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The Berezinskii-Kosterlitz-Thouless (BKT) transition in ultra-thin NbN films is investigated in presence of weak
perpendicular magnetic fields. A jump in the phase stiffness at the BKT transition is detected up to 5G, while the
BKT features are smeared between 5G and 50 G, disappearing altogether at 100 G, where conventional current-
voltage behavior is observed. Our findings demonstrate that weak magnetic fields, insignificant in bulk systems,
deeply affect our ultra-thin films, promoting a crossover regime from the Halperin-Nelson fluctuations to the

BCS-like state with Ginzburg-Landau fluctuations, as the field increases. This behavior is related to field-induced
free vortices that screen the vortex-antivortex interaction and smear the BKT transition.

1. Introduction

In low-dimensional superconducting (SC) systems, the interplay be-
tween quantum coherence, interactions, and topology can give rise to
unexpected emergent quantum phenomena. A clean two-dimensional
(2D) superconductor undergoes a Berezinskii-Kosterlitz-Thouless (BKT)
phase transition [1-7], characterized by the proliferation of thermally
activated vortex-antivortex pairs, an abrupt jump in the superfluid stiff-
ness, and the disruption of the quasi-long-range-ordered SC state. This
ultimately leads to the formation of a pseudogap above the transition
temperature [8,9]. BKT physics has been experimentally observed in
numerous ultra-thin SC films [5,10-14].

Despite this extensive body of work, the effects of low magnetic fields
(H ~ H_|, where H , denotes the lower critical magnetic field) remain
insufficiently explored, even though they are of central importance for
2D SC systems. Existing studies [4,10,15,16] indicate that the SC prop-
erties of 2D systems can be significantly altered even at weak magnetic
fields, due to factors such as inhomogeneity, disorder, vortex pinning
mechanisms, edge vortices, and topological defects [15,17].

A comprehensive experimental investigation of magnetic field effects
on the BKT transition in SC nanofilms, such as indium/indium oxide
composites, was reported by Garland and Lee in Ref. [18]. In these sys-
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tems, the pinning of field-induced vortices plays a crucial role in mod-
ifying the BKT transition. At finite magnetic fields, a small but finite
resistance persists below the BKT transition temperature Ty, prevent-
ing the system from reaching a true zero-resistance state. Nevertheless,
a pronounced change in the temperature dependence of the resistance is
observed as the system approaches Tkt from above, manifesting exper-
imentally as a crossover scale that separates two qualitatively distinct
transport regimes. This crossover scale, as well as the physics above it,
was found to be nearly independent of the applied magnetic field. Closer
examination, however, suggests that the system studied in Ref. [18] dif-
fers substantially from NbN in terms of the relevant parameter regimes
and the degree of disorder, which, in turn, are reflected in the differ-
ent behavior of our samples. Specifically, Garland and Lee reported a
resistive tail occurring at resistivity values an order of magnitude lower
than ours and a magnetoresistance pointing to an activated temperature
dependence due to vortex pinning. In our NbN samples, because of high
morphological and structural quality, the pinning effects are excluded.

Indeed, in contrast with the findings of Garland and Lee, we demon-
strate here that NbN SC nanofilms exhibit a nontrivial evolution of the
BKT physics under weak magnetic fields when approaching Tyt from
above, with a gradual change in the critical fluctuations, from Gaussian-
like to topological.
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We point out that, in real SC systems, several additional effects
emerge when the film thickness d is reduced to values comparable to
the coherence length & (d ~ £). These include, for instance, the appear-
ance of resistive tail-like features, reported by several groups [10,14,19],
which are commonly attributed to enhanced granularity [20,21], inho-
mogeneity, and vortex pinning effects [22]. Moreover, it has been ar-
gued that H, vanishes in granular 2D SC systems [18,23,24], leading to
the generation of a large density of free vortices even at very weak per-
pendicular magnetic fields. These vortices can readily penetrate the ma-
terial and strongly interact with thermally generated vortex-antivortex
pairs, thereby modifying the dynamics of the BKT transition.

To elucidate these complex interactions, we performed a systematic
experimental study of the SC properties of NbN ultra-thin films. These
systems constitute a particularly suitable platform for exploring the low-
field regime [3,5,14,25], enabling us to investigate the fate of the BKT
transition and its evolution under weak magnetic fields in the range
3-150 G. Our focus is on non-universal yet physically relevant features
that influence transport properties in the fluctuation regime close to the
BKT transition. These include the sharp jump of the exponent charac-
terizing the nonlinear /-V response (associated with the emergence of
superfluid stiffness below T 1 in zero field), the characteristic tempera-
ture scale for the abrupt drop in resistivity (identified with Tk at zero
field), and the behavior of the resistivity above this scale. We do not
propose a new theoretical framework; the theory describing magnetic-
field effects on the BKT transition has already been developed in detail
in Refs. [26-28]. Rather, we focus on crossover phenomena occurring
in the fluctuation regime, where the magnetic field does not completely
obscure BKT physics.

In this context, we find that the established zero-field fluctuation
theories—namely the Halperin-Nelson [29] and Aslamazov-Larkin [30]
approaches—provide an accurate description of the phenomenology
observed in our experiments. It is worth emphasizing that, although
the formal expressions for the paraconductivity in the two theories
are essentially identical (up to numerical prefactors) when written in
terms of the characteristic fluctuation length scale, a crucial distinction
emerges in their temperature dependence. Specifically, this length scale
diverges algebraically in the Aslamazov-Larkin framework, while it ex-
hibits an exponential divergence in the Halperin-Nelson theory. This
difference reflects the distinct physical origins of the two approaches:
Aslamazov-Larkin theory describes paraconductivity arising from Gaus-
sian, amplitude-driven SC fluctuations, whereas Halperin-Nelson the-
ory captures the non-Gaussian, phase-driven vortex-antivortex unbind-
ing mechanism underlying the BKT transition. In our system, both
regimes are relevant, and their interplay becomes particularly signif-
icant under the application of a magnetic field, which tends to sup-
press BKT features and promote a crossover toward an Aslamazov-Larkin
(Ginzburg-Landau-like) fluctuation regime. Finally, we emphasize that
NbN was chosen as an ideal experimental platform [14,25] due to its
well-established dimensional crossover from three-dimensional (3D) to
2D behavior when the film thickness is reduced below the SC coher-
ence length. This crossover naturally favors the emergence of vortex-
antivortex pairs, making NbN an excellent system for investigating BKT
physics.

2. Experimental details

The deposition of NbN nanofilms was carried out by using a reac-
tive DC magnetron sputtering system (Excel Instruments), operational
at the CSIR-National Physical Laboratory (NPL), India. The process uti-
lized a 2-inch niobium target with a purity of 99.95%, positioned 8.5 cm
away from the substrate. The sputtering atmosphere comprised N, and
Ar gases (purity 99.999%). The deposition process was carried out on
four substrate types: MgO, Si, and Al,O5 both r-and c-cut. Prior to depo-
sition, each substrate was cleaned using acetone and isopropyl alcohol
(IPA). The deposition chamber was evacuated at 10~7 mbar and sub-
strates heated up at 600°C, before injecting N, and Ar gases at a ratio
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of 1:6, keeping the pressure constant at 7 x 1073 mbar. A self-sustained
plasma was formed at 20 W of dc power supply. A pre-sputtering of the
target was performed for ~ 2min, then followed by deposition of NbN
films. The deposition rate was found to be 0.3 nm/s and the thickness of
the film was measured using a stylus profilometer (NanoMap 500ES).
The surface topography of thin films of NbN deposited on an MgO sub-
strate, was carefully characterized by atomic force microscopy (AFM)
operated in tapping mode. Measurements were performed using a sili-
con AFM probe (Tap 300Al-G; resonant frequency ~ 300 kHz, force con-
stant ~ 40 N/m) on a Multimode V AFM system (Veeco Instruments).
For measurement of electrical transport properties, an 8-contacts geom-
etry was chosen for the Hall bar fabrication, designed by the LibreCAD
software. The fabrication steps involved spin coating (at 4000 rpm) of
the photoresist (AZ 5214E) onto deposited films. A soft bake at 110°C for
3 min, resulted in a photoresist layer 1.4 um thick. The pattern genera-
tion process involved a Karl Suss mask aligner (mod. MJB3) for optical
lithography (line-space resolution of 2.5 um) followed by wet chemical
development to define the final geometry of the NbN Hall bars. In par-
ticular, the etching process was carried out by using deep reactive ion
etching (RIE: PlasmaPro 100 Cobra Inductively Coupled Plasma Etch-
ing System, Oxford Instruments). The applied RIE powers were 30 W
(table power rf) and 500 W (ICP power rf). Optimization of the fabri-
cation parameters resulted in a mixture of CF, and Ar with fluxes of
90 and 10sccm, respectively, at an operating pressure of 50 mTorr. All
the samples were cleaned with a light-oxygen plasma before the etch-
ing process. The fabricated NbN devices on small PCBs were glued to a
copper disk. Finally, thin Al wires were bonded to the Hall bar and PCB
pads, allowing electrical connection to the measuring equipment.

Transport measurements were carried out in a He closed-
cycle (liquid-free) cryostat (Advanced Research System mod. DE210)
equipped with two Si diode thermometers (Lakeshore mod. DT-670)
one out of two calibrated (maximum uncertainty of 6.3 mK) and used
to read the film temperature by one channel of a source-measure unit
(SMU, Keysight mod. B2912A). No change in the T value was detected
under the perpendicularly applied magnetic field, in the intensity range
used in our study.

The resistivity as a function of the temperature, p(T'), and the current-
voltage (I — V) characteristics have been measured as a function of tem-
perature. For the investigation of p(T'), the SMU has been operated in dc
or pulsed mode. The latter (so-called delta mode) is based on the suitable
combination of three consecutive current pulses of alternate polarity,
virtually capable of minimizing thermoelectric forces and offsets other-
wise affecting low-voltage detected values [31]. Current (in the range 1
uA—10mA for I — V; typically < 1 uA for p) has been sourced along the
Hall bar length and the voltage drop detected by using two of three side
contacts.

Electrical transport has started from the lowest T reached by the sys-
tem (~ 4.5 K), without any thermal stabilization of the device, exploiting
the high thermal inertia of the cryostat, resulting in effective isother-
mal conditions of measure. In particular, the number of data points to
average has been suitably chosen to keep the variation of the sample
temperature as low as possible: < 1 mK, during data acquisition of the
SC transition; < 10 — 20mK, for I — V' characteristics.

During the I — V measurements, we used a fast pulsed sweep tech-
nique utilizing a specific feature of the SMU. The current sourced to
films comprised a ramp of pulses (1.1 ms of duration), with increasing
intensity spanning several orders of magnitude, up to ~ 1 mA. Between
consecutive pulses, the current was switched off for ~1 ms to minimize
thermal effects. The entire I — V measurement sequence was completed
in approximately 5s. This unconventional pulsed technique is expected
to significantly reduce energy transfer to the sample by a factor of ap-
proximately 1000 compared to conventional continuous / — V measure-
ments thus minimizing any possible artifact related to sample heating.

To investigate the effects of weak perpendicular H fields on BKT
physics in our NbN films, we examined the resistivity p(T') behavior
near the SC critical temperature 7, (see Section 3 for an operative def-
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0.00 A

Fig. 1. Atomic Force Microscopy topography of a 10 nm-thick NbN film de-
posited on a MgO substrate. The root-mean-square (RMS) roughness of the
scanned area (3 x 3 yum? wide) is 0.0984 nm.

11.6 12.0 124 12.8
T (K)

Fig. 2. Temperature dependent resistivity around the SC transition for a 10 nm-
thick NbN film deposited on MgO (MO10), under several H field intensities ap-
plied perpendicular to the film surface. Experimental data (dots) are connected
by B-spline lines.

inition of this quantity) under various applied H field intensities. H
fields ranging from 3G to 150G were generated by a Bruker mod.
B-E15v electromagnet, with the field direction perpendicular to the film
surface. Both the H field intensity and its uniformity within an area of
about 80 cm? were carefully monitored using an Alphalab Inc. GM-2
gaussmeter with a sensitivity of 0.1 G (see Supplementary Material for
additional and detailed information).

3. Results

As discussed in the Introduction, the SC properties of 2D systems
can be strongly influenced by inhomogeneity, topological defects, and
film morphology. To assess the morphological quality of the investigated
NbDN films, AFM analysis was performed. The films exhibit a highly uni-
form, continuous, and atomically smooth surface characterized by well-
defined terrace-like features (see Fig. 1). Such terrace morphology is
indicative of a step-flow growth mechanism and reflects the crystallo-
graphic step structure of the underlying MgO substrate, thereby confirm-
ing quasi-epitaxial growth of the NbN layer and its reduced roughness
(5 0.1 nm; Fig. 1). Further details regarding the growth mechanism and
morphological properties of the NbN films are provided in the Supple-
mentary Material.

Strictly speaking, a true zero-resistance state is not achieved in the pres-
ence of a finite magnetic field. Nevertheless, the main features of the
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Fig. 3. Variation of T, (a) and of the SC transition width (b) as a function of
H for NbN films of diverse thickness. Symbol size exceeds error bar dimension.
Dashed lines are guides to the eye.

SC transition — most notably the pronounced drop in p(T’), upon de-
creasing the temperature below a characteristic scale — remain clearly
visible and well defined within the low-field regime investigated here.
For this reason, and for clarity, we adopt the same notation and termi-
nology used in the zero-field case to denote the various characteristic
temperature scales identified in our experiments.

The analysis of p(T) in the vicinity of the SC critical temperature
T, reveals a strong dependence on the applied magnetic field H, char-
acterized by a pronounced downward shift of 7, already at fields as
low as 3G. This suppression persists up to approximately 33G (see
Fig. 2). This unusually strong and non-monotonic shift of T, at such
weak magnetic fields highlights the peculiar nature of the investigated
NbDN thin films. In our analysis, 7, is defined as the midpoint between
the temperatures corresponding to 10% (T)q) and 90% (Tqy) of the
normal-state resistivity p(T'), evaluated across the SC-to-normal transi-
tion and located on the resistivity plateau [32]. The difference between
these two temperatures defines the transition width, AT, = Tyyq — Tyg9-
Above the threshold field of approximately 33 G, the downward shift
of T, progressively weakens. This behavior can be ascribed to the in-
creasing density of vortices induced by the applied magnetic field. In-
deed, for a 10 nm thick NbN film, the lower critical field is estimated as
H,j = 4 In(w/&)/w? =~ 0.3G, where ¢, is the magnetic flux quantum
and w = 50 um is the sample width [24]. As a consequence, the den-
sity of field-induced vortices, n, = H /¢, increases from approximately
1.45x 107 cm™ to 7.25x 103cm™2 as H is raised from 3G to 150G.
Even the lowest applied field thus exceeds the estimated H,, by more
than one order of magnitude, favoring the nucleation of a sizable vortex
population and leading to a substantial suppression of T,. These find-
ings are consistent with previous experimental studies [3] and numerical
analyses addressing the interplay between sample width and coherence
length [33]. In particular, a necessary condition for vortex generation,
w > 4.4 £(T), was proposed in Ref. [34], and phase diagrams accounting
for vortex nucleation at very low magnetic fields were obtained for large
w/¢& ratios [23,33]. Small anomalies observed in sample MO10 around
H ~ 10G, affecting both T, and AT, are also detected in thinner films
(d = 5nm, MO5) [14,35,36].

Remarkably, in the thinnest sample (MOS5), a resonance-like en-
hancement of 7, is observed up to approximately 20 G, followed by a sat-
uration regime extending to about 90 G, and a further decrease at higher
fields (Fig. 3a). By contrast, in the thickest film (MO100, d = 100 nm),
the influence of the magnetic field on T, is strongly reduced: 7, shifts
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Fig. 4. Temperature dependence of the resistivity for MO10, at H =0G and
H =150 G. Lines are least squares fits by the Halperin-Nelson equation [Eq. (2),
red] and by the Aslamazov-Larkin equation [Eq. (1), blue]. Smearing of the BKT
phenomenon occurs at higher H fields. Inset: magnification of the region near
the SC transition, highlighted by the orange rectangle.

by only ~ 0.2K up to 20G and remains essentially constant at higher
fields (Fig. 3a). This behavior reflects the crossover from 2D to 3D
superconductivity with increasing thickness, accompanied by the pro-
gressive suppression of BKT physics, which is consistently observed in
all transport properties of this film. Furthermore, a pronounced non-
monotonic dependence of the transition width AT, on H is found in
MOS5, exhibiting an oscillatory behavior as a function of the magnetic
field (Fig. 3b). For films with thicknesses of 10nm (MO10) and 100 nm
(MO100), variations in AT, are confined to fields below approximately
15G, with an overall much weaker effect in the thicker samples. This
marked thickness dependence of the low-field SC response is attributed
to the enhanced disorder inherent to films with thickness comparable
to the coherence length (¢ ~ 5 nm). As the thickness increases toward
100 nm, SC fluctuations are progressively suppressed due to the 2D-3D
crossover [9] and the concomitant reduction of disorder, as clearly ob-
served in MO100 (Fig. 3b). In ultra-thin films, instead, the downward
shift of T, occurs predominantly at very low magnetic fields, indicat-
ing a crucial role played by the first field-induced vortices in enhancing
fluctuations and weakening vortex-antivortex interactions. The micro-
scopic origin of the ~ 2 K resonance-like enhancement of 7, observed in
MOS at extremely weak fields remains an open question. We argue that
a complex interplay between disorder, coherence, and magnetic length
scales may give rise to nonlinear effects in vortex-antivortex interac-
tions, ultimately leading to an apparent amplification of T,.

To further investigate the occurrence of the BKT transition, we ana-
lyzed the temperature dependence of the resistivity of sample MO10
in the vicinity of the SC transition, revealing several distinctive fea-
tures. The normal-state resistivity was fitted at the highest applied field,
H = 150G, using a high-temperature expansion that avoids assumptions
on the specific scattering mechanisms active in the system: pn(T) =
A+ B/T +C/T? + D/T3, in the interval [T}, T,], with T, < T} < T,. We
took T} = 14K and T, = 19K (see Figure S1). This protocol of using the
same normal-state resistivity at all magnetic fields reduces the num-
ber of fitting parameters, at the expense of having slightly less accu-
rate fits at low magnetic fields. The resulting least squares fitted pa-
rameters are: A =1.65x10"°Q:m, B=-1.73x 1075 QmK, C =3.02 x
1074 Q-m-K?, D = —1.83 x 10~ Q-m-K>. A relevant quantity is the T de-
pendent excess conductivity due to SC fluctuations, Ao = o(T) — o (T),
where o (T) = [py(T)]"! is the normal state conductivity. The exper-
imental paraconductivity is defined in terms of the measured resistiv-
ity as Ace,(T) = [p(M)]™" = [p5(T)]~'. We point out that, since the ex-
perimental conductivity becomes very large at the SC transition, any
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Table 1

Parameters derived by the least square fitting of the sheet
resistance data of film MO10, by using the Cooper-pair
fluctuation models [i.e., Eqs. (1) and (2)] for some se-
lected H intensities.

HG) Ty, ® s apn bun Tun (K)
0 12.46 0.075  0.0050 0.68 12.285
7 12.07 0.057  0.0048 0.68 11.88
50 11.62 0.029  0.0048 0.72 11.42
100 11.55 0.032  0.0048 0.72 11.35

uncertainty on the (much smaller) normal-state conductivity becomes
immaterial when the transition is approached.
The Aslamazov-Larkin paraconductivity is

1521
Aoall) = o e 1)
where 1521 (Q-m)~! = 2 /(16hd) is the prefactor for d = 10nm (MO10),
and € = In (T /T, ), with T, the critical temperature if the fluctuation
regime was governed by amplitude fluctuations of the order parameter.
The high-T" dimensionless cutoff s, possibly related to the pseudogap
in a system where the T scale for pair formation and phase coherence
are sizably different [37], and T,; are used as fitting parameters. We
point out that the Aslamazov-Larkin behavior in 2D is universal (below
a cutoff scale for the suppression of the fluctuations, that was absent in
the original theory, but must likely occurs in real systems), in the sense
that the prefactor for the leading contribution only depends on universal
constants and the geometrical thickness of the sample d.
The Halperin-Nelson paraconductivity is

by (Tiw) 2 ]

)1 7 (2)

Aopn(T) = [pn (1)) agyy sinh [

T —Tyn
where the temperature Ty and the dimensionless parameters apy and
byn are taken as fitting parameters. To keep our assumptions to a
minimum, we rely on a form of the Halperin-Nelson paraconductiv-
ity that does not explicitly contain the mean-field critical tempera-
ture, since this latter quantity is ill-defined in the experiments, as op-
posed to the robust exponential dependence when Ty is approached.
To plot the Halperin-Nelson and Aslamazov-Larkin paraconductivity in
the same plot, which is a function of ¢ = In(T /T};), we use the identity
T —Tyn =Txr € — Tan-

Except at H = 0, ayy is constant while by exhibits a minor depen-
dence on H (see Table 1). Regarding T,; and Ty both decrease mono-
tonically with H, while T,; — Tyy ~ 0.2K in the entire H range (Ta-
ble 1).

For H =0, p(T) is well fitted by Eq. (2), showing a clear manifesta-
tion of the BKT behavior. In our NbN system, we have not detected any
tailing in the resistivity curve below the BKT transition within the re-
sistivity range and temperature dependence regime discussed in Refs.
[38-40]. Instead, below Tpg; we observe only a residual resistivity
plateau that exhibits no evident temperature dependence.

However, under an applied H field, Eq. (2) gradually fails to fit the
data, both close T,, where a magnetic-field-driven foot develops, and
further away from the transition, where the data are much better de-
scribed by the Aslamazov-Larkin theory (Eq. (1), Fig. 4). We point out
that there was no way to significantly improve the fitting by considering
a Maki-Thomson contribution, presumably because this is suppressed by
strong dephasing [41]. This gradual suppression of the BKT physics pro-
vides clear evidence for the contribution of H-induced vortices, even at
extremely weak H fields, significantly screening the logarithmic inter-
action between vortex-antivortex pairs, thus affecting the dynamics of
the interaction and effectively suppressing the BKT transition. However,
this smearing of BKT physics does not significantly impact the SC state,
that remains preserved, particularly in the weak field regime, allowing
for a selective control of fluctuation effects.
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Fig. 5. a) Paraconductivity of MO10 as a function of the reduced temperature,
under an applied field of H = 0G. Lines are least squares fitting derived by
the Aslamazov-Larkin (blue, Eq. (1)) and Halperin-Nelson (red, Eq. (2)) equa-
tions. Inset. H-field dependence of the crossover temperature, 7,,, defined as the
crossing point of the Aslamazov-Larkin and Halperin-Nelson least square fitting
curves by Egs. (1) and (2), respectively. The quite narrow crossover region from
the BKT physics (pale green) to the BCS-like GL physics (pale blue) has been
highlighted by a gray filled area (centred at ~ 20 G and ~ 15 G wide). The red
line is a guide for the eye.
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Fig. 6. H field intensity dependence of the characteristic temperature scales
of film MO10, derived by: T,,, the crossing of the two fitting paraconductivity
equations [(Egs. (1) and (2), in the main text]; T, , the Aslamazov-Larkin critical
temperature; Ty, the Halperin-Nelson critical temperature (for a definition of
these temperatures see the Supplementary Material). The pink filled rectangle
highlights the crossover region. The lines are guides to the eye.

A detailed analysis of the paraconductivity of films exhibiting the
BKT effect, revealed interesting findings. In particular, in the absence of
any applied H field, the Halperin-Nelson approach, Eq. (2), succeeded
to fit the fluctuation conductivity of a thin NbN film (MO10), in the
region following the SC transition, where the BKT mechanism persists
(Fig. 5).

In presence of H, the Halperin-Nelson equation starts to deviate sig-
nificantly from the experimental data, with a gradual crossover from
the Halperin-Nelson to the Ginzburg-Landau (GL) description, as evi-
denced by the progressive decrease in the crossover temperature, 7,
(Fig. 5, inset), defined as the temperature at which the crossover be-
tween the Halperin-Nelson and the Aslamazov-Larkin fitting functions
of the paraconductivity takes place. Therefore, the value of T, enabled
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Fig. 7. a) V — I curves of MO10, at several T close to 7, under an applied
field of H = 5G. Red lines are least square fitting by the relation V « I(T)*"
of curves measured at (from right to left): 11.30K, 11.43K, 11.53K, 11.63K,
11.75K, 11.84K, 12.0K, and 12.14K. A similar behavior has been detected at
higher H field intensities up to 150 G. b) Temperature dependence of the fitted
a exponent for several H field intensities. Dotted lines are guides to the eye.

us to identify the H field-induced crossover from BKT physics to GL
physics (Fig. 5, inset). These findings align with the observations made
regarding the behavior of T, for MO10 (see Fig. 2). We detect a progres-
sive lowering of T, allowing to identify the H-field-driven crossover at
H =~ 15-20 G from the BKT to the GL physics (Fig. 5, inset), in agree-
ment with findings of T, behavior of sample MO10.

A H field dependent behavior similar to that found in T, is ob-
served in the critical temperatures Ty; and Ty, fitting parameters of the
Aslamazov-Larkin and Halperin-Nelson equations, respectively (Fig. 6).
We wish to point out that the fitting procedure has been carried on
each curve with two different equations in two different T regions. The
smooth overlap of the two fitting curves in the crossover region (see
the blue and red lines in Fig. 5) and the similar H field dependence of
the accounted critical temperatures, confirm the validity and robustness
of our analysis and conclusions. The fact that the temperature scales
T,,, Ty, and Ty mirror the behavior of T, suggests that the internal
mechanisms ruling the shift between T); and Ty, and the crossover
from one fluctuation regime to the other, are weakly affected by the
magnetic field. Indeed, as pointed out before T,; — Tyy ~ 0.2K stays
constant with changing H (Table 1). As far as we can understand, this
outcome could not be anticipated, and will certainly constrain and guide
the elaboration of a microscopic model that captures the phenomenol-
ogy uncovered by our work.

As previously stated, a distinctive feature of the BKT transition is the
discontinuous jump in the superfluid stiffness, J. Therefore, it is inter-
esting to assess its occurrence in presence of a magnetic field. Typically,
the discontinuous jump in Jg is determined by two distinct approaches:
direct measurement of the inverse penetration depth [25] and indirect
measurement of the exponent, a(T'), derived from the non-linear behav-
ior of I — V characteristics near 7,. Both approaches result into similar
outcomes, as investigated by Venditti et al. [25]. Here, we follow the
latter approach. The power law dependence is given by V « [I(T)]*T,
where the exponent a(T) = 1+ z J¢(T)/T is determined from the slope
of the I — V' characteristics in a log-log plot, measured at several tem-
peratures close to T, under various H fields (Fig. 7a).

The branch of the I — V used to extract a, while still evident, tends
to reduce progressively at higher H intensity. Experimentally, the main
problem is the correct identification of the temperature range and the
current intensity of applicability of the relation a(T) =1+ zJ(T)/T
that, as mentioned above, must be below Tpxr and above an intensity
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Fig. 8. Temperature dependence of the SC stiffness of MO10, derived from a(T")
measured at several H field intensities (see Fig. 7b). Data at H = 0 G were fitted
using Eq. (4) for T < Tggr = 11.86 K, value resulting by the intersection of the
2T /x line (blue dashed) with the interpolated Jg curve (black line). The fit
yields A = 10.4 + 0.6 K~!/2. Solid lines are modified Bezier lines, guides to the
eye. Inset: Magnetic-field dependence of the J transition width, estimated as
the temperature difference between 10% and 90% of the J reference values,
defined as the intercept between the 27 /z line and the curves interpolating the
experimental J data (vertical dotted lines). The solid line is a guide to the eye.

threshold I*, that Benfatto et al. [5] found to be:

I = q%4k sTaxr ~ 2.67 X 1078 Tgyr. 3)
0

Considering that ¢/®, = 5 x 10'* A/J and in conventional superconduc-

tors Tgiy ~ 10K, the I'* value results of the order of 10~7 A. However,

experimental studies have reported a higher intensity, of the order of

10~ A, due to the inhomogeneity effects, as well documented and ex-

plained in ref. [5].

From our analysis, we found a sizable H dependence of «(T'). At in-
tensities as low as 5G, « is downward shifted and starts to lower its
slope (Fig. 7b). The shift continues up to 15 G, while at H > 50G, a siz-
able lowering of the slope starts to occur, together with a discontinuous
change in « (Fig. 7b). At 100G, increasing T  up to 11.6 K, a saturates at
a value of ~ 2.5, to finally converge to a = 1 at T =~ 12K. As it is known,
at T = Tgkr, Jg is expected to jump discontinuously, from Jg(T5, 1) =
2Tpkr/7 to Jo(Tr) =0, giving a(T ) = 3 and a(T,;) = 1, respec-
tively.

To gain more insight into the smearing of the BKT transition with
increasing H, we have derived J¢(T) close to the SC transition (Fig. 8)
from the extracted « values by using the relation J¢(T) = [a(T) — 11T /%
[25]. In the case of H =0, J¢ shows quite an abrupt jump at Tgxy and
its T dependence before the transition has been fitted by the functional
dependence of the renormalization group equations given by:

2T 4AT
JS(T) = 7 + 7VTBKT -T (4)

where the fitted parameter is A = 10.4 + 0.6 K~!/2, The agreement be-
tween experiment and theory is satisfactory (Fig. 8), pointing toward
an accurate BKT description of the SC transition at zero field. Increasing
H, the fit fails and the sharpness of the jump starts to smear. To account
for this smearing, we have estimated the Jg width, AJg, of the jump,
starting from the intersection with the universal line 27 /z. The trend of
AJ vs H, further confirms the progressive smearing of the BKT physics
with increasing H (Fig. 8, inset).

In conclusion, our study demonstrates that the BKT transition in NbN
ultra-thin films exhibits an exceptionally high sensitivity to weak per-
pendicular magnetic fields. Our experimental results show that clear sig-
natures of BKT physics persist up to H ~ 5 G. Upon increasing the mag-
netic field to approximately 15-20 G, the system undergoes a crossover
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from a BKT-dominated regime to a BCS-like SC transition. The existence
of such a crossover regime is further corroborated by the progressive
breakdown of the Halperin-Nelson description of the fluctuation con-
ductivity near the BKT transition with increasing H, accompanied by a
markedly improved agreement between the experimental data and the
Aslamazov-Larkin formalism. This behavior points to the emergence of
GL type SC fluctuations superimposed on an underlying BCS SC state. At
higher magnetic fields, H > 100 G, all signatures of BKT physics are com-
pletely suppressed. We attribute this evolution to the increasing density
of field-induced vortices, which screen and weaken vortex-antivortex
interactions, thereby driving a tunable crossover from BKT to BCS su-
perconductivity.

In principle, field-induced free vortices may organize into a regular
lattice. However, in the very low-field regime explored in this work, the
corresponding lattice periodicity is expected to exceed the characteris-
tic length scale of structural defects, likely inhibiting the formation of
an ordered vortex lattice. As the magnetic field increases, the vortex
lattice becomes progressively denser and may start to influence the SC
properties in the vicinity of the transition, as discussed in Refs. [42-45].

More broadly, our results highlight the crucial role played by weak
magnetic fields in 2D SC systems —effects that are essentially negligible
in their 3D counterparts— and underscore the importance of accounting
for such phenomena in the design of integrated SC circuits. Finally, our
findings suggest that analogous behavior may emerge in related super-
fluid systems, such as fermionic atomic gases confined to 2D pancake
geometries under slow rotation, opening new perspectives for investi-
gating BKT physics in rotating 2D superfluids.
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