PHYSICAL REVIEW B 105, 014506 (2022)

Onset of a superconductor-insulator transition in an ultrathin NbN film under in-plane magnetic
field studied by terahertz spectroscopy
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Optical conductivity of a moderately disordered superconducting NbN film was investigated by terahertz
time-domain spectroscopy in an external magnetic field applied along the film plane. The film thickness of
∼5 nm was comparable with the coherence length, so vortices should not form. This was confirmed by the
fact that no marked difference between the spectra with a terahertz electric field set perpendicular and parallel
to the external magnetic field was observed. Simultaneous use of Maxwell-Garnett effective medium theory
and the model of optical conductivity by Herman and Hlubina [Phys. Rev. B 96, 014509 (2017)] proved to
correctly reproduce the terahertz spectra obtained experimentally in a magnetic field of up to 7 T. This let
us conclude that the magnetic field tends to suppress the superconductivity, resulting in an inhomogeneous
state where superconducting domains are enclosed within a normal-state matrix. The scattering rate due to pairbreaking effects was found to linearly increase with the magnetic field.
DOI: 10.1103/PhysRevB.105.014506

I. INTRODUCTION

In superconducting materials, the interactions between
external static magnetic field and charge carriers are of fundamental importance. A magnetic field induces screening
currents (orbital effect), and it interacts with the electron
spin (Zeeman effect). Screening currents usually suppress the
magnetic field in the bulk, so the Zeeman effect is weakened.
However, an in-plane magnetic field will fully penetrate films
whose thickness is much lower than the penetration depth λ;
therefore, the Zeeman effect can be dominant. In the case
of low spin-orbit scattering, a magnetic field shifts the density of states (DOS) of electrons with spins up and down
by ±μB μ0 H, where H is the magnetic field intensity, μ0 is
the permeability of free space, and μB = 9.274 × 10−24 J T−1
denotes the Bohr magneton. The spin-orbit scattering leads
to spin flipping, and the spectroscopic gap G is reduced by
2μB μ0 H. As the spin-orbit scattering rate increases, peaks
in the DOS due to up and down spins are smeared, and
eventually, only one broad peak in the DOS remains. The
spin-orbit scattering rate is proportional to the fourth power
of the atomic number. Therefore, low spin-orbit scattering
is typical of atoms with a low atomic number, which was
confirmed by observations in Al films [1]. The field also
breaks the time-reversal symmetry, causing an overall weakening of the superconducting state. Abrikosov and Gorkov [2]
derived a theory describing superconductivity in the presence
of magnetic impurities involving a pair-breaking parameter α.
Later, Maki [3] and de Gennes [4] proved that all ergodic
pair-breaking perturbations contribute to the pair-breaking
parameter α. This applies also to ultrathin superconducting
films—those having a thickness comparable with or smaller
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than the coherence length—in the dirty limit, exposed to either in-plane or out-of-plane magnetic fields. These become
effectively two-dimensional, and an in-plane magnetic field
can induce a superconductor-insulator transition (SIT) [5,6].
The SIT introduces a nanoscale inhomogeneity, causing either
an enhancement of coulombic interactions and a gradual decrease in the superconducting gap energy (fermionic scenario
[7]) or a gradual loss of coherence within the condensate
(bosonic scenario [8]). Such inhomogeneities were reported
for various cases of the SIT [5,9,10].
To extend the knowledge of the behavior of ultrathin superconducting films, we studied the effects of an in-plane
magnetic field on the optical conductivity by means of
time-domain terahertz spectroscopy. We employed a custommade experimental setup with an external magnetic field.
Our measurements can provide access to the features which
characterize the superconductivity, namely, the DOS, quasiparticle and Cooper-pair concentrations, vortex dynamics
[11], and mesoscopic inhomogeneity. In this paper, we focus
on the thinnest available NbN film from the series studied in
Ref. [12] which shows an onset of the SIT.
II. EXPERIMENT

The film was deposited on a 10 × 10 × 1 mm3 -sized (100)
MgO substrate by reactive magnetron sputtering of a 99.999%
pure Nb target in a mixed Ar/N2 atmosphere with partial pressures of PAr = 1.5 × 10−3 mbar and PN2 = 3.3 × 10−4 mbar.
The substrate holder was heated to 850 ◦ C, and NbN was
deposited at a rate of ∼0.12 nm/s. More details about the deposition technology can be found in Ref. [13]. The thickness
of our film was determined from the known deposition rate as
d = 5.3 nm, which is close to the typical coherence length
in NbN (4–7 nm [14]) and much less than the penetration
depth λ = 2.3 × 10−7 m, as estimated from the imaginary part
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of the complex conductivity at low frequencies. The critical
temperature Tc = 13.9 K was obtained in an independent DC
resistivity measurement; this value is slightly lower than in
the thicker samples from the same series (15.2 and 15.5 K
for 14.5- and 30.1-nm-thick samples, respectively) [12]. We
note that the critical temperature of NbN can reach up
to 17.3 K [15].
Terahertz spectroscopy experiments consisted of measuring the sample transmittance using a custom-made
time-domain spectrometer. Broadband terahertz pulses were
generated using a Ti : sapphire femtosecond laser (Vitesse,
Coherent) and a large-area interdigited semiconductor emitter
(TeraSED, GigaOptics). The sample was placed in an Oxford
Instruments Spectromag He-bath cryostat with mylar windows and a superconducting coil, allowing for cooling the
sample down to T = 2 K. The Voigt geometry—i.e., an external static magnetic field directed along the sample plane—was
used, and the magnetic field was varied up to the maximum
value of μ0 H = 7 T. The electric vector E of the linearly polarized terahertz pulses was set either parallel or perpendicular
to H. The transmitted time profiles of electric field intensity
E (t ) were detected by phase-sensitive electro-optic sampling
[16] in a 1-mm-thick 110 ZnTe crystal. The frequency (ν)
dependence of complex transmittance t˜(ν) was evaluated as
the ratio between Fourier transforms Es (ν) and Er (ν) of the
time profiles E (t ) transmitted through the sample and a bare
MgO reference substrate, respectively; this approach is known
to effectively eliminate all instrumental functions. Before depositing the NbN film, we measured the time profiles of both
the sample substrate and the reference including the FabryPerot reflections, from which we determined their thicknesses
dsub and dr , respectively. More details and the error analysis
can be found in Refs. [17,18]. For the purpose of the numerical
computations of the complex conductivity of the film σ̃ (ν),
interference effects in the MgO substrates were avoided by
truncating the measured time profiles before the echoes arising from internal reflections, whereas interferences in the thin
film were accounted for [19]:
t˜(ν) =

Es (ν)
[1 + ñsub (ν)]eiψ (ν)
=
,
Er (ν)
1 + ñsub (ν) + Z0 σ̃ (ν)d

(1)

where Z0 denotes the vacuum impedance, ñsub (ν) the complex
refractive index of the substrate, and ψ (ν) is the phase delay
due to different optical thicknesses of the sample and reference. Since in both of these cases the same substrate material
(MgO) was used, we can write
ψ (ν) =

2π ν
{[ñ(ν) − 1]d + ñsub (ν) d},
c

(2)

where c is the light velocity, and ñ is the complex refractive
index of the film. The first term in the curly brackets stems
from the propagation in the film, and the second one reflects
the difference in the thicknesses of the sample substrate and
reference d = dsub − dr .
Alternatively, the complex conductivity of the film in the
superconducting state σ̃ sc (ν) can be obtained by assuming
precise knowledge of the film conductivity σ̃ n (ν) in the normal state just above Tc . In fact, as one evaluates the ratio of
transmittances in the superconducting and normal states using

Eq. (1), the numerators cancel out, yielding
1 + ñsub (ν) + Z0 σ̃ n (ν)d
t˜sc (ν)
=
,
t˜n (ν)
1 + ñsub (ν) + Z0 σ̃ sc (ν)d

(3)

from which σ̃ sc (ν) can be evaluated. This simplification is
possible because the optical properties of the MgO substrate
change very weakly within such a narrow temperature interval. As an advantage, this approach is not affected by any
inaccuracy in the value of d. The normal-state conductivity
σ̃ n (ν) was carefully determined previously [12].
III. RESULTS AND DISCUSSION

In this paper, the sample was probed by linearly polarized
terahertz pulses in two distinct geometries, with the electricfield vector E parallel and perpendicular to the direction of the
in-plane magnetic field, which we mark in the following by
symbols E  and E ⊥ , respectively. The complex conductivity
of the film σ̃ (ν) was evaluated by the two above-described
methods based on Eqs. (1) and (3).
A. Zero magnetic field

We start with the analysis of normal-state properties of
our ultrathin NbN film. They were found to be accurately
described by the Drude model, yielding a DC conductivity
of σ0 = (1.53 ± 0.02) µ−1 m−1 and a scattering time τn =
(15 ± 8) fs [12]. The latter value indicates a moderate disorder, and in principle, quantum corrections to the Drude
model might be applicable [20,21]. However, Cheng et al.
[22] systematically studied NbN films with an increasing level
of disorder, and quantum corrections appeared to play no
significant role in their best-quality samples, exhibiting the
highest values of Tc . Since the value of Tc in our film even
slightly exceeds those reported in Ref. [22], we conclude that
quantum corrections do not have to be considered.
In general, it is quite difficult to determine precisely the terahertz properties of superconducting films. This is especially
true of the transmittance phase because one must distinguish
between the contributions of the thin film and that of the
substrate which is much thicker, in our case, by more than five
orders of magnitude. We optimized the thickness difference
d within the experimental accuracy so that terahertz spectra
for H = 0 show no dissipation [σ1 (ν) ≈ 0] below the optical
gap 2 in the zero-temperature limit. Indeed, this corresponds
to the behavior expected for classical s-wave superconductors.
By numerical calculations using Eq. (1), the precise mean
value of the substrate thickness was found equal to the one
determined previously dsub = (990.0 ± 0.5) µm. The alternative method of evaluating the NbN conductivity using Eq. (3)
lead to the same results as those based on Eq. (1), see Fig. 1;
σ2 (ν) is shown in the Supplemental Material [23].
At zero magnetic field, the sample conductivity shows
features typical of a classical Bardeen-Cooper-Schrieffer
superconductor—below the optical gap 2 (0), there is no
dissipation in the real part, i.e., σ1 ≈ 0, and a 1/ν dependence
in the imaginary part σ2 (ν) is observed (see black lines in
Fig. 2). At low frequencies, σ1
σ2 ; thus, σ1 is determined
less reliably than σ2 .
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FIG. 3. Complex conductivity of NbN at T = 3 K for E  ,
evaluated using Eq. (1). (a) Real part σ1 (ν ) and (b) imaginary part νσ2 (ν ). Lines are fits by the Maxwell-Garnett formula
[Eq. (4)] using the Drude model for the normal-state σ̃n (ν ) and the
Herman-Hlubina (HH) model for the superconducting-state σ̃s (ν )
components, respectively.

B. Magnetic field dependence
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limit = 0, i.e., without pair-breaking processes, the HH
model reproduces the Zimmermann model [26], which was
successfully applied in the previous report on the ultrathin
NbN sample [12]. In this paper, by fitting our zero-field spectra of the complex conductivity σ̃ (ν) using the HH model, we
found s /h = (5.6 ± 0.4) THz [27], /h  10−3 THz, and
2 (0)/h = 1.2 THz. Due to the small value of , the Zimmermann model is fully appropriate for the magnetic-field-free
case. Indeed, from the values of scattering rates found in the
superconducting state, we obtained τn = (14 ± 1) fs, which is
in excellent agreement with the Drude fit of the normal-state
spectra reported in Ref. [12]. However, unlike the HH model,
the Zimmermann model is not able to account for modifications of the superconducting state due to magnetic field.

(a)

0.5

(THz

FIG. 1. Real part of spectra of NbN conductivity σ1 (ν ) obtained
by the two described methods from experiments using both linear
polarizations at T = 3 K and a magnetic field of 0 and 7 T. Note that
the evaluation of the imaginary part σ2 (ν ) provides spectra with a
much lower uncertainty.

The zero-field conductivity can be best described by the
Herman-Hlubina (HH) model for Dynes superconductors
[24], see the red lines in Fig. 3. Within this model, the
scattering rate in the normal state n can be written as a
sum of two terms related to the superconducting state: n =
are the scattering rates relative to
s + , where s and
the pair-conserving and pair-breaking processes, respectively.
The parameter also appears in the well-known Dynes formula [25], where it accounts for the broadening of the DOS
which diverges at ± for = 0. The normal-state scattering rate is linked to the scattering time τn by the relation
−1
n = (h/2π )(2τn ) , where h is the Planck constant. In the
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FIG. 2. (a) Real and (b) imaginary part of the conductivity of the
NbN film under varying in-plane magnetic fields at T = 3 K for E
evaluated using Eq. (1).

Upon applying the in-plane magnetic field, the complex
conductivity is modified, see Fig. 2. Whereas the imaginarypart spectra σ2 (ν) vary only slightly even for the highest
attainable field, the real-part spectra σ1 (ν) show more significant changes. The dissipation increases with magnetic field;
this occurs especially at low frequencies where an upward
tail in σ1 (ν) gradually develops. We did not observe any
significant differences between the spectra corresponding to
the terahertz pulses with linear polarizations parallel and perpendicular to the external magnetic field. By contrast, similar

014506-3

M. ŠINDLER, F. KADLEC, AND C. KADLEC

PHYSICAL REVIEW B 105, 014506 (2022)

σ̃s (ν) − σ̃n (ν)
σ̃MG (ν) − σ̃n (ν)
= fs
, (4)
L σ̃MG (ν) + (1 − L)σ̃n (ν)
L σ̃s (ν) + (1 − L)σ̃n (ν)
where fs and L are the volume fraction and the depolarization factor of the superconducting inclusions, respectively.
Although the actual topology of the superconducting film can
be nontrivial, we assume the depolarization factor to amount
to L = 13 . This value is usually employed for calculating the
response of flat disks embedded in a matrix, but it may equally
describe other geometries.
The use of the Maxwell-Garnett formula for high concentrations of inclusions might be questioned. However,
Rychetský et al. [34] argued that the Maxwell-Garnett formula
holds even for high concentrations of inclusions if the matrix
is percolated. In our fits, we used two fitting parameters:
the volume fraction of superconducting islands fs and the
pair-breaking rate which determines the shape of the σs (ν)
spectra. In fact, varying s and did not improve our fits, so
we conclude that their values are independent of the magnetic
field.
Our model describes correctly all observed spectral features, see Fig. 3. Terahertz conductivity spectra for both linear

E||, eq. (1)
E||, eq. (3)

E_|_, eq. (1)
E_|_, eq. (3)
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experiments with a thicker NbN sample revealed a strongly
polarization-dependent transmittance [28]. In the present case,
the fact that the spectra for the two terahertz polarization
directions are similar lets us conclude that the NbN sample
contains no vortices oriented along the direction of the magnetic field, in contrast to predictions for thicker samples under
an in-plane applied magnetic field [29]. This is in agreement
with our estimate that the coherence length is comparable with
the film thickness; thus, the vortex cores do not fit in.
Our experimental observations are different from those of
Xi [14] and Xi et al. [30], who reported a prominent decrease
in the gap energy upon increasing the magnetic field, whereas
there was no dissipation below the gap. They successfully
employed the model of complex conductivity developed by
Skalski et al. [31]. Thus, we conclude that this model is
not applicable in our case. The NbN sample studied by Xi
et al. [32] was 70 nm thick; it had a critical temperature of
Tc = 12.8 K and a scattering time of τn = 0.07 fs, two orders
of magnitude lower than in the present case. We suppose that
the major difference in the spectral responses is linked to
the sample thicknesses; whereas the sample in Ref. [30] was
much thicker than the typical coherence length, the thickness
of our sample was comparable with the coherence length.
Consequently, only our sample can be considered as a twodimensional system.
We assume that, upon applying an in-plane magnetic
field, the superconducting properties are weakened by pairbreaking processes, and additionally, the system becomes
inhomogeneous. In such a case, within the film, isolated superconducting islands are formed, surrounded by a matrix in
which the superconducting properties are heavily suppressed;
this part can be approximated by the normal state. The spectral response of superconducting islands is described by the
HH model [24], where plays a role analogous to the pairbreaking parameter α. We have reproduced the experimental
data by the Maxwell-Garnett model [33], in which the superconducting islands were treated as particles and the normal
state as a matrix [12]:
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FIG. 4. (a) Cooper-pair-breaking scattering rate and (b) volume fraction of superconducting inclusions fs obtained from fits of
σ̃ (ν ) spectra at T = 3 K as a function of applied in-plane magnetic
field. and fs are the only two free parameters of the used MaxwellGarnett model in combination with the Herman-Hlubina (HH) and
Drude models. Lines: Fits demonstrating that both these parameters
depend linearly on the magnetic field.

polarizations evaluated by both methods were fitted using only
two free parameters: and fs , see Fig. 4. Although there is
some scatter in the parameters, their field dependences exhibit
clear trends. Whereas the volume fraction of superconducting
inclusions fs linearly decreases with H from 1 to 0.94, the
pair-breaking scattering rate linearly rises with the magnetic
field as /h = 0.0072 THz T−1 μ0 H, which corresponds to
0.5μB μoH/h. The field dependences of fs and would be
qualitatively the same if we assumed different values of L;
however, the experiment provides no means to obtain its most
appropriate value.
The field dependences (H ) of the pair-breaking scattering rate upon a strong spin-orbit interaction were predicted
to be quadratic for an in-plane magnetic field and linear
for an out-of-plane field [35,36]. Xi et al. [30] performed
far-infrared measurements under an in-plane magnetic field,
and they evaluated the pair-breaking parameter α using the
Skalski model [31]. They obtained, in agreement with the
theory, a quadratic dependence for a NbTiN thin film, but
they also observed a linear behavior for their NbN film with
α/h = 0.014 THz T−1 μ0 H = μB μ0 H/h. In contrast with our
results, they observed no absorption below the optical gap,
and they found a linear decrease in the spectroscopic gap G
with quite a steep slope of −0.12 THz T−1 (∼8.6μB /h). This
is different from the trend observed in our data which revealed
only a small decrease in the optical gap even at the magnetic
field of 7 T.
We believe that the observed linear dependence (H ) is
due to a combination of Zeeman splitting of the DOS and
the spin-orbit interaction. The peaks in the DOS become doublets due to the Zeeman effect, and they merge into a broad
peak with a shape which can be well described by a formula
pertinent for a Dynes superconductor. This assumption could
be possibly verified by a direct observation of the DOS via
tunneling measurements using an in-plane magnetic field. At
a sufficiently strong field, a broad peak might transform into a
doublet due to the increased strength of Zeeman splitting.
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We studied the optical conductivity of a high-quality ultrathin NbN film under an in-plane applied external magnetic
field of up to 7 T in the low-temperature limit. We measured
its transmission in the terahertz range (0.4–1.6 THz), utilizing
broadband pulses with linear polarization set either parallel
or perpendicular to the applied static magnetic field, and we
evaluated the complex conductivity spectra σ̃ (ν) using two
different methods, one based on a direct computation [Eq. (1)]
and one employing the ratio between the complex transmittances of the superconducting and normal states t˜sc (ν)/t˜n (ν)
[Eq. (3)]. Both these approaches lead essentially to the same
results, as shown in Fig. 1. Nevertheless, σ̃ (ν) can be determined more precisely by the latter method since the main
source of experimental uncertainty originates in the thickness difference d which is effectively canceled in the ratio,
and the relative errors in determining the conductivity values
are lower in the normal state than in the superconducting
one.
The zero magnetic field spectrum is well described by
the Zimmermann model [26], as discussed in our previous
publication [12]. In the present case, however, we used a more
general model: that for Dynes superconductors proposed by
Herman and Hlubina [24], which can consider the Cooperpair-breaking processes. We found that the scattering rates in
the normal and superconducting states are in excellent agreement ( s = n ). The value of is negligibly small, suggesting
that Cooper-pair-breaking processes are weak, thus confirming the applicability of the Zimmermann model.
In the low-temperature limit, we observed a significant
modification of the conductivity under an in-plane magnetic
field. Its imaginary part is dominated by the London term
σ2 (ν) ∼ 1/ν, and it only slightly decreases with H. The real
part σ1 (ν) exhibits a marked absorption even at frequencies
below the optical gap, which does not vanish even at the highest attained magnetic field. We did not observe any relevant
difference between the spectra obtained in E  and E ⊥ configurations, unlike in our previous experiments with thicker NbN
films [28]. This absence of anisotropy rules out the presence
of vortex chains predicted earlier by Luzhbin [29].
Our experimental results can be explained by assuming
a local suppression of superconducting properties, resulting
in an inhomogeneous state of superconducting islands in a
normal-state matrix with a complex topology. The properties
of superconducting islands are modified by pair-breaking effects proportional to the strength of the applied magnetic field.
We found that, in the present case, the HH model for Dynes
superconductors [24] is more suitable than the Skalski model
[31]. An inhomogeneity on the nanoscale arising owing to the
SIT was reported earlier in other cases [5,9,10]. To quantitatively describe our spectra, we developed a model assuming
superconducting islands enclosed within a normal-state matrix based on the Maxwell-Garnett theory [33]. The complex
topology was described by assuming a depolarization factor
of L = 13 . Our model yields a linear decrease in the volume
fraction of superconducting islands fs with the magnetic field.
At the same time, we observed a gradual decrease in the superconducting properties of our NbN film, which is reflected
by the linear rise in the pair-breaking scattering rate with the
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FIG. 5. (a) Real and (b) imaginary conductivity of NbN at
μ0 H = 7 T for linear polarization parallel with the external magnetic
field evaluated from the transmission ratio tsc /tn . Lines: Fits using the
Maxwell-Garnett [Eq. (4)], Herman-Hlubina (HH) (Ref. [24]), and
Drude models. In the fitting, we used a temperature-dependent gap
energy (T ) expressed by Eq. (5), a temperature-independent scattering rate , whereas the superconducting fraction fs (T ) was used
as a free fitting parameter at each temperature. Inset: Temperature
dependence of the superconducting fraction fs obtained from the fits.
C. Temperature dependence under magnetic field

To further test the validity of our model, we performed
an additional set of measurements. It consisted in setting the
magnetic field to the highest attainable value of μ0 H = 7 T
and measuring the temperature dependence of the conductivity of the NbN film. The experimental results (shown by
symbols in Fig. 5) were evaluated from the transmission ratio
t˜sc /t˜n [see Eq. (3)], where the normal-state transmittance was
measured at T = 14.4 K. In the fitting procedure, to account
for the effect of heating, we approximated the temperature
dependence of the gap by the expression [37]

π  T 2
(T ) = (0) cos
,
(5)
2 Tc
which for low values of , yields results sufficiently close
to the exact numerical calculations following the model of
Herman and Hlubina [24]
The scattering rate
was assumed to be temperature
independent, in agreement with previous measurements of
different NbN samples [38]. In a MoC film, which is a similar
superconducting compound, was found to be temperature
independent up to 0.5 Tc , and at higher temperatures, it
reached up to four times the low-temperature value [39]. Our
model shows an excellent agreement with the experiment, see
Fig. 5. This lets us conclude that, at fixed magnetic field of
μ0 H = 7 T, the superconducting fraction fs is only weakly
temperature dependent up to T = 10 K, and it sharply decreases upon further heating (see inset of Fig. 5).
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magnetic field. Moreover, our approach has proved to remain
valid also for higher temperatures.
Finally, we note that our experiment cannot provide a definite answer to whether the SIT occurs via the bosonic or
fermionic scenario because we observed only the onset of
the transition, even at the highest attainable magnetic field.
However, the decrease in the volume fraction of the superconducting inclusions fs and the constant value of the optical
gap with increasing magnetic field slightly favor the bosonic
scenario.
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