurements. Figure 3(a)
shows the magnetoresistance traces for sample 1 at various
angles 6, taken at a fixed temperature of 1.9 K. The 6 repre-
sents the tilt angle between the sample plane and the magnetic
field direction, as illustrated in the inset of Fig. 3(a). Similar
to the measured R(T') curves, the magnetoresistance exhibits
double-step drops as the magnetic field is decreased. As the
magnetic field is titled toward the sample plane (6 — 0),
both resistance drops shift to the higher magnetic fields,
exhibiting a strong anisotropy of superconducting transition in
NbC flakes. To characterize the higher field resistive transition
originating from the thin NbC bulk crystals, we define the
critical magnetic field H, of NbC flakes as the value at which
the resistance drops to 80% of the the normal state resistance.
We shall discuss the resistive transition at lower magnetic
fields later. Figure 3(b) presents a plot of H, as a function of
the angle 6. According to the known Tinkham model for 2D
superconductors [34], the angle dependence of H, is given by

HC(G)sine‘ (HC.(G)cosé?)z
+ =1. 1)
‘ H.| H.

The blue dashed line in Fig. 3(b) shows a fit to Eq. (1). It can
be seen that the data can be well described by the Tinkham
model, revealing the 2D character of the superconductivity in
NbC flakes. Similar observations have been also reported in
other 2D superconductors [6,35,36].

In order to gain an insight into the superconducting tran-
sition in the network of 2D NbC crystals, we tracked the
evolution of superconducting transition under more detailed
magnetic fields, as shown in Fig. 4(a). Upon increasing mag-
netic field, both transition temperatures (7;; and T,) shift
towards lower temperatures, and the quasireentrant behavior
becomes smeared out gradually. It can be seen that the temper-
ature dependence of resistive transition at lower temperatures
(region III) depends strongly on the applied magnetic field
below 0.5 T, in contrast to the response behavior of transition
at higher temperatures (region I). The characteristic transition
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FIG. 4. (a) Resistance of two-dimensional NbC network as a
function of temperature under several magnetic fields, applied per-
pendicular to the sample plane. (b) Schematics of the formation of
Josephson junctions in the network of 2D NbC islands. The triangle
shapes represent 2D superconducting NbC crystals. In an intermedi-
ate temperature regime (region II), quasiparticle tunneling between
NbC islands dominates the charge transport exhibiting a quasireen-
trant behavior (dR/dT < 0). With further decreasing temperature,
Josephson couplings between NbC islands become significant and
global superconductivity begins to occur. (c) The semi-logarithmic
plot of the resistance as as function of temperature. One can see the
R(T) curves at lower temperatures (region III) for various magnetic
fields are in good agreement with an inverse Arrhenius relation,
R = Ryexp (T /Tp). Inset: Plot of the extracted 7 as a function of
magnetic field. The dashed line is provided as a guide for the eye,
indicating a monotonically decreasing 7 with H.

temperature (7;; ~ 7.0 K) and corresponding critical field
(~3 T) of the initial resistance drop are comparable with
the reported values of large-size bulk single crystal of NbC
[37,38]. Therefore, the observed resistance drop at ;| (region
I) can be associated with the onset of superconductivity in the
individual NbC islands. To interpret the observed nonmono-
tonic dependence in R(T), here we propose the following
scenario by taking into account the 2D island morphology of
our NbC samples. First, the development of local supercon-
ductivity in the individual NbC islands is accompanied by a
resistance drop at T;.;. For our network samples, individual 2D
NbC crystals are separated by grain boundaries as shown in
Fig. 1, which can be modeled as superconducting weak links.
With lowering temperature, the phase coherence between iso-
lated NbC islands is strengthened due to the proximity effect.
We attribute the lower transition at 7., to the formation of
coupled Josephson junctions between 2D NbC islands, which
is expected to eventually develop global superconductivity.
In the intermediate temperature regime before establishing
the Josephson coupling (region II), the charge transport be-
tween islands is dominated by quasiparticle tunneling with the
opening of the superconducting energy gap in NbC islands.
The occurrence of quasireentrant behavior (dR/dT < 0) in
this region can be understood due to the shrink of super-
conducting gap as the temperature is increased, resulting in
the enhancement of the quasiparticle tunneling process. Since
the Josephson coupling is more sensitive to small applied
magnetic field, this scenario can explain the observation of
the different response of superconducting transitions to the

magnetic fields. Figure 4(b) is a schematic illustration of
the transport processes in the different regimes, showing
the evolution from the quasiparticle to Josephson tunneling
between superconducting NbC islands as the temperature is
lowered.

Having established the scenario of coupled Josephson
junctions in our 2D NbC network samples, it is interesting
to carry further analysis of the temperature dependence of
the resistance in the Josephson coupling regime below T,.
According to the thermally activated flux-creep model for
2D superconductors, the temperature-dependent resistance is
expected to follow a classic Arrhenius relation. However,
we found that the second drop of the resistance decreases
exponentially with reducing temperature, which can best fit
by R(T') = Ryexp (T /Ty) as shown in Fig. 4(c). This unusual
R(T) behavior following an inverse Arrhenius law has been
observed before in granular ultrathin superconducting films,
and has been attributed to the model of the quantum tunneling
of vortices or a percolation network of Josephson junctions
[19-22]. In the inset of Fig. 4(c), we plot the extracted T
from the fits of R(T") curves as a function of the magnetic
field. It is found that 7; exhibits a monotonic decrease with H.
For our 2D superconducting crystals network, the effect of
magnetic field on the resistive transition in the Josephson cou-
pling regime is twofold. First, the magnetic field penetrates
into the junction region in the form of vortices, leading to
the destruction of the superconducting phase difference and
Josephson coupling between NbC crystals. Second, the resis-
tive transition below T, is associated with the development of
Josephson junction between individual NbC crystals, whose
coupling energy Ej is given by [39]

Th A A
i = TS tanh rmm—
462 RN ZkBT

where A is the superconducting energy gap, and Ry is the
normal state resistance of junction. As the magnetic field is
increased, the superconducting gap A is gradually suppressed,
resulting in a subsequent suppression of effective Josephson
coupling of the NbC network.

We next turn to the magnetoresistance measurements on
the network of 2D NbC crystals. In Fig. 5(a) we present
the resistance of sample 2 as a function of magnetic field
at various fixed temperatures between 1.9 and 7.0 K. For
clarity, the individual traces are successively shifted vertically
with respect to the data at 1.9 K. It can be clearly seen that
the resistance curves exhibit a nonmonotonic dependence on
magnetic field at low temperatures: the resistance begins to
rise and shows a peaklike feature followed by a resistance
drop, and then increases at higher fields to the normal state
value. Upon increasing temperature, the magnetoresistance
peak, denoted by H*, gradually moves to lower fields and
eventually disappears above 4 K. It can be seen that the
magnetic field-driven transition bears a strong resemblance
to the temperature-dependent resistive transition in Fig. 2. It
should be noted that the magnetoresistance peaks appear in the
temperature range below ~4 K, in which the Josephson cou-
plings between superconducting NbC islands begin to develop
as discussed above. Therefore, the observed nonmonotonic
magnetoresistance behavior at low temperatures can be also
interpreted qualitatively as a combination of Josephson and

@
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FIG. 5. (a) Magnetoresistance curves of two-dimensional NbC
network at various temperatures from 1.9 to 7.0 K. The curves are
successively shifted vertically for clarity. The arrows indicate the
appearance of the resistance peak below 3 K, exhibiting a nonmono-
tonic dependence on magnetic field. With increasing temperature, the
resistance peak is shifted towards zero magnetic field. (b) Low-field
magnetoresistance at 1.9 K. The red solid line is a fit to the data
using the quantum flux-creep model according to Eq. (3). Inset:
Low-field resistance as a function of perpendicular component of
magnetic field at various tilting angles 6 for sample 1. (c) High
magnetic field portion of the measured R(H) curves from 1 to 2 T
at various temperatures, plotted on a log-log scale. The dashed
lines are guides to the eye, indicating a power-law dependence
H“. Inset: The obtained power-law exponent « as a function of
temperature.

quasiparticle tunneling processes. For H < H*, an increase of
the resistance arises from the suppression of the Josephson
couplings between the superconducting NbC islands. As H
is further increased, the Josephson couplings are destroyed
and Cooper pairs are localized inside the individual NbC
islands. In the intermediate magnetic field region, quasipar-
ticle tunneling through a series of islands dominates the
charge transport. The drop of resistance can be attributed to
a magnetic field-induced reduction of the superconducting
gap, which leads to a suppression of density of states and
enhances the tunneling process. A similar two-step supercon-
ducting transitions feature and scenario were also previously
reported in granular disordered superconductors [14—-16,40].
However, in the previous study, the granularity and the effect
of disorder play important roles in the transport properties
of superconductors. The normal state resistance in those dis-
ordered superconducting systems is always found to exhibit
an increase with decreasing temperature [14—16,40], which is
different from our observations in uniform and ultrathin NbC
crystals.

Finally, we perform a quantitative analysis of the magnetic
field dependence of the resistance data. As we discussed
above, the transport through these 2D NbC networks at low
temperatures and magnetic fields is governed by the Joseph-
son coupling between individual crystals. When applying a
magnetic field, vortices are introduced within the junction
regions resulting in the destruction of Josephson coupling. It

has been theoretically established that the magnetoresistance
of an inhomogeneous network of superconducting islands can
be expressed as [41]

ook hn 1l (H—-Hg

Rsneer ~ e KTe {C;E<T>}, (3)
where Ry is the normal state resistance and C is a dimen-
sionless constant. Figure 5(b) show the measured R(H) at
1.9 K and the best fit to Eq. (3), in good agreement with
the quantum flux-creep model [41]. The magnetoresistance
data and corresponding fits for temperatures 2.0, 2.2, and
2.5 K are shown in the Supplementary Material (see Fig.
S2 [33]). Similar experimental results were also recently
reported in other two-dimensional superconducting systems
[3,4]. Additionally, the above scenario is also further exam-
ined by the measurements of the angle dependence of the
magnetoresistance. Since the planar Josephson junctions are
formed between 2D NbC crystals, the Josephson coupling is
expected to be sensitive only to the perpendicular component
of the applied field penetrating into the junction area. In the
inset of Fig. 5(b), after subtracting the 8 = 0 trace, we plot the
measured resistance at 1.9 K as a function of the perpendicular
component of the magnetic field H, = H sin 6 for the corre-
sponding tilt angles. We found that all the magnetoresistance
traces in the low-field region can be collapsed onto a single
curve, consistent with the picture of Josephson-coupled 2D
NbC islands at low fields.

For transitions at higher magnetic fields (H > 1 T), we plot
the resistance as a function of magnetic field on a double log-
arithmic scale in Fig. 5(c). One can see that each curve shows
approximate power-law behavior R ~ H®, as indicated by the
dashed lines. In the framework of collective flux-creep trans-
port model [42,43], resistive dissipation under magnetic fields
arises from thermally assisted hopping of the vortices over the
pinning energy. In 2D superconductors, the vortex-pinning en-
ergy barrier is expected to follow a logarithmic dependence on
the magnetic field, leading to a power-law variation of the re-
sistance with the magnetic field. Similar power-law behavior
of magnetoresistance had been reported in superconducting
films [44-47] and high-T, superconductors [48—50]. The inset
of Fig. 5(c) shows the temperature dependence of the expo-
nent «, obtained from the fits of R(H) curves. We found that
a(T ) exhibits a monotonic decrease with increasing 7', consis-
tent with the collective flux-creep model [42,43,46]. It should
be noted that a type of power-law R ~ H* behavior was
also observed recently in other crystalline 2D superconductors
[4,51], where it was attributed to the emergence of a Bose-
metal phase. The connection of this exotic metallic phase
to our present results in 2D NbC crystals requires further
investigation.

IV. CONCLUSION

In conclusion, we have presented results on studies of
electron transport through a network of thin NbC super-
conducting crystals. The 2D nature of the superconductivity
in individual NbC crystals is evidenced by the angle-
dependent magnetotransport measurements. The supercon-
ducting transitions for thin NbC samples were found to occur
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via two separated stages, exhibiting a different response to
the magnetic fields. We demonstrated that the observation of
nonmonotonic superconducting transitions can be understood
in terms of the gradual transition from the onset of local
superconductivity in individual crystals to coupled Josephson
junctions built between 2D NbC islands as the temperature is
decreased. Moreover, further analysis of the magnetotransport
data reveals an existence of quantum flux-creep regime at
low temperatures and small magnetic fields in such thin NbC
superconducting crystals. Our results indicate that the mor-
phology has significant influence on the transport properties
of 2D superconducting crystals, enriching the understanding
of the superconducting transitions and vortex states in super-
conducting islanded system.
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