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The mixed state transport properties of type-II superconductors are strongly influenced by the dynamic
behavior of quantized magnetic fluxoids around the critical temperature (Tc), where a combination of normal
and superconducting properties is exhibited. To understand the mixed state transport properties of type-II
superconducting NbN ultrathin films (2D) we measured sheet resistance (RM

xx) and Hall resistance (RM
xy) of a

5-nm-thick NbN film around Tc (10.75 K) at temperatures 10.40, 10.68, and 10.77 K. Hall resistance (HR)
was measured in external out-of-plane and in-plane magnetic fields up to 6 T, using 100 µA and 1 mA driving
current in Van der Pauw geometry. The electric field of applied bias and Lorentz force of applied external
magnetic field causes a movement of the normal conducting electrons within each fluxoid. The moving fluxoids
cause dissipation and generation of Hall voltage. We developed a macroscopic analysis of the Hall resistance
arising from fluxoids, to advance the differentiation between dissipating current and superconducting currents in
type-II superconductors at Tc. We have extracted the number of normal conducting carriers per fluxoid and areal
density and mobility of the fluxoids in dependence on the external magnetic field. This differentiation provides
valuable insights into the dissipation mechanisms observed during transport measurements, e.g., after localized
heating due to single photon absorption in nanostructured type-II superconductors. Furthermore, the developed
macroscopic analysis of Hall resistance of fluxoids shows promising potential for investigating the fundamental
aspects of fluxoid-defect interactions in type-II superconductors.

DOI: 10.1103/PhysRevResearch.6.033032

I. INTRODUCTION

In recent years, due to its exceptional superconducting
properties such as high critical temperatures (Tc) of around
16 K [1], high critical current densities (Jc), and low energy
gaps within the transition range [2], type-II superconducting
niobium nitride (NbN) has emerged as a highly appealing
material for a range of applications including particle ac-
celerators, superconducting electronics, and single photon
detectors [3–5]. The transition range, commonly referred to
as the range where the normal and superconducting prop-
erties coexist, is the region between the lower critical field
(Hc1 ) and the upper critical field (Hc2 ) of a superconductor.
A comprehensive understanding of the conduction phe-
nomenon in type-II superconducting NbN thin films within
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the transition range holds paramount importance for both
fundamental research and technological applications. To elu-
cidate the underlying mechanism of superconductivity and
transport properties of type-II superconducting materials, un-
derstanding vortex dynamics and their response to electric
and magnetic fields are considered to be crucial [6,7]. The
formation of vortices in NbN thin films (Fig. 1) occurs when
the strength of external magnetic field (Ho/p) lies between
Hc1 and Hc2 . The surface screening currents generated by the
Meissner effect exhibit diamagnetic behavior below Hc1 . At
Hc1 < Ho/p < Hc2 , the superconductor is penetrated by the
external magnetic field as vortices, each enclosing a quantum
of magnetic flux (φ0) as depicted in Fig. 1(a). The supercurrent
encircling each vortex is generated by the two electrons form-
ing a Cooper pair, which extends up to a distance determined
by the Ginzburg Landau penetration length [see Fig. 1(c)]
[8]. The areal density of superconducting carriers remains
homogeneous over the whole type-II superconducting film
except at the position of vortices. Intriguingly, under the
presence of a magnetic field, mobile vortices tend to arrange
themselves in a lower energy lattice, i.e., either in square or
in hexagonal configuration as illustrated in Fig. 1(b). When
an electric field is applied in addition to the magnetic field,
the normal conducting electrons within each mobile vortex
experience both a Lorentz force (FL) and an electric field force
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FIG. 1. Schematic representation of Abrikosov vortex lattice in the mixed conducting state of a 5-nm-thick type-II superconducting NbN
thin film on 0.5-mm-thick sapphire substrate. Each vortex carries one quantum of magnetic flux (φ0) (a) Lorentz force (FL) (green arrow)
and electric field force (FE ) (blue arrow) acting on normal conducting electrons in each vortex for an out-of-plane applied magnetic field
(Hc1 < Ho/p < Hc2 ). (b) (Top) Square lattice and (Bottom) hexagonal Abrikosov vortex lattice. The type of lattice depends on an area-optimized
equilibrium configuration. (c) Single Abrikosov vortex circulated by superconducting current (JS) which is caused by the two electrons forming
the Cooper pair. Radial dependence of out -of-plane magnetic field Ho/p(r) and superconducting electron pair (Cooper pair) density nS (r). The
magnetic field is largest at the center (r = 0) of the vortex and decreases with an exponential factor of the Ginzburg Landau penetration length
(λ). Cooper pair density nS (r) is smallest at the center of the vortex and increases with an exponential factor of coherence length (ξ ).

(FE ), respectively. Mobile vortices causing dissipation when
moving are referred to as fluxoids. As a consequence, the
normal conducting electrons in the vortices are transported
through a milieu of cooper pairs, causing dissipation, and sub-
sequently initiating the motion of vortices, thereby yielding a
Hall resistance [9] of fluxoids. In type-II superconductors, the
presence of defects and impurities introduces irregularities in
the crystal field potential, which in turn affects the arrange-
ment of vortices. Some of these vortices become permanently
localized within regions characterized by low crystal field
potential. This phenomenon known as vortex pinning [10],
results in an irregular distribution of these pinned vortices
throughout the superconducting material. The application of
both electric and magnetic fields during magnetotransport
experiments can induce changes in the crystal field of the
type-II superconducting material. This alteration in the crystal
field can lead to a transition between the pinned and mobile
flux lines. While the presence of pinned flux lines typically
has negligible impact on magnetotransport properties, their
transformation into mobile flux lines can profoundly influence
the magnetotransport characteristics of the material.

Examining the dynamic behavior of the fluxoids in the
presence of an external electric and magnetic field sheds
light on the macroscopic properties of fluxoids in type-II
superconductors around Tc. In our previous work [11], we
performed measurements and analysis of the magnetotrans-
port properties of type-II superconducting NbN ultrathin films
(2D) in the normal conducting regime (above Tc) and then ex-
tracted temperature dependent Coulomb interaction constants,
spin-orbit scattering lengths, localization lengths, and valley
degeneracy factors revealing ordinary conduction. The main
focus of this paper is to distinguish between superconducting
current and dissipating current using a macroscopic approach.
The developed macroscopic approach not only enables the
distinction between two types of current flowing through the
NbN but also provides a pathway for future investigations

into the understanding of fluxoid-defect interactions in type-II
superconductors.

II. METHODOLOGY

From our previous work [11], we chose the polycrystalline
NbN thin film with a thickness of 5 nm. This film was fab-
ricated on a 0.5-mm-thick insulating sapphire substrate with
a nominal size of 1 × 1 cm2 using plasma enhanced atomic
layer deposition (PEALD). During this process, the substrate
temperature was maintained at 380◦C, with (tert-butylimido)-
tris (diethylamido)-niobium (TBTDEN) and hydrogen plasma
serving as precursors. Extensive details concerning the char-
acteristics of NbN films and the PEALD deposition process
can be found in references [12–14]. The critical temperature
(Tc) of the 5-nm-thick NbN thin film was determined to be
10.75 K [11], which is lower than the Tc of bulk NbN (16.2 K)
[15]. Hall resistance (RM

xy) and sheet resistance (RM
xx) of the

synthesized NbN thin films (2D) were measured using Van
der Pauw geometry around Tc at temperatures of 10.40, 10.68,
and 10.77 K. These measurements were performed using the
Lake Shore HMS 9700A Hall measurement system in external
out-of-plane and in-plane magnetic fields of up to 6 T, with
a driving current (ID) of 100 µA and 1 mA. We developed
a macroscopic approach to analyze the measured data and
extracted macroscopic parameters of fluxoids, namely the
number of normal conducting carriers per fluxoid, areal den-
sity, and mobility of the fluxoids in dependence on external
magnetic field. The underlying core idea of our macroscopic
analysis approach was to establish the link between normal
conducting resistivity, measured resistivity, and the supercon-
ducting current. A comprehensive illustration of the entire
process, from sample preparation to data analysis, is presented
in Fig. 10 (Appendix), offering a visual representation that
outlines the various steps involved.
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FIG. 2. Temperature dependent resistivity (ρM
xx ) of a 5-nm-thick

NbN thin film on sapphire in Van der Pauw geometry at zero field for
an applied current of 100 µA and 1 mA. The critical temperature was
defined at ρ(Tc) ≈ 1 µ� cm for generalization. The inset figure shows
the temperature dependence of upper critical magnetic field (Hc2 ) in
a temperature range from 9.50 to 10.80 K.

III. ANALYSIS AND DISCUSSION OF RESULTS

Figure 2 shows the temperature dependent resistivity of
a 5-nm-thick NbN thin film within the temperature range of
9–15 K under the absence of an external magnetic field. In
this work, we defined the critical temperature as the temper-
ature where the resistivity dropped to 1 µ� cm, which we
determined to be 10.75 K. By utilizing the widely accepted
generalized Ginzburg-Landau (G-L) model [16], we estimated
the upper critical field (Hc2 ) over a temperature range spanning
from 9.50 to 10.80 K (refer to the inset of Fig. 2). The G-L
model describes the temperature dependence of the upper
critical magnetic field as follows:

Hc2 (T ) = Hc2 (0)

(
(1 − t2)

(1 + t2)

)
. (1)

where, Hc2 (0) = φ0/2πξ (0)2 is the upper critical field at 0 K,
φ0 is the magnetic flux quantum, t = T/Tc is the reduced tem-
perature and ξ (0) is the Ginzburg-Landau coherence length.
The coherence length of 5-nm-thick NbN thin film, based on
literature values [17,18], is considered to be 2.54 nm. Our
observations revealed a gradual reduction in Hc2 from 6 T t
9.6 K to 0 T at 10.75 K, ultimately determining the critical
temperature to be approximately 10.75 K (inset in Fig. 2).

The transport properties of NbN thin films in Van der Pauw
geometry were analyzed from magnetic field dependent sheet
resistance measurements for both out-of-plane and in-plane
configurations around Tc. The NbN thin film resistivity (ρM

xx)
in Fig. 3 is related to sheet resistance as (Rsheet × thickness).
The observed increase in resistivity with the magnetic field
can be attributed to the increase in the number of moving
vortices (fluxoids) [19], resulting in dissipation and an accom-
panying rise in normal conducting current due to the breaking
of Cooper pairs. At higher fields, the resistivity ρN (T ) was
approximately around 270 µ� cm which is comparable to

FIG. 3. Resistivity (ρM
xx ) obtained from measured sheet resistance

in Van der Pauw geometry as a function of magnetic field in out-
of-plane (o/p, open symbols) and in-plane (i/p, closed symbols)
configuration at three temperatures (10.40, 10.68, and 10.77 K)
around Tc on a 5-nm-thick NbN thin film on sapphire in the magnetic
field range from −6 to +6 T with a driving current of [(a) and (b)]
100 µA and [(c) and (d)] 1 mA. At higher fields, measured resistivity
(ρM

xx ) (marked in green) reaches the resistivity of normal conducting
NbN ≈ 270 µ� cm.

the resistivity obtained at normal conducting temperatures
recorded in Ref. [11]. The anisotropic behavior in resistivity
between in-plane and out-of-plane configurations with mag-
netic field can be ascribed to the contribution of fluxoids to
mixed-state conductivity.

A. Hall resistance of fluxoids

The magnetotransport measurements were conducted in
two different regimes. In regime 1 (mixed), both supercon-
ducting and dissipating currents coexist. For these measure-
ments, the temperature was maintained just below the critical
temperature Tc(�Tc), while the magnetic field was varied
above Hc1 (≈10−4 T) and below Hc2 (≈1.5 T) (see Fig. 4).
In regime 2 (normal), dissipating currents predominate. Here,

FIG. 4. (a) Phase diagram of type-II superconductor showing
three different regimes. (b) Measured magnetoresistance in out-of-
plane magnetic field at the driving current set at 100 µA (circles) and
1 mA (triangles) at 10.40, 10.68, and 10.77 K for 5nmthick NbN film
on sapphire.
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the temperature was set a few Kelvin above the critical tem-
perature Tc(� Tc), with magnetic field ranging from 0 to
6 T. To distinguish between dissipating and superconducting
current, an initial analysis was performed on the magne-
toresistance obtained from magnetotransport measurements
conducted within both regimes. Magnetoresistance (MR%) is
defined as the change in longitudinal resistivity (sheet resistiv-
ity) at a nonzero magnetic field ρ(H,T) minus the longitudinal
resistivity at zero magnetic field ρ(0,T), divided by the lon-
gitudinal resistivity at zero magnetic field ρ(0,T) multiplied
with 100%.

MR = ρ(H, T ) − ρ(0, T )

ρ(0, T )
× 100%. (2)

In regime 1, the magnetoresistance exceeded at least +100%
and reached values way more than 10 000%. The smallest MR
in regime 1 (MR = +100%) just above Tc where Hc2 is close
to zero is depicted in Fig. 4(b). In regime 2, the magnetore-
sistance remained below +10% [11] when compared to MR
values obtained just below Tc. Following our analysis of MR
in regime 1, we assumed that the normal conducting carriers
are purely dependent on temperature and have a negligible
field dependence.

ρN
xx(H, T ) = ρN (T ), (3)

where ρN
xx(H, T ) is the normal conducting resistivity. Next, we

analyzed magnetotransport measurement in regime 1 where
we measured resistivity [ρM

xx (H )] under a constant driving
current (ID) of 100 µA and 1 mA. The measured resistivity
encapsulates contributions from both superconducting and
normal conducting carriers.

ρM
xx (H, T ) = VM

ID
× t, (4)

where VM is the measured longitudinal voltage, ID is the
driving current, and t is the film thickness. The measured
longitudinal voltage is subdivided over two current paths:
one for the superconducting current IS and another for the
dissipating/normal conducting current IN . In general, the total
driving current is expressed as follows:

ID = IS (H ) + IN (H ), (5)

where IS and IN are currents from superconducting and normal
conducting carriers. Note that the subscripts D, S, N, and M
symbolize driving, superconducting, normal conducting, and
measured, respectively. Taking into account the absence of
contribution from the superconducting current to the normal
resistivity, we formulated the interrelation between normal
conducting resistivity (ρN

xx), measured resistivity (ρM
xx), super-

conducting current (IS), and driving current (ID) as

ρN
xx(H, T ) = VM

(ID − IS )
× t, (6)

where VM is the measured longitudinal voltage, ID-IS is the
normal conducting current, and t is the film thickness. Reiter-
ating Eqs. (4)–(6), we get

ρN
xx(H, T ) = ρM

xx (H, T )

(
ID

ID − IS (H )

)
. (7)

FIG. 5. Superconducting current (IS) derived from the measured
resistivity (ρM

xx ) using Eq. (8) as a function of (a) out-of-plane (o/p,
open symbols) and (b) in-plane (i/p, closed symbols) magnetic field
at 10.40, 10.68, and 10.77 K for a 5-nm-thick NbN film on sapphire
in the magnetic field range from −6 to +6 T with an applied current
of 100 µA and 1 mA. With an increase in temperature, the supercon-
ducting current (IS) decreases.

By considering the approximation from Eq. (3) in the mixed
conduction of regime 1, we analyzed IS (H ) (see Fig. 5) using
following expression:

IS (H ) = ID

(
1 − ρM

xx (H )

ρN (T )

)
. (8)

At a zero field, the maximum superconducting current equates
to the driving current, which signifies that the whole sample
is superconducting. For a fixed temperature, IS decreases with
the applied magnetic field and tends to zero [see Fig. 5(a)] due
to the presence of dissipative vortices. As anticipated, fluxoid
formation is not discernible from in-plane magnetic field mea-
surements due to the film’s length (1 cm) and the magnetic
field’s inability to permeate the entire sample. Consequently,
the superconducting current carried by the Cooper pairs does
not completely approach zero with an increase in magnetic
field [see Fig. 5(b)].

The transport properties of fluxoids in NbN thin films
in mixed normal and superconducting state around Tc re-
gion were analyzed from Hall effect measurements for both
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FIG. 6. [(a) and (d)] Hall resistance (HR) measured in Van der Pauw geometry at 10.40, 10.68, and 10.77 K for a 5-nm-thick NbN
film on sapphire. The inset figures shows a magnified view around ± 0.6 T where the noise is reduced when approaching T = 10.40 K.
Mixed state conduction window has been recognized between critical fields around Hc1 = ± 0.1 T and Hc2 = ± 1.5 T (highlighted in green)
where a nonlinear behavior of magnetic field dependent Hall resistance is observed. Negative slope of Hall resistance indicates n-type carrier
conduction. [(b) and (e)] Derived normal conducting Hall resistance (RN

xy) [using Eq. (9)] as a function of magnetic field. [(c)–(f)] Derived areal
density of normal conducting carriers (nN ) [using Eqs. (11) and (A3)] showing the number of normal conducting carriers per fluxoid per unit
area of fluxoid lattice as a function of magnetic field. The applied current was [(a)–(c)] 100 µA and [(d)–(f)] 1 mA.

out-of-plane and in-plane configurations. The change in Hall
resistance (HR) with the magnetic field at temperatures 10.40,
10.68, and 10.77 K is shown in Figs. 6(a) and 6(d). Due to
the presence of normal conducting carriers confined within
each fluxoid in the mixed state region of chosen type-II NbN
superconducting thin film, we observe a change in Hall re-
sistance (HR) with a magnetic field. Previous investigation
[11] on NbN above Tc revealed a negative linear dependence
of Hall resistance at normal conducting temperatures. The
nonlinear response exhibited by the Hall resistance at low
magnetic fields around Tc indicates a significant variation in
carrier concentration [20,21]. Based on the raw data, we ob-
serve a direct proportionality between temperature and noise
which is evident in both cases (I = 100 µA and 1 mA) at
around ± 0.6 T. This can be substantiated from inset figures in
Figs. 6(a) and 6(d) where the data at 10.40 K resemble our
theoretical expectations with minimum deviations. In regime
1, the measured Hall resistance [RM

xy(H )] comprises both the
superconducting and normal conducting carriers. By utilizing
measured Hall resistance RM

xy(H ), we describe the Hall resis-
tance from the ordinary conduction RN

xy(H ) [see Figs. 6(b) and
6(e)], which is specifically attributable to normal conducting
fluxoids as follows:

RN
xy(H ) = RM

xy(H )(
1 − IS (H )

ID

) . (9)

From the classical Hall resistance, the carrier concentration is
expressed as [22]

n = −H

Rxy × (charge) × (thickness)
. (10)

We considered (n × t) as the areal density of normal conduct-
ing carriers nN (H ), which is defined as the number of normal
conducting electrons per fluxoid divided by the unit area of
the fluxoid lattice [region covering black line in Fig. 1(b)].
Ideal Hall resistance is zero at zero magnetic field. However,
geometrical errors, misalignment of the magnetic field and
current directions, sample in-homogenity, temperature gra-
dients, piezoresistive effects, etc. [23] may cause a nonzero
offset of the Hall resistance at zero magnetic field. We cor-
rected this offset and calculated the areal density of normal
conducting carriers [nN (H )] throughout the NbN sample us-
ing the following equation:

nN (H ) = −H

RN
xy(H ) × e

, (11)

where e is the charge of an electron. Areal density of normal
conducting carriers [Figs. 6(c) and 6(f)] has been extracted
and fitted from Hall resistance data [Eq. (A3)] after per-
forming an offset correction which is elucidated in detail in
Appendix. With an increasing magnetic field the number of
vortices increases and the normal conducting regions where
electrons move without zero resistance expand. As a conse-
quence, we observe an increase in the areal density of normal
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conducting carriers (nN ) across the sample. In regime 2, areal
density of normal conducting carriers nN (H, T ) weakly de-
pends on magnetic field and temperature. Therefore nN (H, T )
can be approximated by nmax

N . Areal density of normal con-
ducting carriers nN is homogenous over the whole type-II
superconducting film in this regime. At larger fields, the
areal density of normal conducting carriers approaches the
maximum value (nmax

N ) of bulk NbN at normal conducting
temperatures which is approximately 0.362 × 1021 m−2 [11].

B. Macroscopic fluxoid parameters

We examined the transport properties of NbN thin films
with a focus on fluxoid motion in the presence of a mag-
netic field. We extended the classical Hall resistance approach
and also included the Hall resistance of fluxoids. In order to
maintain a constant magnetic flux φ0 through a single fluxoid,
the area of the fluxoid needs to decrease with an increase in
magnetic field

φ = HA = �0. (12)

The areal density of fluxoids, defined as the number of flux-
oids per unit area [24]

nv = |H |
φ0

, (13)

typically increases with magnetic field and remains constant
with temperature. From Eq. (11), considering nN ≈ n × t, the
number of normal conducting carriers per fluxoid was calcu-
lated by

ev = nN (H )

nv (H )
. (14)

The normal conducting carrier concentration nc(T ) of each
flux quantum volume is independent of the external magnetic
field and is equivalent to carrier concentration at normal con-
ducting temperatures. By assuming that the shape of fluxoid
resembles a perfect cylinder for a macroscopic approach, we
derived the radius of the fluxoid (rv) from ev ≈ π r2

v t × nc(T )
as follows:

rv =
(

1√
π × t × nc(T )

)
× √

ev. (15)

Figure 7 shows the number of normal conducting carriers per
fluxoid (eν) for temperatures around Tc with a driving current
of I = 100 µA and 1 mA. At a specific temperature, with a rise
in the magnetic field, we generally expect to see a decrease in
eν because the stronger magnetic field leads to larger vortex
density within the sample causing them to occupy less space
and to have a small radius. The analysis revealed a notable
variation in eν at around ±1.5 T, exhibiting a decreasing and
then increasing trend with magnetic field. This variation can
be attributed to the assumption that we considered the fluxoid
as a perfect cylinder and also due to changes in size and
shape of vortex core within the superconductor which are
influenced by the penetration of magnetic field from different
dielectric media. We also noticed a direct proportionality of
eν with temperature, particularly at the upper critical field
Hc2 = ±1.5 T. Literature data [25] suggest that one possible
reason for the increase in eν and fluxoid radius (rν) in type-II

FIG. 7. Number of conducting carriers per fluxoid (ev) as a func-
tion of magnetic field at 10.40, 10.68, and 10.77 K for 5-nm-thick
NbN film on sapphire for an applied current of (a) 100 µA and
(b) 1 mA. The number of conducting carriers per fluxoid increases
with measurement temperature approaching Tc.

superconductors with temperature is due to the increase in
penetration depth. By considering the sheet resistivity which
is related to conductivity as σ = 1

ρ
= neμ, where n is the

carrier concentration, e is the charge, and μ is the mobility,
we proceeded to evaluate the mobility of the fluxoids, pre-
suming that normal conducting carriers are purely dependent
on temperature and have a negligible field dependence. Using
the relation between resistivity and conductivity we determine
σN (T ). The calculation of mobility was carried out using the
following relation:

μv = σN (T ) × t

nv × (ev × e)
. (16)

where nν is the areal density of fluxoids [in Eq. (13)], t is
the film thickness, (ev × e) is the total charge of one flux-
oid defined as the number of normal conducting carriers per
fluxoid (ev) multiplied with electron charge. We observe an
inversely proportional behavior of mobility of fluxoids with
magnetic field around Tc (see Fig. 8). At around upper critical
field Hc2 = ± 1.5 T when approaching critical temperature
we observe an increase in mobility. The mobility at higher
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FIG. 8. Fluxoid mobility derived using Eq. (16) and its depen-
dence on magnetic field at 10.40, 10.68, and 10.77 K for a 5-nm-thick
NbN film on sapphire with a driving current (a) 100 µA and
(b) 1 mA. (b) Inset figure shows the mobility of NbN thin film at
normal conducting temperatures [11] for a driving current of 1 mA.

fields is in the range of 0.35 cm2 V−1 s−1 around Tc. From
earlier work [11] at above Tc the carrier mobility was around
(0.26–0.28) cm2 V−1 s−1. Extrapolating to temperatures be-
low 15 K, the mobility at 10.40 K is determined to be 0.30
cm2 V−1 s−1 [refer inset of Fig. 8(b)]. The expected value well
agrees with the normal conducting behavior above Hc2 . This
observation accentuates the resemblance between the fluxoid
mobility at higher fields (Hc2 = ±1.5 T) around Tc and the
mobility computed above Tc. As the temperature increases,
the two electrons within each Cooper pair separate. Thermal
fluctuations of these electrons within each fluxoid dictate the
properties of fluxoid motions.

IV. CONCLUSION AND OUTLOOK

Using the Hall effect measurement technique, we con-
ducted an analysis on magnetotransport data of a 5-nm-thick
superconducting niobium nitride (NbN) film on a sapphire
substrate. The measurements were performed with input cur-
rents of 100 µA and 1 mA at around critical temperature

Tc (10.40, 10.68, and 10.77 K) in both out-of-plane and
in-plane configurations. The magnetoconductivity analysis re-
sults above Tc served as input for undergoing research into
the dynamics of fluxoids in the mixed state region around
Tc. We adopted a macroscopic approach to determine super-
conducting current based on sheet resistance measurements.
By incorporating the classical Hall resistance approach, we
extracted fluxoid parameters such as number of conducting
charges per fluxoid, areal density, and mobility of the fluxoids.
Our observations revealed an increase in areal density and a
decrease in number of normal conducting carriers per fluxoid
with increasing magnetic field which is consistent with the
previous experimental studies. Furthermore, we observed a
similarity of mobility around Tc at magnetic fields between
Hc1 and Hc2 and of mobility at normal conducting tempera-
tures at zero-valued magnetic fields.

Understanding the interplay between superconductivity
and resistivity will assist in enhancing the sensitivity of su-
perconducting resistivity sensors, e.g., of superconducting
nanowire single-photon detectors (SNSPD) [26] where local
heating after absorption of single photons and subsequent
hot spot formation is exploited to detect single photon ab-
sorption. Despite considerable technological advancements in
enhancing the detection efficiency and overall functionality
of SNSPDs mainly in the long wavelength spectral range, a
comprehensive understanding of the operational mechanisms
underlying those superconducting resistivity sensors still re-
mains elusive. Several theoretical models such as the hotspot
model, electrothermal model, diffusion model, and vortex-
based model [5,27–30], have been put forward to elucidate
the operational principles of SNSPDs, thus providing insights
into the behavior of today’s most widely used single photon
detector in quantum technology. These macroscopic models
suggest that the genesis of hot spots is pivotal to the SNSPD’s
mechanism, which is attributed to vortex motion across biased
superconducting nanowires. Nevertheless, to date, no micro-
scopic theoretical model has been developed to account for the
generation of a vortex-antivortex pair in the vicinity where a
hot spot is formed or for the contributions of the vortex motion
to hotspot formation. The unfavorable dark counts in SNSPDs
have been linked to the vortex-crossing mechanism [31,32],
but strategies to reduce them have not yet been extensively
investigated.

Our manuscript elucidates the mixed-state transport prop-
erties of type-II superconductors by quantitatively analyzing
fluxoid dynamics near the critical temperature (Tc). We pro-
vide insights into the microscopic dissipative mechanisms in
the mixed state, highlighting how normal conducting electrons
within vortices affect magnetotransport properties, crucial for
understanding the superconducting-to-normal transition [33].
Additionally, our study offers new perspectives on quantum
phase transitions in type-II superconductors, demonstrating
the role of localized variations in carrier density and mobility
on macroscopic quantum states and connecting these changes
to vortex dynamics [34,35]. Furthermore, by analyzing the
Hall resistance of fluxoids, we contribute to the understand-
ing of vortex dynamics, exploring fluxoid mobility, and their
pinning and depinning mechanisms under varying external
magnetic fields, which is vital for applications of supercon-
ductors [36]. This work can be used as a foundation for further
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analysis in understanding vortex motion in superconducting
resistivity sensors, e.g., the resulting hotspot formation in
SNSPDs.
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APPENDIX

The areal density of normal conducting carriers (nN ) shown
in Figs. 6(c) and 6(f) was obtained after performing offset cor-
rection and logistic fitting. A closer look at the Hall resistance
plot in Figs. 6(a) and 6(d) reveals noise around zero field,
which can be mitigated through smoothing techniques such
as the adjacent averaging method, Savitzky -Golay method,
etc. We employed the Savitzky -Golay (SG) method for
smoothing the curve due to its efficient polynomial regression
performance, making it an ideal method for curve smooth-
ing. However, merely applying the smoothing technique was
insufficient, and led to finding better approaches to perform
a meaningful statistical analysis of the curve. We performed
an offset correction for areal density of normal conducting
carriers [Eq. (11)] as detailed below:

�nN (|H |) = nN (−H ) − nN (+H ). (A1)

Offset correction on nN has been done separately for posi-
tive and negative fields as follows:

nN (+H, after offset correction) = nN (+H ) + 1
2�nN ,

nN (−H, after offset correction) = nN (−H ) − 1
2�nN . (A2)

FIG. 9. [(a) and (c)] Offset in areal density of normal conduct-
ing carriers is calculated for specific strengths of magnetic field in
opposite directions (+H and −H ) using Eq. (A1). [(b) and (d)]
Magnetic field dependent offset correction on normal conducting car-
rier concentration nN for positive and negative magnetic fields using
Eq. (A2). The solid lines represent the logistic 5 fit [Eq. (A3)] for the
offset corrected nN at 10.40, 10.68, and 10.77 K for 5-nm-thick NbN
film on sapphire with an applied current [(a) and (b)] 100 µA and
[(c) and (d)] 1 mA. At larger fields, the fitted line of areal density
of normal conducting carriers approaches the maximum value nN

(highlighted in green) which is approximately 0.362 × 1021 m−2.

Figures 9(a) and 9(c) illustrates the variation of the offset in
areal density of normal conducting carriers with the magnetic
field around Tc for an applied current of 100 µA and 1 mA.
By considering this offset, an offset correction has been per-
formed on nN . The offset correction ensured symmetricity in
the curve. Subsequently, we carried out nonlinear curve-fitting
on the offset-corrected normal conducting carrier concentra-
tion using a five-parameter logistic regression or logistic 5
model. The logistic 5 equation is given by

nN = nmax + nmin − nmax(
1 + (±x

x0

)h)s
, (A3)

where nmax and nmin are the lower and upper values of the
curve respectively, x is magnetic field (independent variable),
x0 is the inflection point, h is the hill slope, and s is the control

TABLE I. Temperature dependent curve parameters of the fitted logistic curve.

Parameters I = 100 muA I = 1 mA

Temperature 10.40 K 10.68K 10.77 K 10.40 K 10.68K 10.77 K

Field −ve field +ve field −ve field +ve field −ve field +ve field −ve field +ve field −ve field +ve field −ve field +ve field

n max (m-2) 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.77 × 1020 3.54 × 1020 3.54 × 1020 3.77 × 1020 3.77 × 1020

n min (m-2) 9.38 × 1018 9.42 × 1018 1.22 × 1019 1.15 × 1019 1.31 × 1019 1.19 × 1019 2.06 × 1019 2.06 × 1019 2.44 × 1019 2.44 × 1019 2.65 × 1019 2.65 × 1019

x0 13.42 13.31 4.32 5.72 7.28 8.72 11.89 11.89 8.02 8.02 2.12 2.12

h 1.65 1.65 1.68 1.57 1.46 1.41 1.81 1.81 1.90 1.90 2.47 2.47

s 6.66 6.62 1.60 2.26 2.96 3.60 7.42 7.42 6.47 6.47 0.78 0.78
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FIG. 10. Flowchart for the analysis of macroscopic parameters of fluxoids in type-II superconducting thin films, namely number of normal
conducting carriers per fluxoid, areal density of normal conducting carriers, and mobility of the fluxoids in dependence on the external magnetic
field, including sample preparation, measurement and analysis of magnetoresistance.

factor. This function yields statistical values like the residual
sum of squares (RSS), coefficient of determination (R2) which
signifies the fitness of the model. A model is said to be a good
fit if the RSS value is minimal and R2 value ranges between
0 and 1 (a general accepted assumption). After investigating
different sigmoidal models, the logistic 5 function stood out
due to its high R2 value of 0.996 and a low RSS value, making
it most suitable for our analysis. The evaluation of the of
the above-mentioned logistic function was performed for two
different currents 100 µA and 1 mA around Tc. The obtained
fitted parameters are summarized in Table I. Figures 9(b) and
9(d) demonstrates the variation of areal density of normal
conducting carriers after offset correction with the magnetic
field and its corresponding logistic 5 fitting around Tc for an
applied current of 100 µA and 1 mA.

The flow chart for the analysis of macroscopic parameters
of fluxoids is given in Fig. 10. The figure presents a com-
prehensive workflow for the preparation, measurement, and
analysis of NbN thin films deposited on sapphire substrates.
In the sample preparation phase, the NbN films are grown
on sapphire via a cyclic process involving trimethylaluminum

(TMA) and NH3 precursors, with intermediate purging and
plasma exposure to ensure high-quality film growth. Follow-
ing this, gold contacts are patterned on the NbN film using
a Van der Pauw geometry through Pulsed Laser Deposition
(PLD) for electrical characterization. The measurement setup
segment details the experimental parameters and the equip-
ment (Lakeshore HMS 9700A) used for conducting resistance
measurements in a Van der Pauw configuration. The setup
is calibrated to provide sheet resistance and Hall resistance
values at specified magnetic fields and temperatures. The data
analysis portion illustrates how the measured resistances are
used to correct for any offsets using OriginLab software,
followed by the calculation of macroscopic parameters such
as the fluxoid’s mobility and superconducting carrier con-
centration. These parameters are critical for understanding
the electronic properties of the NbN films, which could have
implications for superconducting applications. The process
flows logically from sample preparation through measurement
and finally to the analysis of key parameters, emphasiz-
ing the thorough and systematic approach taken in the
study.
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