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Zeeman-driven superconductor-insulator transition in strongly disordered MoC films: Scanning
tunneling microscopy and transport studies in a transverse magnetic field
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The superconductor-insulator transition in a transverse magnetic field is studied in a highly disordered MoC
film with the product of the Fermi momentum and the mean free path kF l close to unity. Surprisingly, the Zeeman
paramagnetic effects dominate over orbital coupling on both sides of the transition. In the superconducting state it
is evidenced by a high upper critical magnetic field Bc2, by its square-root dependence on temperature, as well as
by the Zeeman splitting of the quasiparticle density of states (DOS) measured by scanning tunneling microscopy.
At Bc2 a logarithmic anomaly in DOS is observed. This anomaly is further enhanced in an increasing magnetic
field, which is explained by the Zeeman splitting of the Altshuler-Aronov DOS driving the system into a more
insulating or resistive state. A spin-dependent Altshuler-Aronov correction is also needed to explain the transport
behavior above Bc2.
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Two-dimensional (2D) superconductors can be driven
through a quantum superconductor-insulator transition (SIT)
by tuning various physical parameters, such as disorder,
voltage gating, or magnetic field [1,2]. In general, two prin-
cipal mechanisms of SIT exist. In the bosonic scenario, the
phase coherence of the Cooper-pair condensate is disrupted,
and puddles with a variant superconducting order parameter
emerge and survive even on the insulating side [3,4]. In the
fermionic scenario [5], the amplitude of the superconducting
order parameter is fully suppressed, driving the supercon-
ducting transition temperature to zero. Our previous papers
demonstrated that increased disorder in ultrathin MoC films
leads to the fermionic scenario of the suppression of super-
conductivity [6,7].

Recently, the exclusivity of the insulating ground state in
2D superconductors after a quantum transition has been called
into question. A quantum superconductor-(anomalous) metal
transition was suggested as a viable alternative [8,9]. In this
Rapid Communication, it is impossible to distinguish these
two options, due to finite temperatures. Hence, for the sake
of clarity, we will address the effects simply as SIT in the
following.

Here, we use another SIT control parameter—a mag-
netic field oriented perpendicularly to an ultrathin MoC film.
The external magnetic field interacts with electrons via two
different mechanisms: Zeeman and orbital couplings. For per-
pendicular fields, usually the latter mechanism is dominant.
In our study, counterintuitively, in addition to orbital cou-
pling, Zeeman coupling also plays an important role in the
superconducting as well as the insulating/normal state. It is
evidenced by a high upper critical magnetic field Bc2, by its

square-root dependence on temperature, as well as by the
Zeeman splitting of the superconducting quasiparticle density
of states (DOS) measured by scanning tunneling microscopy
(STM). This surprising finding is related to the fact that the
spin pair breaking is comparable to the orbital one, since the
product of the Fermi wave number and mean free path, known
as the Ioffe-Regel parameter kF l , is close to unity. In magnetic
fields above Bc2 a logarithmic anomaly in the density of states
due to the Altshuler-Aronov effect of 2D disordered metals
[10,11] is present. Surprisingly, the anomaly is enhanced in
a further increasing magnetic field driving the system deeper
into an insulating/resistive state. This effect is also explained
as a consequence of the Zeeman effect, and now on the
Altshuler-Aronov DOS. A Zeeman spin-dependent Altshuler-
Aronov correction is also needed to describe the temperature
dependence of sheet resistances at low temperatures in fields
above Bc2, strongly supporting the Zeeman-driven SIT in a
transverse magnetic field in MoC.

MoC films of 3-nm thickness were prepared by reactive
magnetron sputtering onto a Si substrate as described in
Refs. [12,13]. The Ioffe-Regel parameter kF l was determined
for all our thin MoC films [6,12] from the free-electron model.
Transport and STM measurements were performed in mag-
netic fields up to 16 and 8 T, respectively, all at temperatures
down to 0.3 K. Details are given in the Supplemental Material
[14].

Strongly disordered ultrathin MoC films reveal quan-
tum corrections to Drude conductivity with a negative
temperature derivative of the sheet resistance dR�/dT
from room temperatures down to the superconducting
transition [6].
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FIG. 1. (a) Temperature dependence of the sheet resistance of
MoC film at magnetic fields B = 0, 1, 2, 3, 4, 5, 6, 6.2, 6.3, 6.35,
6.4, 6.5, 7, 8, 10, 12, and 16 T. The inset shows the temperature de-
pendence of Bc2(T ) determined from resistive transitions (symbols).
The solid black line is a Bc2(T ) ∝ √

Tc − T fit at T → Tc. (b) and
(c) show details of the resistive transitions, and dashed black lines
are fits (see the main text and Supplemental Material [14])

Figure 1(a) shows R�(T ) up to 16 T. At zero field a
broad superconducting transition is observed due to super-
conducting fluctuations typical for disordered 2D systems. In
a magnetic field the initial drop of resistance is moving to
lower temperatures and the transitions are further broadened.
More details can be viewed in Figs. 1(b) and 1(c). In the field
range 6.2–7 T, the slope of R�(T ) exhibits nonmonotonous
behavior. The onset of superconductivity is followed by a kink
or minimum, and the 6.2-, 6.3-, and 6.35-T curves exhibit a
superconducting reentrant behavior with a second downturn
of the R�(T ). Above 6.4 T no sign of reentrant superconduc-
tivity is observed, indicating that the value is already above
the upper critical field Bc2. At B > 7 T the slope of R�(T )
resumes the monotonous behavior in the whole temperature
range with an insulatorlike negative derivative dR�/dT up
to our highest field of 16 T. The inset of Fig. 1(a) shows
the temperature dependence of Bc2(T ) determined at 90%
of the “normal-state” sheet resistance RN

�(15 K) = 1120 �

(symbols) with a negative curvature that can be described by
a Bc2(T ) ∝ √

Tc − T formula (solid line). Such a curvature
is typical for the critical field in paramagnetic limit BP [15],

where pair breaking is caused by Zeeman splitting. See also
the Supplemental Material [14].

The temperature dependence R�(T ) above Bc2 ∼ 6.3 T
was fitted by the sum of the Drude conductivity, the
contribution of superconducting fluctuations in the Cooper
channel [11,16,17], and the Altshuler-Aronov correction in
the diffusion channel [10,11]. As discussed in detail in the
Supplemental Material [14], a successful fit of the data is
obtained only when the spin-splitting effects are taken into
account, indicating that not only orbital but also the Zeeman
effect is at play in the transverse magnetic field. Our tun-
neling experiments provide more conclusive arguments for a
Zeeman-driven SIT.

Figure 2(a) displays typical tunneling spectra as a function
of temperature. At the lowest temperature T = 0.5 K the
spectrum shows reduced coherence peaks and in-gap states
for which thermal smearing alone cannot account. Upon a
temperature increase the gap closes with the in-gap states
growing and the coherence peaks ceasing. Above Tc = 3.95 K
no superconducting features are visible. Still, the tunneling
conductance shows a slight increase with the absolute value
of voltage. The overall temperature dependence can be de-
scribed within the thermally smeared Dynes DOS, ND

S (E ) =
(E + i�D)/

√
(E + i�D)2 − �2, with the superconducting gap

� and the parameter �D responsible for spectral broadening
[18,19]. The fitting curve at T = 0.5 K is plotted as a black
solid line in Fig. 2(a). The temperature dependence of the
energy gap determined from the fit follows the BCS prediction
with �(0) = 0.65 meV, �D = 0.25 meV, Tc = 3.95 K, and
2�/kBTc = 3.8, in agreement with our previously published
results [6,7]. The gapless superconducting DOS described
by the Dynes modification of the BCS DOS [18] has been
recently microscopically explained by the presence of local
pair-breaking fields at arbitrary potential disorder [19]. In
MoC such pair-breaking fields are formed at the interface
between the substrate and the film [7].

Figure 2(b) shows an effect of perpendicular magnetic
field on the tunneling spectra at T = 0.5 K. When B is in-
creased, the superconducting gap is gradually filled, and the
coherence peaks are smeared. Notably, the gap structure of
the tunneling spectra is not fully suppressed when Bc2 is
approached, but the tunneling conductance measured above
Bc2 ∼ 6.3 T still shows a minimum at the zero-bias voltage.

FIG. 2. (a) Temperature dependence of the STM differential conductance spectra in zero field. The black curve is a Dynes fit. (b) Magnetic
field dependence of the spectra at 0.5 K. (c) Left: The spectra taken at B = 0 T (black), 2 T (green), and 4 T (red) magnetic fields with smeared
Zeeman splitting features. Right: The second derivative of the spectra from the left panel. For a description, see the main text.
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Astonishingly, this feature is enhanced by further increasing
the field above Bc2. It is noteworthy that this effect is uniform
across the sample surface, in contrast to the superconducting
features as shown in the conductance maps of Fig. S1 in
the Supplemental Material [14]. It indicates that the spectra
taken above 6.3 T do not reflect the superconducting DOS
but rather the normal-state properties without any spatial
variations.

Figure 2(c) displays a rare case of superconducting spectra
with a smaller broadening parameter �D. In magnetic fields of
2 and 4 T this smearing enables the observation of two faint
kinks marked by vertical bars. The effect is better resolved in
the second derivative of the tunneling conductance d2I/dV 2,
where a pair of distinct minima is present. The distance be-
tween the minima is equal to 2μBB, consistent with Zeeman
spin splitting.

Zeeman spin-splitting and orbital pair-breaking effects are
characterized by their respective critical magnetic fields. In
a dirty type-II superconductor the orbital upper critical field
Bc2 ∼ �0 /(ξ0l ), where �0 is the flux quantum and ξ0 =
h̄vF /π� is the BCS coherence length. Due to the Zeeman
coupling, the Cooper pairing would be destroyed by the Pauli
depairing field BP ∼ � /μB, where μB is the Bohr magneton.

The ratio between these fields is BP/Bc2 ∼ kF l showing
that in materials which are close to SIT the Zeeman and
orbital couplings are similar. The dominance of the Zeeman
splitting of strongly interacting electrons was observed at the
metal-insulator transition in disordered metals (e.g., the case
of Si:B [20]). We assume that this effect can dominate also
in superconductors near SIT. In the case of Zeeman splitting
the spin-up and spin-down states in superconducting DOS are
separated by 2μBB ≈ 0.116B (meV) in magnetic field B and
the gap peak splits in two [21]. It is documented in Fig. 2(c)
by the weakly smeared spectrum where the inequality � >

μBB > �D holds.
It was shown in Ref. [19] that in Dynes superconductors

the first-order phase transition at the Zeeman-driven critical
magnetic field transforms into a continuous transition when
�D exceeds ∼0.3�(0). Still, there is a characteristic response
to the magnetic field in tunneling DOS. While in the case of
orbital pair breaking the separation of the gap peaks shrinks,
at Zeeman coupling the distance between the gaplike peaks
remains nearly constant up to BP. This means that gap filling
rather than gap closing with increasing B should be observed.
Our MoC films are indeed Dynes superconductors [7,19] with
spectral broadening in the range �D = 0.25�–0.36�. High
spectral broadening in most of our spectra washes out the
Zeeman splitting signatures, leaving just a broadened gap
maximum. Still, one can observe in Fig. 3(a) that the gap-peak
position remains almost unchanged upon increasing B up to
Bc2 (dashed lines crossing the green curves), consistent with
Zeeman coupling.

Thus, for a 3-nm MoC film in the superconducting state,
the effect of a transverse magnetic field on the tunneling DOS,
the square-root temperature dependence of the upper critical
field, and its magnitude Bc2(0) ∼ 6.3 T in the range of the
Clogston limit [BP(T) � 1.8Tc (K) [22]] is evidence of the
paramagnetic Cooper-pair breaking. Above Bc2 the Altshuler-
Aronov anomaly in DOS is further enhanced by the magnetic
field.

FIG. 3. (a) Tunneling spectra from Fig. 2(b) in magnetic fields
B = 0, 0.5, 2, 3, 4, 6 (superconducting state, green color) and at 6.5,
7, and 8 T (normal state, magenta) fitted to the model (black lines)
described in the text. The dashed lines follow the field dependence
of the superconducting gap maxima and the smeared Zeeman sin-
gularity positions. (b) Tunneling spectra at T = 0.5 K and B = 6.5,
7, and 8 T (blue, red, black lines) measured in a voltage window
(0, +15 mV). The inset of (b) is the logarithmic plot of the same
curves. (c) Magnetic field dependence of the zero-bias conduc-
tance (red symbols) compared to theoretical models (dashed line:
Altshuler-Aronov effect; dashed-dotted line: Dynes model; solid
line: linear combination of the models).

In Fig. 3(b) the normal-state tunneling conductance taken
at B = 6.5, 7, and 8 T fields is displayed in a wider voltage
range. The inset plots the curves in a logarithmic scale. All
the spectra reveal the same logarithmic energy dependence
down to ≈1 meV, where an abrupt field-dependent change
occurs. In an increased magnetic field the position of the
change shifts slightly to higher energies and the zero-bias
conductance (ZBC) decreases, similarly as in Fig. 2(b).

It is well established that strong disorder enhances the
electron-electron interaction. According to the Altshuler-
Aronov (AA) theory of 2D systems [10,11], this is manifested
by a logarithmic suppression of the DOS near the Fermi
level at energies kBT � E � �, where � = h̄/τ ∼ 10 eV,
inversely proportional to the short mean free time τ in strongly
disordered systems, is much greater than other relevant energy
scales [23]. In our case the DOS starts to saturate at approxi-
mately 0.3 meV. This value is one order of magnitude higher
than the thermal energy kBT = 0.043 meV at T = 0.5 K, but
is very close to the spectral broadening as discussed below.

Now we turn to the effect of magnetic field on the tun-
neling spectra above Bc2. The standard AA correction is field
independent, but taking the electron spins into account in the
diffusive particle-hole channel leads to a field dependence of
the correction to the normalized DOS, NN (E ) = 1 − δÑ . In
the presence of finite relaxation rates, it can be derived from
Eq. (6.2a) in Ref. [11] as

δ̃N (E , T, B) = χ

{
f (Ẽ , �̃0) + λ1

2λ0

[
f (Ẽ , �̃1)

+ 1

2

∑
α=±1

f (Ẽ + αẼZ , �̃1)

]}
, (1)
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where arguments of the function f are normalized to the
thermal energy as, e.g., the Zeeman energy ẼZ = 2μBB/kBT .
The function f is defined as

f (a, b) = −1

2

∫ �/kBT

0
dx

x

x2 + b2

sinh (x)

cosh (x) + cosh (a)
.

The parameter χ includes constants as parameters of the tun-
neling barrier and the constant uncorrected density of states.
The constants of λ0 and λ1 describe the interaction of an
electron and a hole contribution of processes with total spin
0 and 1, respectively. The first and the second terms in Eq. (1)
originate from the interaction of an electron and a hole with
a zero projection of the total spin on the direction of the
magnetic field (M = 0), and the third and fourth terms from
interactions with M = +1 and M = −1, respectively. In the
case when the ratio λ1

2λ0
is from the interval 〈−1/3, 0〉 at

zero magnetic field, the logarithmic anomaly of the first term
is partially compensated by three equal logarithmic terms
with opposite sign. In a finite field (EZ > 0) a part of the
electronic DOS at Fermi energy is removed due to spin polar-
ization and two singularities/maxima should appear at ±EZ .
Thus, due to the spin polarization in the magnetic field the
logarithmic singularity/minimum at the Fermi level is more
pronounced than it was in the zero-field case. The parameters
�0 = �ε and �1 = �ε + �s responsible for the broadening of
AA logarithmic singularity in DOS are determined by the
energy relaxation rate �ε and the spin relaxation rate �s [see
Eq. (2.31) in Ref. [11]].

We use Eq. (1) to fit our field-dependent tunneling con-
ductance data from Fig. 2(b) measured above Bc2. As the
first step, the parameters characterizing the field-dependent
AA effect λ1

2λ0
, χ , �0, and �1 have been determined from

the tunneling conductance measured deeply in the normal
state at B = 8 T and T = 0.5 K. Afterwards, for the fits at
lower fields, the same set of parameters was applied. Below
Bc2, a formula which combines the Dynes DOS and the AA
correction in the normal state has been used, in the form
of N (E ) = ND

S (E )NN (�). The latter term involves complex

energy �(E ) = Re[
√

(E + i�D)2 − �2 necessary to keep
the number of charge carriers constant after the transition to
the superconducting state [24]. During the fit below Bc2 we
varied the value of the energy gap � and slightly corrected
the values of �D. Since the spectra in Figs. 2(b) and 3(a) do
not reveal any apparent spin splitting in the superconducting
state due to large �D, we use a simple Dynes formula, which
at high spectral smearing is indistinguishable from the sum of
two split Dynes DOS.

As can be seen in Fig. 3(a), our experimental tunneling
spectra shown in cyan (above Bc2) and green curves (super-
conducting state) coincide well with the model (black lines).
The values of the fitting parameters of the AA effect are
λ1

2λ0
= −0.2, λ̃0 = 0.145. The broadening parameters �D, �0,

and �1 have about the same value ≈0.3 meV, which is striking
and deserves further investigations. The superconducting gap
�(B) obtained from the fit follows a square field dependence
(see the Supplemental Material [14]), in agreement with the
predictions of Herman and Hlubina [19] for the Zeeman split-
ting in Dynes superconductors with strong spectral smearing
�D > 0.3�. Red points in Fig. 3(c) represent the magnetic

field dependence of the ZBC from Fig. 2(b) and other spectra
(not shown). The dashed-dotted line depicts the contribution
of the Dynes model, the dashed line is the spin-dependent AA
contribution, and the solid line is the combined Dynes-AA
model. It is obvious that the model provides a reasonable
theoretical description of the measured tunneling spectra in
both the superconducting as well as the normal states.

The observation of the Zeeman-driven SIT transition in
homogeneously disordered thin films in a perpendicular mag-
netic field is really surprising. This effect has not yet been
observed possibly because there are only few experimen-
tal studies using local DOS measurements in such systems
[25,26]. These works agree that the vortices are vanishing
at strong disorder and the DOS in the normal state above
Bc2 is strongly reduced at the Fermi level. However, system-
atic studies of the reduced normal-state DOS at fields above
Bc2 in strongly disordered systems are lacking. In disordered
NbN [26] the STM DOS measured in the vortex core (with
a presumably normal-state DOS) features enhanced/deeper
minimum in the reduced DOS than above Tc at B = 0. It is
very similar to our case, but was neither noticed nor studied
in detail. Notably, Wu et al. [27] have observed Zeeman split-
ting of the logarithmic AA DOS anomaly in the moderately
disordered Al films in a parallel field attributed not to the
diffusive channel as in our MoC but to the Cooper channel. It
is important to study the normal-state properties of disordered
superconductors at temperatures well below Tc systematically.

In summary, the tunneling spectroscopy and transport mea-
surements of a highly disordered 3-nm thin MoC film with kF l
close to unity in transverse magnetic fields exhibit the Zeeman
effects which play an important role in both the superconduct-
ing state and the insulating state. In the superconducting state
the superconductivity is suppressed by the paramagnetic pair
breaking as witnessed by the value of Bc2 close to the Clogston
limit and also by the temperature dependence of Bc2 (T ). The
features of Zeeman coupling are found in the superconducting
density of states wherein by increasing the magnetic field up
to Bc2 the superconducting gap is gradually filled rather than
closed, and in the case of small broadening a Zeeman splitting
of the gaplike peaks is observed. In the normal state above
Bc2 the experimental data can be even quantitatively described
by the AA quantum corrections: The DOS shows enhance-
ment of the logarithmic anomaly with increasing magnetic
field driving the system deeper into the insulating or resistive
state. This effect is due to the spin-dependent electron-hole
interaction. Consistently, a spin-dependent Altshuler-Aronov
correction is also needed to explain the transport data mea-
sured above Bc2, in full agreement with the analysis of DOS.
Thus, we can conclude that superconductor-insulator tran-
sition in a strongly disordered MoC film in a transverse
magnetic field is driven by the Zeeman effects. This transition,
not showing any emergent inhomogeneity in the spectral maps
above Bc2, remains fully fermionic.
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