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Signatures of Surface Magnetic Disorder in
Niobium Films

Alena S. Samsonova, Philipp I. Zolotov , Elmira M. Baeva, Andrey I. Lomakin, Nadezhda A. Titova,
Anna I. Kardakova , and Gregory N. Goltsman

Abstract—We present our studies on the evolution of the normal
and superconducting properties with thickness of thin Nb films with
a low level of non-magnetic disorder (kF l ≈ 150 for the thickest
film in the set). The analysis of the superconducting behavior points
to the presence of magnetic moments, hidden in the native oxide
on the surface of Nb films. Using the Abrikosov-Gorkov theory,
we obtain the density of surface magnetic moments of 1013 cm−2,
which is in agreement with the previously reported data for Nb
films.

Index Terms—Abrikosov-Gorkov model, superconducting thin
films, superconducting transition temperature.

I. INTRODUCTION

IN PRACTICAL applications, such as photon detection [1]–
[4], sensitive magnetometry [5], or kinetic inductance based

circuits [6], it is advantageous to reduce the volume or cross-
sectional area of the active superconducting element, and so
ultrathin superconducting films are commonly used. However,
in the case of a decrease in film thickness below its characteristic
length scale, such as the coherence length, one usually encoun-
ters a significant change in its superconducting properties. For
most materials, the critical temperature (Tc) decreases with film
thickness, with rare exceptions like aluminum films [7]. Despite
several decades of study of the thickness dependence of Tc
for various materials, there is no universal explanation for this
phenomenon, and the problem is usually resolved individually
for each material.
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Thin Nb films are one of the most widely used materials in
superconducting electronic applications [8]. The properties of
thin Nb films have been addressed by numerous studies, with
particular emphases on the dependence of Tc on the film thick-
ness [9]–[17]. These studies show that the deposition process
and the substrate material strongly influence the Tc. As already
shown, the Nb films, grown on R-cut sapphire substrates, have
superior superconducting properties [14]. Despite that super-
conductivity retains in high quality Nb films down to thicknesses
of several monoatomic layers, the critical temperature is strongly
suppressed with decreasing thickness. For conventional metallic
superconductor,Tc is considered to be independent of the degree
of elastic scattering [18], and different mechanisms are proposed
to explain the suppression of Tc in high-quality Nb films. For
example, higher density of defects or strain effects in thin films
may influence theTc due to modification of the electron-electron
and the electron-phonon interactions [9], [11], [16]. In addition,
a predisposition of Nb films to rapid oxidization is known to
enhance the drop of Tc in ultrathin films [19]. Besides reduction
of effective film thickness, an oxide layer, formed on the film
surface, may suppress Tc due to its specific properties. On the
one hand, non-stoichiometric oxides of Nb are known to be
conductive [20], and Tc can be suppressed as a result of inverse
proximity effect [14], [17]. On the other hand, the oxide layer
may possess magnetic disorder that suppresses superconducting
properties due to the spin-flip scattering [21], [22].

Here we focus on the study of Nb films grown on R-cut
sapphire, which demonstrate excellent metallic properties down
to thicknesses of 2.5 nm. In the following, we study the supercon-
ducting properties and consider several mechanisms that may
cause to the suppression of theTc with decreasing film thickness.
Analysis of the experimental data in the framework of the
Abrikosov-Gorkov model [23] shows that a very small amount
of magnetic disorder can strongly suppress Tc in high-quality
ultrathin Nb films.

II. EXPERIMENTAL METHODS

A. Magnetron Sputtering of High-Ordered Nb Films

High-quality Nb films are grown on the 400 μm-thick sub-
strate by magnetron sputtering. The basic pressure in the main
chamber is ∼8× 10−8 Torr. To achieve a contaminant-free at-
mosphere during the process, Ti target is presputtered for 5 min-
utes to cover the chamber surfaces with titanium layer and lower
the pressure down to ∼2× 10−8 Torr. During presputtering the
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TABLE I
THE PARAMETERS OF Nb FILMS

wafers are protected by an inbuilt shutter. The deposition of Nb
films is performed in the DC regime at 600 mA by sputtering
the high purity (3N5) 2-inch Nb target and depositing material
onto a rotating substrate holder. During the deposition process
the substrate is heated up to 400 ◦C. After heating the substrates
to the desired temperature, high purity (4N8) argon gas is led
into the chamber at a constant flow rate of 40 sccm resulting
in the working pressure of 3.1 mTorr. The plasma discharge
is then turned on and stabilized for 5 minutes. After that, the
shutter is opened, and the film is with the deposition rate about
0.077 nm/s. After turning off the discharge, the substrates are
cooled down in a vacuum for 2 hours, and then they are pulled
out of the vacuum. Additionally, the thinnest samples, marked
in Table I with ∗-symbol, are covered in situ with a 1-nm
T i-layer. Under atmospheric conditions, the Ti layer transforms
to oxide, T iOx, and prevents fast oxidation of the ultrathin
Nb film in air.

B. The Measurement of the Metal Properties of Nb Films

The electrical and superconducting properties of Nb films
were investigated on unpatterned samples immediately after the
fabrication. Transport measurements were performed on the Nb
Hall-bar structures of 500 μm wide and 1000 μm long. All mea-
surements were performed using the low-frequency AC tech-
nique in a four-probe configuration. The applied bias currents
were less than 1μA. The measurements were carried out in a 4He
cryogenic insert (LLC Scontel), immersed in a dewar vessel, in a
wide temperature range (from 300 K to 1.7 K). The critical tem-
perature Tc was determined as the temperature at which the film
has lost half of its resistance,R = 0.5R0, whereR0 is the normal
state resistance just above the superconducting transition. The
measurements of the Hall effect and upper critical magnetic field
Bc2 were performed in a perpendicular magnetic field (B) in the
Hall-bar structures. Using the Hall resistance RH at T = 10 K,
the carrier density n0 was found as n0 = RH/(eBd). From
the measurements of the temperature dependencies of R(T ) at
different values of the perpendicular magnetic field, the slope of
the upper critical magnetic field dBc2/dT at Tc was determined.
The latter was used to estimate the electron diffusivity con-
stant D = −4kB/(πe)(dBc2/dT )

−1 and the Ginzburg-Landau
coherence length ξ2GL(0) = −Φ0(dBc2/dT )

−1/(2πTc), where
Φ0 is the magnetic flux quantum.

Fig. 1. Temperature dependence of the resistivity ρ(T ) for Nb films with a
thickness ranging from 2.5 nm to 62 nm. The results for ρ(T ) are presented
mainly for the Nb films without the capping layer, with the exception for the
film with a thickness of 2.5 nm.

III. RESULTS AND DISCUSSION

To characterize the electrical properties of the samples,
we determine the resistivity (ρ) and the residual resis-
tance ratio (RRR) as ρ = Rsqd and RRR = (Rsq,300K −
Rsq,10K)/Rsq,10K , where Rsq is the resistance per square, d
is the film thickness (see Table I for details). Figure 1 shows the
temperature dependencies of resistivity ρ(T ) for the Nb films
of different thicknesses in a 300− 1.7 K temperature range.
As a function of the decreasing temperature, ρ ∝ T decreases
linearly at high temperatures, over a wide range between 50 K
and 300 K, and then, at approximately T =20 K, it reaches a
residual value, ρ0. Upon further cooling, ρ(T ) drops down to
zero resistance below the critical temperature. For thinner films
the residual resistivity ρ0 increases and the Tc decreases.

Analysis of the dependence of resistivity on film thickness
can provide an additional information about the film structure.
The linear temperature dependence of ρ at high temperatures
is typical for metals and usually due to electron-phonon scatter-
ing [24]. Figure 2 shows the contribution of the electron-phonon
coupling to the conductivity of Nb films at room tempera-
ture, which is designated as Gph = (R300K −R10K)−1. The
phonon conductance Gph, as expected, linearly decreases with
the film thickness. However, as shown with the dashed line in
Figure 2, it approaches zero at some thickness, approximately
ddl ≈ 2.1± 0.5 nm. This thickness, called the “dead” layer, is
presumably related to a native oxide on the surface of the Nb
films, which mainly consists of non-conductive niobium oxide
(Nb2O5) [25], [26]. At a temperature of 10 K, the effect of
electron-phonon scattering becomes negligible, and an analysis

Authorized licensed use limited to: Higher School of Economics. Downloaded on August 25,2021 at 16:28:57 UTC from IEEE Xplore.  Restrictions apply. 



SAMSONOVA et al.: SIGNATURES OF SURFACE MAGNETIC DISORDER IN NIOBIUM FILMS 7000205

Fig. 2. Normal state properties of the Nb films. The data is presented for
films without the capping layer. Main body: the thickness-dependent phonon
conductance at 300 K: Gph = (R300K −R10K)−1. The dashed line shows
the linear dependence of Gph(d) on the film thickness. Here, the point of
intersection of the fit with the x-axis defines the thickness of a non-conducting
oxide layer on the top of Nb films (ddl = 2.1± 0.5nm). Inset: the carrier density
in Nb films as a function of film thickness. The carrier density n is determined
from the Hall effect measurements as n0 = RH/(eBd), where RH is the Hall
resistance at T = 10 K. The raw data for n0 are shown with the orange circles.
The data, plotted with the blue circles, are obtained taking into account the
non-conducting oxide layer, as n∗ = n0d/(d− ddl) with ddl = 2.1 nm.

of the dependence ρ0(d) suggests additional scattering mecha-
nisms contributing to resistance, such as scattering at impurities,
grains, and film boundaries.

Taking into account the thickness of the dead layer, we
characterize other electronic parameters of the Nb films such
as the carrier density at low temperatures. The hole-type carrier
density as a function of d is presented in the inset of Fig. 2:
the raw data, n0, and the revised data, n∗ = n0d/(d− ddl), are
shown with the orange and blue circles, respectively. Due to the
revision of the film thickness, we observe that the carrier density
does not significantly change and remains close to the value of
n0 = 6.7× 1022 cm−3, obtained for the 60-nm Nb film. This
finding suggests that the electronic properties in Nb films are
persistent to a change in the film thickness.

To characterize the degree of non-magnetic disorder in the
Nb films, we estimate important microscopic parameters, such
as the electron mean free path l and the coherence length ξ. The
mean free path l in Nb films is estimated using the experimental
values of the electron diffusivity,D, as l = 3D/vF , where vF =
2.73× 105 m/s is the Fermi velocity in Nb [27]. The values of
ξ, found from the slopes of the upper critical magnetic field,
scale from 18 nm to 10 nm for Nb films of 60 nm and 2.5 nm,
respectively. It worth mentioning that the values of l, found for
the Nb samples thicker than 6 nm, are in agreement with the
estimates of ξ in the dirty limit: ξ = 0.852

√
ξ0l, where Nb bulk

coherence length ξ0 = 38 nm [27]. The above parameters of the

Fig. 3. (a) The normalized critical temperature Tc/Tc0 as function of the
resistance per square Rsq . The circles represent the experimental data, the black
dashed line represents predictions of the Finkelstein model [28] (Eq. 1). (b) The
normalized critical temperature Tc/Tc0 as function of the inverse thickness
d−1. The circles represent the experimental data for the Nb films, and the red
dashed line shows the fit with the McMillan model [29] (Eq. 2), supposing that
dN = 0.8± 0.2 nm. The samples without the capping layer and covered with
the TiOx layer are shown with blue and green circles, respectively.

studied Nb films are summarized in Table I, where the data for the
samples with the TiOx capping layer are marked with ∗-symbol.
We believe that the studied Nb samples are of high quality,
as evidenced by the relatively large value of the Ioffe-Regel
parameter, which can be estimated askF l = (3π2n0)

1/3l ≈ 150
for the thick film. In addition, the samples with the TiOx capping
layer exhibit better electronic and superconducting properties
compared to the uncoated samples.

Next, we analyze the suppression of the Tc in the framework
of the weak disorder model [28], in which impurities reinforce
Coulomb interactions. Tc is expressed as a function of the
resistance per square Rsq and the elastic scattering time τ :

Tc
Tc0

= eγ

(
1/γ −√t/2 + t/4

1/γ +
√
t/2 + t/4

)1/
√
2t

, (1)

where γ = ln(h/kBTc0τ) and t = Rsqe
2/πh. In Fig. 3(a) we

plot the normalized critical temperature Tc/Tc0 as a function
of Rsq, where Tc0 = 9.35 K taken as the critical temperature of
bulk niobium. As shown in Fig. 3(a), the theoretical prediction of
the model, which takes into account the experimental values of
Rsq and τ = l2/(3D), does not describe the observed suppres-
sion of Tc in the Nb films. Thus, the effect of the non-magnetic
disorder on Tc can be neglected in these films.

As a relevant mechanism for suppression of Tc in thin Nb
films is commonly considered the inverse proximity effect due to
a presence of the non-superconducting layer on the film surface
or at interface of the film and the substrate [14], [17], [29], [30].
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The critical temperature is depressed as a function of thickness
according to the relation:

Tc = Tc0

(
3.56ΘD

Tc0

)−α/d

. (2)

Here α = dNNN (0)/NS(0), where dN is the thickness of
the normal layer and NN (0)/NS(0) is the ratio of the den-
sities of states in a normal metal and a superconductor. For
simplicity,NN (0)/NS(0) is assumed to be 1. Fig. 3(b) presents
the Tc/Tc0 as a function of the inverse thickness d−1, where
the blue symbols represent the experimental data for the Nb
films. We find that the full set of data can be described by the
model with dN = 0.8± 0.2 nm. Despite the obvious agreement
between theory and experiment, we question the conductivity of
the capping layer. First of all, the surface oxide layer consists
mainly of Nb2O5, which exhibits insulating properties [25], [26].
We also eliminate the change in the charge density due to the
observed trend with thickness decrease (see the inset in Fig. 2).
Therefore, we conclude that the inverse proximity effect cannot
be a primary mechanism of the Tc suppression in the studied Nb
films.

Meanwhile, the niobium oxide is suspected to contain a
small density of magnetic moments [21], [22], which can be
detrimental for superconductivity in thin Nb films. In this case,
the observed suppression of Tc with decreasing thickness may
be explained by the interaction of Cooper pairs with the localized
spins of the magnetic moments (spin-flip interactions) [23]. The
spin-flip scattering time τs and critical temperatureTc are related
via the notorious Abrikosov-Gorkov equation:

ln

(
Tc0
Tc

)
= ψ

(
1

2
+

�

2πkBTc0τs

)
− ψ

(
1

2

)
. (3)

Here, ψ is the digamma function, Tc0 is the critical temper-
ature in the absence of magnetic moments. Fig. 4 illustrates
the dependence of the spin-flip scattering time τs on the in-
verse thickness d−1. The spin-flip scattering time decreases as
the thickness decreases, which may confirm the predominance
of surface magnetic moments in thin films. Considering the
case of d < ξ, when the superconductivity is sensitive to the
total volume density of the magnetic scatterers regardless of
their distribution within the cross-section of the film, we use a
simplified theoretical model that gives a quantitative descrip-
tion of the density of magnetic moments. The dependence
τ−1
s (d−1) shown in Fig. 4 allows to determine the effective

density of magnetic moments NM , including the contributions
of surface magnetic moments Ns and magnetic moments in
bulk Nb. The relation between these two quantities is given by
NM = Ns(a/d) +Nb. At the same time,NM ∼ a/vF τs, where
a = 0.33 nm is the lattice constant for Nb [14]. The analysis of
τ−1(d−1) dependence provides with Ns = (9.5± 1.9)× 10−3

and Nb = 0, that corresponds to density of surface magnetic
moments Nsa

−2 = (8.6± 0.8)× 1012 cm −2. The estimated
density of surface magnetic moments is in agreement with the
previously reported results for Nb films (≈ 5× 1013 cm−2 [21],
[31]–[33]). The experiments [22] also suggest that the native
oxide in Nb is intrinsically defective, and substoichiometric
Nb2O5 produces unscreened d-band magnetic moments [20].

Fig. 4. A pair-breaking scattering rate as a function of inverse thickness
(τ−1

s vs.d−1). The fitting of the data with the Eq. 3 demonstrates that the
dominant contribution to the spin-flip scattering in thin films originates from
the near-surface magnetic disorder. The samples without the capping layer and
covered with the TiOx layer are shown with blue and green circles, respectively.

These defects are considered as potential candidates of magnetic
disorder in niobium.

In our previous work, the analysis of the dependence of
Tc(d) also points to the problem of surface magnetic disorder
in ultrathin epitaxial TiN films [34]. Similar to the observations
in copper [35] and aluminum [33], [36], the origin of surface
magnetic disorder can be associated with oxygen vacancies in
defective oxides. Some studies [22], [36], [37] show that the
reduction of oxygen vacancies with the annealing treatment
could reduce the density of the localized magnetic moments and,
consequently, the scattering mechanism of magnetic moments
with conduction electrons. The latter manifests itself in some
improvement of superconducting properties. Thus, we assume
that the further progress in fabrication of ultrathin films (such as
Nb films) may be related with the surface treatment, aimed to
prevent the formation of defective oxides on film surface.

IV. CONCLUSION

The research is devoted to the study of superconducting and
transport properties of ultrathin Nb films, grown on R-plane
sapphire substrate. The analysis of the superconducting behav-
ior points to the presence of magnetic moments. The com-
puted parameters of the density of surface magnetic moments
(Nsa

−2 ≈ 1013 cm−2) agree with the previously reported results
for niobium films.
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