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Vortex glass transition and thermal creep in niobium films
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The evolution of the vortex glass (VG) phase transition and vortex creep with decreasing film
thickness is studied in ultrathin, polycrystalline niobium films, with thickness in the range 7.4
nm to 44 nm, using current-voltage characteristics measurements in perpendicular magnetic field.
Standard methods, including scaling laws, allow to identify VG transition in the thickest film,
while in thinner films creep produces large uncertainty in the putative VG transition temperature
and scaling exponents. Using strong pinning theory we perform analysis of the creep, and extract
the dependence of the activation energy for vortex pinning on temperature, magnetic field, and
film thickness. This analysis provides more information on vortex dynamics than the standard
evaluation of critical current density. The results reveal two distinct regimes of pinning, which we
propose to identify with δl or δTc-types of pinning (due to spacial fluctuation of mean free path l or
spacial fluctuation of superconducting transition temperature Tc, respectively). In the thickest film
δl pinning is observed, but with the decrease of film thickness the second pinning regime appears,
and becomes dominant in the thinnest film. We link these pinning regimes with the structural
disorder due to grain boundaries, which produce charge carrier scattering in the thickest film, but
with decreasing film thickness gradually evolve into amorphous inclusions, producing fluctuations
in the Tc.

I. INTRODUCTION

Vortex matter in the mixed phase of type-II supercon-
ductors is one of the most fascinating research topics in
condensed matter physics. On the one hand, it provides
a ground for testing of new concepts and theories, such
as various ordered phases and phase transitions between
them, with the primary example of melting of ordered
Abrikosov vortex lattice in clean superconducting (SC)
systems, or melting of vortex glass (VG) in systems with
quenched disorder [1]. On the other hand, understand-
ing of the impact of vortex pinning by defects on vortex
dynamics in the presence of flowing currents is extremely
important for applications, because flowing currents and
thermal fluctuations contribute to creep-type vortex mo-
tion, which destroys dissipation-free transport [2].

Both the VG phase and flux creep phenomenon have
been intensively studied in the past, mostly in high
temperature superconductors where thermal fluctuations
play an important role. Evaluation of these subjects is
also important in case of ultrathin conventional SC films,
which are frequently employed in nanoscale devices. Of
particular interest is the role of disorder, which is intro-
duced into the films with decreasing thickness, leading
eventually to granular (or fractal) superconductivity [3–
6]. Some of the SC properties in thin films with enhanced
inhomogeneity have been evaluated recently, for instance,
the Berezinskii-Kosterlitz-Thouless (BKT) transition in
the absence of magnetic field [7–9], or creep effects in
the presence of magnetic field [10]. However, while some
studies of the VG transition and critical currents have
been reported for various conventional SC films [11–16],
the evolution of these properties with decreasing thick-
ness is rarely studied. Few exceptions include study of
VG transition in 100 nm Nb film and Nb/Cu superlat-
tices [11], and 3D-to-2D dimensional crossover of creep in

Nb films with different thickness, all above 100 nm thick,
studied by magnetization measurements [10].

In this work we use the current-voltage characteris-
tics (IVC) measurements to examine the evolution of
vortex dynamics with decreasing thickness of ultrathin,
polycrystalline niobium (Nb) films, with thickness d in
the range 7.4 nm to 44 nm. This set of films has been
studied by us before, and growing disorder with decreas-
ing thickness has been documented by structural stud-
ies, leading eventually to structural transition to purely
amorphous structure below about 3.3 nm [17]. Our goal
in the present study is to observe evolution of the VG
and pinning properties with the enhancement of disor-
der on the polycrystalline side of this transition, before
transformation into amorphous structure.

In general, depending on the strength of vortex-defect
interactions, two different pinning schemes are consid-
ered, weak collective pinning, induced by many atomic-
size, weak point defects, which collectively give rise to an
average pinning force [18], and strong pinning, induced
by relatively sparse but large defects, of the size compara-
ble to the coherence length ξ [19, 20]. Since the ξ exceeds
atomic-size point defects in our highly disordered films,
we expect strong pinning to dominate. Indeed, as we will
show, the IVC data in our films follow so-called excess
current characteristics [21, 22], which is a feature com-
monly observed in materials with strong pinning scenario
[23–28].

Another classification of pinning relies on the mech-
anism of vortex-defect interaction, which may originate
from the spatial variations of the SC transition tempera-
ture, Tc (δTc pinning), or from variation in the mean free
path l of carriers, caused by scattering near lattice defects
(δl pinning); these mechanisms lead to different behav-
iors of the critical current density, Jc, with the change
of temperature, magnetic field, or film thickness [29, 30].
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Therefore, the usual method of distinguishing between
these mechanisms is to evaluate the dependence of Jc on
magnetic field, temperature, and film thickness. In our
study we go beyond these type of evaluations. Namely,
we use recently developed strong pinning theory in the
presence of thermal fluctuations [31–33] in order to ex-
tract most important creep parameter, activation energy
for vortex pinning, Uc. We show that the analysis of
Uc dependence on temperature, magnetic field, and film
thickness provides more insights into vortex dynamics in
comparison with the simple analysis of the Jc. Our re-
sults suggests that the vortex pinning in our films evolves
with film thinning, from δl in thickest film, to δl and δTc

in different regions of phase diagrams in thinner films.

II. EXPERIMENTAL DETAILS

The films were grown on glass substrates by mag-
netron sputtering in the high-vacuum chamber at room
temperature, with niobium sandwiched between silicon
buffer layers to avoid Nb oxidation, as already described
[17]. The thickness of the Nb layers has been determined
by low-angle X-ray reflectivity measurements. The de-
tail structural studies of the films, reported previously
[17, 34], reveal that the structure of the films changes
from polycrystalline for d & 4 nm, to purely amorphous
for d . 3.3 nm. However, increasing disorder is seen
in polycrystalline films on decreasing thickness. This is
best visualized by the d-dependence of full width at half
maximum (FWHM) of (110) diffraction peak for poly-
crystalline films, shown in the inset to Fig.1. We observe
gradual increase of the FWHM, from about 0.37 deg in 44
nm film, to about 1.5 deg at 7 nm, and this is followed
by more abrupt increase for d . 7 nm. The polycrys-
talline films contain uniformly thin layer (of thickness ≈
1.5 nm) of amorphous Nb at the Nb/Si interface, formed
in the initial stage of the Nb deposition [17]. In addi-
tion, small admixture of Si ions (5 to 10 at.%) into Nb
layer closest to the interface has been observed by X-ray
Photoelectron Spectroscopy in the thinnest films [34].
In the present study we focus on polycrystalline films,

with d between 7.4 nm and 44 nm. Both the thin amor-
phous layer at the interface, and the tiny admixture of Si
ions, introduce disorder into polycrystalline films, which
is likely to play increasingly important role when d is de-
creasing. Most importantly, polycrystalline films consist
of grains, which are created during the film growth, with
the grain boundaries affecting various film properties.
For example, normal-state resistance (RN ) is observed
to depend on film thickness as RN ∼ d−2 [17], what is
predicted by boundary scattering theories [35, 36], and
has also been observed in other thin Nb films [37–39].
The gradual increase of FWHM with decreasing d signals
decreasing size of polycrystalline grains, most likely ac-
companied by increasing width of grain boundaries, and
possible appearance of amorphous regions between poly-
crystalline grains.
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FIG. 1. Normalized sheet resistance Rsq/RN versus T on
a log-log scale, measured at B ranging from 0 to 1.6 T for
Nb films with d = 7.4 nm, 8.5 nm, and 44 nm. Inset shows
d-dependence of FWHM for (110) peak in X-ray diffraction
spectrum.

For transport measurements, the films are cut into 5×5
mm2 size and they are photolithographically patterned
into ”Hall bar” structure, with the current path 200 µm
wide and 2 mm long. Electrical contacts are made across
the current and voltage channels at the film surface with
the aid of indium solder. The sheet resistance (Rsq) and
I-V characteristics measurements were performed by a
standard four-probe method in a magnetic field applied
perpendicular to the film plane using Quantum Design
Physical Property Measurement System (PPMS), with
AC Transport (ACT) option.

III. RESULTS AND DISCUSSION

Fig.1 displays, on a double logarithmic scale, the
temperature dependence of normalized sheet resistance
Rsq/RN for three representative films, with d = 7.4 nm,
8.5 nm, and 44 nm, in the presence of the magnetic
field B ranging between zero and 1.6 T. Here RN is
the normal-state sheet resistance measured at T = 10
K. Table I lists the RN and other parameters deter-
mined at B = 0, the SC transition temperature Tc at
Rsq/RN = 0.95, and ∆Tc, the width of the transition de-
fined by criterion 10% to 90% of RN . It is observed that
the Tc decreases and the ∆Tc increases with decreasing d.
Similar effect is observed when the magnetic field is in-
creased, so that the region at which the resistance drops
to zero is gradually shifted to lower T .
Using the value of the Tc and the upper critical

field, Hc2 (defined at Rsq/RN = 0.95), measured at
small magnetic field perpendicular to the film surface
in the vicinity of the Tc, we estimate the value of
the Hc2(0) and the in-plane coherence length ξ(0) =

[Φ0/2πHc2(0)]
1/2

following pair-breaking theory [40, 41],
Hc2(0) = 0.825 dHc2/dT |Tc

Tc. Here Φ0 = 20.68 Gsµm2

is a flux quantum. The estimated values of the ξ(0),
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d

(nm)

RN

(Ω)

Tc (B=0)

(K)

∆Tc

(K)

TBKT

(K)

−dHc2/dT |Tc

(mT/K)

ξ(0)

(nm)

B

(T)

Tg

(K)
z ± 0.5 ν ± 0.7

7.4 38.22 6.29 0.07 6.084 621 10.1 0.2 5.4 3.1 2.1

0.6 4.5 4.2 2.7

1 3.7 5.4 3

1.5 2.9 5.4 2.7

8.5 10.69 7.71 0.059 7.625 442 10.8 0.1 7.15 3.75 2.2

0.2 6.82 4 3.1

1 5.0 5.5 2.2

1.5 3.87 6 2.3

2 2.65 4.9 2.7

44 1.96 8.43 0.032 8.4 378 11.2 1 5.35 6 1.5

1.6 3.48 6.3 1.7

TABLE I. Parameters of Nb films: thickness d, sheet resistance RN at 10 K, Tc (at Rsq/RN=0.95) and width of the transition
∆Tc (both at B = 0), TBKT determined from IVC at B = 0, slope dHc2/dT |Tc

determined from linear fits to the upper critical
field Hc2 in the vicinity of the Tc, coherence length ξ(0), vortex glass transition temperature Tg and critical exponents z and ν
from I-V scaling analysis. The uncertainty of the Tg value is about ±0.25 in the case of thinnest film, and about ±0.2 in case
of remaining films.

shown in Table I, agree well with the parameters of sim-
ilar films studied by us previously [6]. Since the out-of-
plane coherence length is likely to be smaller than ξ(0),
and bulk coherence length in Nb is 39.5 nm, we expect
that films behave as two-dimensional (2D) or quasi-2D
systems. Indeed, we have shown recently that the BKT
transition is observed in some of these films [43]. TBKT

listed in the table is defined as the temperature, at which
IVC at B = 0 follows the relation V ∼ In with n = 3, as
described in more detail in Ref. [43].

In the next section in order to verify the possible VG
nature of the zero-resistive state in these samples, we
compare the resistance and the IVC experimental data
with predictions for VG phase [1, 42].

A. Vortex glass transition and scaling laws

We start our analysis with the resistance behavior.
The usual method involves verification of the vanishing
linear resistance (Rlin) on the approach to the Tg from
above [44, 45], as predicted by the VG theory in the very
low current limit (I −→ 0) [1, 46],

Rlin = (V/I)I−→0 ∝ (T − Tg)
ν(z+2−D) (1)

Here, D is the dimensionality of the system, ν is the
static exponent of the diverging vortex-glass correlation
length ξg ∼ |T − Tg|

−ν , and z is the dynamic exponent
for the correlation time τg ∼ ξzg . Accordingly, the estab-
lished method to extract the Tg and critical exponents
[44, 45] is to examine logarithmic derivative of the sheet
resistance which should follow linear T -dependence in the
vicinity of the Tg,

(

d(lnRsq)

dT

)−1

=
1

ν(z + 2−D)
(T − Tg) (2)

Figure 2 shows the plots of the quantity
[d(lnRsq)/dT ]

−1 versus T in the presence of ap-
plied magnetic fields for the two thinner films. The
Rsq(T ) has been measured using low driving current in
various magnetic fields, 0.5 mA in (a) and 0.2 mA in
(b). We observe that all curves display linear portions
below certain temperature T ∗, which may be identified
as the upper bound of the critical region associated with
the VG thermodynamic transition [44, 47]. The fits to
the linear portions are shown by dashed lines with the
slopes, which gives the inverse of ν(z+2−D), reduced to
νz for D = 2. In principle, from the cross of the dashed
line with the T -axis one could determine the Tg value,
which we will call TR

g , as marked in Fig.2. However,
because the measuring current is finite, not zero, and
because of disorder present in the samples, which may
create distinct vortex behaviors in spatially limited
regions of the films, the TR

g determined in this way may
not really reflect true Tg value as defined by Eq.(1). In
order to get more insight into vortex dynamics, in the
following we analyze the IVC’s of the films.
Figure 3 shows the IVC’s on a log-log scale, measured

for various temperatures at µ0H = 1 T in two thinner
films. Arrows show the approximate position of T ∗ and
the location of TR

g isotherms as determined by resistance
analysis. The isotherms measured at highest T show lin-
ear dependence, V ∼ I, in the whole range of current, in-
dicating normal state. With T decreasing down to T ∗ the
linear V (I) dependence survives in the very low-current
range, but it becomes nonlinear at higher current. With
further decrease of T below T ∗ the linear dependence is
no longer seen, instead the low-current V (I) dependence
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FIG. 2. (Color online) [d(lnRsq)/dT ]−1 for different magnetic
fields for films with d = 8.5 nm (a) and d = 7.4 nm (b). T ∗

defines the upper bound of the critical VG region, and the
dashed lines represent fits using Eq.(2) at T < T ∗. The glass
temperature, TR

g , is determined from the cross of dashed line
with the T axis.

changes into power-law, with the slope on the log-log
graph increasing as TR

g is approached. We note, how-
ever, that the slope is not constant in the whole current
range, but it becomes smaller at high current, suggesting
the approach to the flux flow regime. This is followed by
an abrupt jump towards the normal state.

These two high-current features, the jump and the
change of slope, require some comments. As it is visi-
ble in Fig.3(a) the jump in this film does not lead di-
rectly to a normal state, but to an intermediate resistive
state, with resistance slightly below normal state resis-
tance; such behavior has been reported previously for
various systems, and we will come back later to discuss
briefly the possible origin of this effect. The other fea-
ture, the change of slope, is best seen in areas marked by
light green color; we will show in the next section that
the data in these areas are affected by a flux creep, and
they are well described by strong pinning theory, which
predicts the shape of the IVC in the presence of strong
pinning and thermal fluctuations [31–33].

Before turning to these issues, it is instructive to pro-
ceed first with the analysis of the IVC data using scaling
laws of the VG theory, which are customarily done in or-
der to validate the VG picture. The scaling law predicts
that the I-V curves near the Tg can be scaled into two
distinct branches (f±) above and below the Tg,

V

I(T − Tg)ν(z+2−D)
= f±

(

I

|T − Tg|ν(D−1)

)

, (3)
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T*» 5.2K
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4.6K
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T*» 4.2K
TR

g= 2.9KTg=3.7K

(b)

FIG. 3. IVC’c at various T and B = 1 T for film with d = 8.5
nm, measured at T from 3.7 K to 5.46 K (a), and for film
with d = 7.4 nm, measured at T from 2 K to 4.6 K (b).
The black and red arrows show TR

g ’s and Tg’s determined by
resistance and IVC’s analysis, respectively. The light green
areas in show the regions in which strong pinning theory [32]
describes satisfactorily the IVC’s.

At the Tg the I-V isotherm should satisfy the power
law:

V (I) ∼ I(z+1)/(D−1). (4)

The problem encountered during such analysis is the
proper choice of the Tg value. Let us point out first that
the TR

g isotherms may be already affected by creep effects
(particularly in case of thinner sample), and this invali-
dates scaling. Therefore, either the Tg is larger than TR

g ,
or the scaling is not valid at all in the present case.
In order to settle this issue we select the Tg follow-

ing the standard procedure, which involves plotting the
derivative d(logV )/d(log I) versus I, and looking for the
temperature Tg, at which this plot follows a horizontal
line, separating data sets with opposite concavities on de-
creasing I, downward at T > Tg, and upward at T < Tg

[48]. Figs. 4(a) and 4(b) show the results of this proce-
dure for two thinner films at B = 1 T; the black hori-
zontal lines show the selected data sets, what identifies
the Tg and the z value, while following Eq.(1) the plot
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FIG. 4. d(logV )/d(logI) versus I for film with d = 8.5 nm (a) and 7.4 nm (b) at the magnetic field of 1T. The black, horizontal
lines indicate data sets at Tg, the black, vertical lines mark the onsets of creep revealed by strong pinning analysis, and the
red, vertical line in (a) shows the Imin above which finite size effect is negligible. The insets in (a) and (b) show Rlin versus
T/Tg−1. (c-d) Quasi-2D VG scaling of the I−V curves in the indicated temperature range in the vicinity of Tg demonstrating
the two dynamic branches at B=1 T for d=8.5 nm (c) and 7.4 nm (d).

of Rlin versus T/Tg − 1 (on logarithmic scales, in the in-
sets) gives value of the exponent ν. The Tg selected this
way is substantially higher than the TR

g ; corresponding
isotherms are marked in Fig. 3. Figs. 4(c) and 4(d) show
the collapse of the data after applying scaling procedure,
which appears reasonably good in first of these figures,
and somewhat less satisfactory in the latter. The val-
ues of Tg, z and ν for different magnetic fields are listed
in Table I, where we include also the data for the film
with d=44 nm. Comparing the values of the critical ex-
ponents obtained by this procedure with these expected
theoretically and reported previously for quasi-2D scaling
(z = 4 ∼ 7 and ν = 1 ∼ 2) [11–14, 47, 51], we observe
that the z values are within the expected range, while
values of ν are consistently somewhat too high in case of
two thinner samples.
However, it is important to point out here that the

choice of the appropriate data sets for defining of the Tg

is somewhat tricky, particularly in case of the film with
d = 7.4 nm, for which the difference between upward
and downward curvature is very gradual. This produces
larger uncertainty of the Tg value in case of the thinnest
film. Moreover, the procedure may be affected by two
effects. First, finite size effect may modify the shape
of the isotherms, leading to Ohmic tails at current den-
sity smaller than about Jmin ∼ kBT/(2πΦ0d

2) [49, 50].
In the present case this translates into minimal current
Imin ∼ 0.12 mA for 8.5 nm film (and even smaller value
for 7.4 nm film), shown in Fig.4(a) by dashed red verti-
cal line, above which this effect is likely negligible; thus,
we can safely ignore it. More problems result from the
presence of creep, which affects the data at large currents
as shown by green shadow in Figs.3(a) and 3(b). In or-
der to visualize better approximate creep boundaries at
temperatures close to the Tg we mark them by short, ver-
tical, black lines in Figs. 4(a) and 4(b). It is clear that
the presence of creep restricts the data available for scal-
ing analysis, particularly in case of thinner film. Thus,

our considerations suggest rather marginal applicability
of scaling in the ultrathin Nb films, despite apparent va-
lidity suggested by Figs. 4(c) and 4(d).
The marginal applicability of scaling analysis does not

mean that the VG phase is nonexistent in the films (van-
ishing resistance is clearly seen at small current values),
but it indicates increasing inhomogeneity with decreas-
ing film thickness. Various forms of disorder contribute
to this effect. For example, the proximity of the niobium-
silicon interface may lead to small admixture of Si ions
into Nb layer, creating point defects, and the surface layer
in which these defects are present plays increasingly im-
portant role with decreasing film thickness. However, we
will show in the next section that the disorder which has
the most impact on SC state in the films is related to
imperfect fusion of polycrystalline grains. Such grains,
which appear during the process of film growth, coales-
cence into smooth film with increasing film thickness. In
very thin films this coalescence is not complete, produc-
ing amorphous regions at the grain boundaries. This
leads to increasing role of disorder with decreasing d,
what may likely lead to fragmented superconductivity
at some smaller d. In the present case of polycrystalline
films the SC state still appears to be global at low T , but
the disorder enhances the chance of creep appearing with
increasing current.
In Fig. 5(a) we present the phase diagram for these

films at small current values (below the creep bound-
ary) with vertical and horizontal axes normalized to
µ0Hc2(T = 0) and Tc(B = 0) values, respectively; gray-
black lines indicate Hc2 (determined at Rsq/RN = 0.95)
and color lines indicate the Tg. Note that the Hc2 in-
creases upon the decrease of d (with very small difference
between two thinner films), while the Tg decreases, with
substantial difference between two thinner films. Thus,
while the disorder enhances upper critical field, it reduces
markedly the range of the VG phase and expands the re-
gion of vortex liquid situated between the VG and the
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FIG. 5. (a) Phase diagram for films with different d, with
vertical and horizontal scales normalized to µ0Hc2(0) and
Tc(B = 0), respectively. (b) TBKT − Tg versus magnetic field
for films with different d; points are experimental data, lines
show fits to power law with exponent ν0.

normal phase. It may be expected that further decrease
of d will result in destruction of the VG phase. This
will most likely proceed via breaking of the SC state into
separate islands immersed in the metallic background,
leading to so-called anomalous metallic state, which we
have observed in the limit of very small d [6].
In Fig. 5(b) we compare the dependence of the dif-

ference between TBKT and the Tg on the magnetic field
(with TBKT determined at zero magnetic field) for three
films. It has been theoretically predicted that at small
magnetic field this difference may behave as TBKT−Tg ∼

H1/2ν0 , where ν0 is the zero-field static critical exponent
[1]. In the past this relation has been used to estimate
static exponent value in high-temperature superconduc-
tors, and it has been argued that the values of ν0 found
in these experiments, 0.66 [50] and 0.5 [52], support the
agreement with the 3D-XY model or mean-field theory,
respectively. We find that in the present case the expo-
nent evolves with the decreasing d, from 0.5 in thickest
film, to 0.66 in thinnest one. Since our films are clearly
2D systems with substantial pinning effects, the meaning
of this finding is not very clear, apart from the fact that
it indicates an influence of disorder on the correlation
length in the VG phase.
Before the end of this section we return to comment

briefly on the observation of intermediate resistive states,
evident in Fig. 3(a). In Figs. 6(a) and 6(b) we display
this feature in more details, at two different magnetic
fields, 0 and 0.2 T, respectively. It is seen that after the
current exceeds certain critical value (which we call Ic1),
the resistance jumps to the normal state via several in-
termediate steps, each time after exceeding consecutive
critical values, Icn, n = 2, 3, 4.... The series of jumps de-
pend on magnetic field and temperature; in particular,
small magnetic field, which broadens slightly the transi-
tion and shifts whole series of jumps to lower tempera-
ture, seems to be more suitable for observation of this
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0 2 4 6
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d=8.5 nm, B=0.2 T 

(b)

T=6 K
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FIG. 6. Intermediate resistive states in the IV characteristics
for 8.5 nm Nb film at B = 0 (a) and 0.2 T (b). The con-
secutive measurement temperatures differ by 10 mK in (a),
and by 50 mK in (b). The dashed lines in the figures indicate
the locations of different critical currents (Icn;n = 1, 2, 3, ...)
separating successive resistive states in each I − V isotherm.

effect.

This behavior is a clear manifestation of nonequilib-
rium properties of the vortex fluid at high current den-
sities. In particular, the characteristic features observed
here suggest occurrence of the phase slip lines (PSLs)
phenomenon, usually observed at high current densities
in wide, 2D superconducting films [53–56]. Numerical
simulations suggest that the effect is caused by rivers
of fast vortices and antivortices (so-called kinematic vor-
tices) that annihilate in the middle of the sample [57, 58].
Nice visualization of a real effect has been obtained for
films of Sn and InSn using scanning laser microscopy [54].
The PSL effect is different from the phenomenon of phase
slip centers, that occurs in narrow SC wires with width
w much smaller than the coherence length ξ or magnetic
penetration depth λ. In the present experiment we es-
timate ξ(0) ≈ 11 nm and λ(0) ≈ 73 nm; on increasing
temperature up to T/Tc = 0.97 these parameters increase
to about 63 nm and 430 nm, respectively, which is well
below sample width (w = 200 µm), so that the PSL effect
is a more likely cause of the observed behavior. Interest-
ingly, while we observe this effect in film with d = 8.5
nm, it is absent in thinner film with similar ξ and λ val-
ues and with the exactly same lateral dimensions. This
may suggest that the nature of the disorder may be an
important parameter which affects the occurrence of the
PSL phenomenon. We leave more detail evaluation of
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this effect to future studies.

B. Vortex dynamics and strong pinning theory

We now turn attention to a more detailed assessment
of vortex dynamics in the SC state at current densities
below Ic1 in the presence of external magnetic field. We
focus on the regime of creep, which is marked by light
green color in Fig.3. Fig. 7(a) presents several examples
of the IVC measured at different temperatures in this
regime in case of film with d = 8.5 nm at fixed magnetic
field B = 1T. This type of IVC, called ”excess-current
characteristics”, have been reported for type-II SC with
strongly pinned vortices [23, 25–28]. The theoretical de-
scription of strong pinning by a small density of pins
at T = 0 predicts a nearly linear-response (flux-flow) at
large drives (I > Ic), that is shifted from I = 0 by the
critical current Ic [21, 22]. At finite temperatures (T > 0)
thermal fluctuations lead to flux creep, what modifies the
observed features in three different ways: the Ic is re-
duced to a T -dependent vortex depinning current, the
rounding appears in the vicinity of it, and thermally as-
sisted flux flow shows up at very small drives, I << Ic
[31–33]. In Fig. 7(a) the red lines show the fits of the the-
oretical predictions according to this theory [33], which
we will discuss further in the text.
The method of extraction of the Ic value from experi-

mental data is illustrated in Fig. 7(b). We use the linear
fit to the data at large drives just before the abrupt jump
to normal state in order to define the depinning drive Ic
and the flux-flow resistance, given by V ≈ RFF (I − Ic),
as indicated by red line (several data points just before
the jump are omitted in the fit, since they may be al-
ready affected by the approach to flux flow instability).
We note that in some systems with flux instability non-
linear behavior of flux flow resistance has been observed,
attributed to dynamic ordering of the vortex lattice in
the flow region, as reported for 100 nm thick Nb films
with moderate strong pinning [59], or for other films [60].
Such feature should be manifested by the peak or broad
maximum in the differential flux flow resistance preced-
ing the flux flow instability. The inset to Fig. 7(b) proves
that this feature is absent in our films.
Using the Ic and the films dimensions we determine the

temperature dependence of the critical current density
Jc, which is presented in Fig. 8(a-c) for films with differ-
ent thickness measured for several magnetic fields. The
data are plotted versus reduced temperature t = T/Tc,
where Tc is the SC transition temperature in the presence
of given magnetic field. Black lines show that dependen-
cies in all cases are very well described by the formula
displayed in Fig. 8(c),

Jc = Jc0(1 − t2)m, (5)

where Jc0 is the T = 0 critical current density, and
m is the exponent in the t-dependence. The behavior
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Thermal Creep (I-V Characteristics)

6 8
10-6
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FIG. 7. (a) I − V characteristics measured for 8.5 nm Nb
film at a fixed magnetic field B = 1 T and temperatures T
from 3.2 K to 4.3 K. Red lines are fits to the data based
on the prediction of strong pinning theory [32] (see text for
details). (b) Thermal creep and excess (I−V ) characteristics
for 3.9 K under the same conditions in (a) demonstrating the
linear response at large drives preceding the abrupt jump to
normal state. Thermal creep is restricted to the confined zone
(dashed green rectangle) and the red, straight line defines Ic
and RFF . Inset in (b) shows monotonic increase of dV/dI
with increasing I .

described by Eq.(5) is frequently observed in the region
of high temperatures in type II superconductors, either
crystals or films [61–65]. The origins are traced to spatial
variations of the coefficients in Ginzburg-Landau func-
tional, which may be associated either with the disorder
in the Tc (δTc pinning) or with the disorder in the mean-
free path of carries (δl pinning). It has been shown that
in the framework of weak collective pinning these two
types of mechanisms result in different exponents m, 7/6
for δTc, and 5/2 for δl [29, 66]. However, some experi-
ments indicate that this result holds also in case of strong
pinning, for example, in thin FeSeTe films [65].

The parameters Jc0 and m extracted from the fits in
the present experiment are shown in the insets to Figs.
8(a) and 8(b) as a function of the reduced magnetic
field. Focusing first on the inset to Fig. 8(a) we observe
that the value of Jc0 is high, ranging at B = 1 T from
about 0.3 MA/cm2 in the thinnest to about 8 MA/cm2

in the thickest film, confirming strong, d-dependent pin-
ning. The magnetic field dependence of Jc0 in case of
the thinnest film is well described by a power-law de-
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FIG. 8. Jc versus reduced temperature t = T/Tc at different
magnetic fields for films with d equal to 44 nm (a), 8.5 nm (b),
and 7.4 nm (c). The lines show Eq. 5 fitted to the data. (d)
Jc/Jc0 versus t for all films and magnetic fields. Continuous
lines display Eq. 5 with exponents m equal to 2.2 (blue line)
and 1.3 (black line), characteristic for δl and δTc pinning,
respectively.

pendence, Jc0 = Jc0(0)(1 − B/µ0Hc2)
p, with exponent

p = 1.55 and the Jc0(0) coefficient equal to about 6×105

A/cm2. This dependence is close to mean-field theo-
retical relation with p = 3/2, as recently described for
other disordered SC films [28]. Note, however, that in
our experiment this is an extrapolation from relatively
high temperatures (t > 0.4), so we cannot comment on
real low-t behavior. What is interesting is that in case
of thicker films this relation is different, as shown in the
inset to Fig. 8(a). In particular, the data for film with
d = 8.5 nm cannot be fitted by the same relation in the
whole H-range. This is a first indication that the nature
of pinning depends on the film thickness and magnetic
field.

The exponent m is seen to be dependent on the film
thickness as well (inset to Fig. 8(b)). In the thinnest

film m is close to 1.3 and it is almost B-independent, in
the thickest film it equals to about 2.2, while in case of
the film with d = 8.5 nm the value of m is in-between,
changing from the 1.25 at small B up to about 2 at high
magnetic field. The exponents which we obtain from the
fits are close to the theoretically predicted values for δTc

pinning in the thinnest film, and for δl pinning in thick-
est film, while they suggest gradual switching from one
mechanism to the other in the film with d = 8.5 nm. We
summarize all these results by plotting in Fig.8(d) the
normalized critical current density, Jc/Jc0 as a function
of t for all films and magnetic fields. We observe that
all data points for the thickest and the thinnest film are
aligned nicely along two curves, (1−t2)2.2 and (1−t2)1.3,
respectively, while data for film with intermediate thick-
ness shift from δTc towards δl line with increasing mag-
netic field.
More insight into this behavior is provided by the eval-

uation of the I − V data using strong pinning theory
introduced by Buchacek et al. [31, 32], subsequently ap-
plied to interpret the experimental data in case of 2H-
NbSe2 single crystals and a-MoGe films [33]. The main
idea of this theory is that the thermal fluctuations mod-
ify the pinning force of vortices. At T = 0, in the absence
of thermal fluctuations the vortex velocity v is obtained
from the dissipative equation of motion, in which viscous
force density −ηv is given by the balance between the
Lorentz force density FL(J,B) driving the vortices and
pinning force density due to defects Fpin(v, T ), −ηv =
FL(J,B) − Fpin(v, T ). Here η is the Bardeen-Stephen
viscosity per unit volume (η = BHc2/ρnc

2, where ρn is
normal-state resistivity, and c is light velocity). At small
velocities v and in the absence of creep Fpin is nearly con-
stant. This is no longer true at T > 0, when thermal fluc-
tuations facilitate escape of vortices from pinning sites, so
that Fpin becomes velocity dependent in the presence of
flowing current. This leads to fluctuation-modified acti-
vation energy barrier for vortex creep motion, which now
depends on Fpin, U [Fpin(v, T ) ≈ Uc[1−Fpin/Fc]

α, where
Fc is the critical force density, while exponent α and the
coefficient Uc depend on the type of pinning; in the strong
pinning theory α = 3/2 for any smooth pinning poten-
tial. Finally, this results in the modified current-voltage
relation, which may be compared with experiment [33],

V = RFF (I − Ic) + Vc

[

kBT

Uc
ln

(

vth
vc

Vc

V

)]1/α

. (6)

Here Ic, RFF and Vc are experimentally-accessible pa-
rameters (depinning current, flux flow resistance, and
Vc = RFF Ic, respectively), while Uc/kBT and vth/vc
are two parameters characteristic for creep behavior to
be extracted from the fit of Eq. (6) to the data. The
barrier Uc (T and B-dependent) should fulfil the relation
Uc ≫ kBT , assumed during derivation of Eq. (6) (kB
is the Boltzmann constant). vc is critical (free flux-flow)
velocity, and vth is thermal velocity scale, at which vor-
tices traverse pins fast so that the barrier slowing down
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FIG. 9. Data for d = 8.5 nm film measured at B = 1 T at
various temperatures, plotted as V/Vc versus I/Ic (a) and as
−ln(V/Vc) versus I/Ic −V/Vc (b). Lines in (a) and (b) show
Eqs. 6 and 7, respectively, fitted to the data.

the motion becomes irrelevant. The fits of Eq. (6) to
the data for film with d = 8.5 nm at B = 1 T, with α
assumed equal to 3/2, are shown in Fig. 7(a), and, in the
rescaled coordinates V/Vc versus I/Ic in Fig. 9(a).
The alternative method of extraction of creep param-

eters is the transformation of Eq. (6) into equation

−ln

(

V

Vc

)

=
Uc

kBT

[

1−

(

I

Ic
−

V

Vc

)]α

+ γ, (7)

where γ = −ln(vth/vc). Fig. 9(b) shows plots of this
relation fitted to the same data set as in Fig. 9(a), using
α = 3/2. Both methods give consistent results for creep
parameters; in all cases the extracted Uc follows the con-
dition Uc ≫ kBT . The fitted lines start to deviate from
the data at large I/Ic & 0.9, possibly indicating some
admixture of flux flow to the creep [67].
Figs. 10(a-c) and 10(a1-c1) show creep parameters,

Uc and vth/vc, respectively, extracted from the fits for
different magnetic fields and plotted versus t = T/Tc for
samples with different d. The values of vth/vc are rather
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FIG. 10. Creep parameters Uc (a-c) and vth/vc (a1-c1) versus
t = T/Tc for d = 44 nm (a,a1), 8.5 nm (b,b1) and 7.4 nm
(c,c1) at different magnetic fields. Continuous lines in (a-
c) show fits of Eq. (8), with n value specified in the figure.
Dashed green, vertical line in (b) shows the boundary at tB =
0.83, shade in (c) shows saturation region.

small, but they increase with the approach to the Tc, in
accordance with theoretical predictions [33].
The most interesting are the results for activation bar-

riers Uc, which in the T -range studied here appear to
follow functional behavior given by the relation

Uc = Uc0(1− t2)n, (8)

which resembles t-dependence of Jc given by Eq. (5),
but with distinctly different exponents n. Starting from
the film with d = 44 nm [Fig.10(a)] we observe that Uc(t)
for both magnetic fields may be described by the same
exponent n = 1.7, which is smaller than m = 2.2 expo-
nent in Jc(t) dependence. In case of film with d = 8.5
nm [Fig.10(b)] situation is more complicated. Unlike the
Jc(t) dependence, which could be fitted with a single ex-
ponent m in the whole t-range for a given magnetic field,
the t dependence of the Uc changes in the vicinity of
tB = T/TB = 0.83 (indicated by a green dashed line in
the figure), from the one with exponent n = 1.58 for all
magnetic fields at low t, to the one with field-dependent
and much smaller n < 1 at hight t. Finally, in case of the
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thinnest film with d = 7.4 nm [Fig.10(c)] the Uc(t) de-
pendence shows three distinct regions: high t region, in
which data may be fitted with Eq. (8), with n = 0.54 for
the lowest magnetic field, and n = 0.8 for all higher fields;
the intermediate t region, roughly for 0.5 . t . 0.7, in
which saturation of the Uc is observed (marked in the
figure by shadowed area), and low t region, in which the
Uc again increases with decreasing t, and n is about 2
(too small amount of data points prevents more exact
fitting in this range). This complicated behavior of the
Uc in two thinner samples is very different from much
simpler form of the Jc. This is not surprising, because
the extraction of the Uc is performed in a wide range of
creep, so that it provides much more information than
the single value of the critical current density Jc.

Coefficient Uc0 (Uc at t = 0) extracted from the fits is
shown in Fig. 11(a) as a function of reduced magnetic
field. In case of two thinner films two different sets of Uc0

are obtained, one in high-t, and one in low-t range (in case
of thinnest film low-t data could be fitted for intermediate
fields only). In case of d = 8.5 nm film these Uc0 data sets
differ by a factor of 4 at low magnetic field, but approach
each other on increasing field. This immediately suggests
that the mechanism of pinning at low magnetic field is
different in the low-t and in the high-t range, while it
becomes the same at high magnetic fields.

In order to get more unified picture of the observed be-
havior of the Uc(t), in Fig. 11(c) we plot Uc/Uc0 versus t
for different samples and magnetic fields. The continuous
lines show the function (1 − t2)n with various values of
n, ranging from 0.5 (red line), through 0.8 (green) and
1.58 (purple), up to 1.7 (blue line). The data for film
with d = 44 nm, shown by open points, align with blue
line. All data for d = 8.5 nm, measured in various B
and fitted at low t with a single function with n = 1.58
(solid color points) align with purple line in the low-t re-
gion, up to the boundary at tB = 0.83 (shown by dashed
line). At t > 0.83 the data start to progressively devi-
ate from this common line, with deviation growing with
decreasing magnetic field. On the other hand, we can
re-plot these high-t data using Uc0 calculated from fits
in high-t region. This is shown by half-filled symbols for
data measured at two lowest magnetic fields, 0.1 T (red
diamonds), and 0.2 T (green triangles); these data nicely
fit lines with n = 0.5 (red) and n = 0.8 (green), respec-
tively. Finally, we add to the graph the data for film with
d = 7.4 nm (solid black-grey points), which were fitted in
the high-t range: the data measured at lowest magnetic
field (0.2 T) fell close to the red line, in agreement with
the value of n = 0.54 determined by the fits, while data
measured at higher fields (n = 0.8) align with green line.
As t decreases and approaches region of saturation of the
Uc at t . 0.7, the data deviate downwards from red and
green lines (to avoid confusion the data at still lower t,
with fitted n ∼ 2, are not shown).

Following our discussion of the Jc(t) behavior we pro-
pose to interpret these findings as the evidence of two dis-
tinct mechanisms of pinning, δl in case of large n (n > 1),
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FIG. 11. (a) Uc0 versus B/µ0Hc2 in low t (solid points) and
high t (open points) range, for films with d equal to 7.4 nm
(black squares), 8.5 nm (red circles), and 44 nm (blue tri-
angles) (unless shown, the errors are smaller than the point
size). (b) Uc0 versus d extracted from low-t data measured at
1T; continuous line shows fit to the expression shown in the
figure. (c) Uc/Uc0 versus t for d= 44 nm (open points), 8.5
nm (low-t region: solid color points, high-t region: half-filled
points), and 7.4 nm (grey-black solid points) for various mag-
netic fields. Continuous lines show function (1 − t2)n, with
n = 0.5 (red), 0.8 (green), 1.58 (purple), and 1.7 (blue).

and δTc when n is small n ≈ 0.5. According to such pic-
ture, the results for thickest film indicate observation of
δl pinning, while in thinner films the pinning of δTc-type
is present in high-t range, close to the Tc, as evidenced
by red line in Fig. 11. Small increase of the exponent n
from 0.5 to 0.8 on increasing magnetic field in the high-t
range suggests that while δTc pinning remains the pri-
mary mechanism close to the Tc, some admixture of δl
pinning may occur. This is furthermore confirmed by a
gradual coalescence of two different Uc0 values at high
magnetic field in case of film with d = 8.5 nm, as shown
in Fig. 11(a).

Qualitatively, such interpretation would be in line with
the early theoretical descriptions of pinning mechanisms,
which predict rapid increase of the Uc/Uc0 with T de-
creasing below the Tc in case of δTc pinning, and much
slower increase in case of δl pinning [29]. Our finding
of smaller n exponents for Uc than m exponents for
the Jc may also be in line with the expectation that
in case of single vortex pinning the relation exists be-
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tween the activation barrier and critical current density,

Uc(T,B) ∼ J
1/2
c (T,B) [29]. However, the functional de-

pendencies which we find, given by Eqs. (5) and (8), dif-
fer from detail predictions of Ref.[29]. This is not surpris-
ing, because these predictions assumed weak collective
pinning, which is not exactly the present case. Neverthe-
less, more recent theoretical evaluation of several pinning
models based on strong pinning theories finds qualita-
tively similar faster growth of δTc pinning than the δl
pinning with the t decreasing below 1 [30], although the
detail functional behavior observed in our experiment is
different from predicted by this theory.

It is interesting to evaluate d-dependence of the Uc0

in the low-t range, in which, according to our proposal,
single pinning mechanism δl exists. In Fig. 11(b) we plot
Uc0 for data measured in all films at B = 1 T. The data
indicate rapid suppression of the Uc0 with decreasing film
thickness. We find that it is consistent with the depen-
dence Uc0 = U∞ − A/d2, where U∞ is the value of Uc0

at large film thickness and A is a constant. This depen-
dence predicts that Uc0 = 0 at d0 ≈ 7.13 nm. While we
have two few data points to verify the precise values of all
constants (including exponent in d2), it is clear that the
Uc0 may drop to very small values at finite film thickness,
so that the δl pinning may disappear at d just below the
thickness of our thinnest film.

Our observations are summarized in phase diagrams,
which we propose for two thinner films in Fig.12 (note
that the horizontal scale in these graphs is T/Tc(B = 0)).
The figure underscores dramatically different nature of
pinning in two thinner films. In case of d = 8.5 nm
film [Fig.12(a)] the boundary between low-t and high-t
regions, roughly at constant tB, translates into dashed,
green line marked as TB, which approaches Tg-line on
increasing magnetic field. The area in which δTc dom-
inates (shown in orange color) is very narrow, and it is
confined mainly to low magnetic fields and high T ; at
fields larger than 1 T it cannot be identified any more,
indicating that δl mechanism (shown by green color) be-
comes dominating. This feature suggests that the density
of defects which cause δTc pinning is rather limited in this
film, so that at magnetic fields B & 1 T the density of
vortices outweighs the density of δTc pins, and δTc mech-
anism stops to play a leading role. On the other hand,
in case of d = 7.4 nm film [Fig.12(b)] the δTc pinning
persists up to the highest magnetic field measured, what
suggests that the density of δTc pins has increased signif-
icantly. In addition, on decreasing temperature, instead
of δl pinning, we observe saturation region, delineated in
the figure by two dashed lines, T1 at high T , and T2 at
low T . Finally, at T < T2 the δl pinning most likely takes
over, based on n value close to 2.

We now discuss possible origins of two different pinning
mechanisms, and the saturation region in thinnest film.
Point defects, such as created by small interdiffusion of
Si atoms into Nb layer, may be excluded from consider-
ations, since such defects, of the atomic size, does not
lead to strong pinning effects. Instead, more extended
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FIG. 12. Phase diagrams for films with d = 8.5 nm (a) and
d = 7.4 nm (b), with µ0Hc2 (full black points) and Tg (open
red points). In (a) dashed green line marks boundary at TB ,
in (b) T1 and T2 mark the boundaries of the saturation region.

defects, of the size of about coherence length (11 nm
in the present case) should be considered. In polycrys-
talline thin films, which grow by island growth, the most
common defect structure contributing to strong pinning
originates from the grain boundaries. The polycrystalline
grains, of the size 3-5 nm, have been observed by us pre-
viously by transmission electron microscopy in the films
deposited by magnetron sputtering, similar to the films
used in present study; in fact, grain boundary scattering
leads to specific dependence of the normal-state resis-
tance on the film thickness, RN ∼ d−2 [17].

During the film deposition the island formation is ini-
tiated first, followed by coalescence of the islands into
smooth film, which, however, leaves slight depression in
between the grains, leading to small surface modulation.
Experiments on imaging of Nb films with thickness of
about 30-80 nm indicate that such modulation, of the
lateral size comparable to the coherence length, and of
the height not exceeding 10 % of film thickness, forms
efficient pinning sites in films [68]. Thus, we believe that
the δl pinning, which we observe in the thickest film with
d = 44 nm, results from spatial variation of the mean free
path induced by such thickness modulation. However, as
the thickness of the films decreases the coalescence of the
grains in the film becomes less perfect, leading to the
formation of narrow amorphous regions at some grain
boundaries. The size and density of such amorphous re-
gions, randomly distributed across the film, will increase
with decreasing film thickness. Such regions are a likely
source of the depressed Tc, so they will result in δTc pin-
ning mechanism.

Note that we propose to connect the origin of both pin-
ning mechanisms to the same structural imperfections
in the films, i.e. grain boundaries, however, with the
decrease of film thickness some of these imperfections,
randomly distributed, evolve into amorphous inclusions.
This interpretation suggests that the region in the phase
diagram, in which δl pinning is the sole mechanism re-
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sponsible for pinning of vortices, should be rapidly sup-
pressed on decreasing film thickness, so that at some film
thickness d0 the δl pinning will be completely replaced
by a mixture of δl and δTc mechanisms. This picture is
consistent with the d-dependence of Uc0 estimated from
low-t region and displayed in Fig. 11(b).
Finally, we should address the origins of the saturation

region in the phase diagram of the thinnest film. Since
the saturation occurs close to the boundary between δTc

and δl regions, it is natural to suspect that the com-
petition between two different mechanisms of pinning is
responsible for this effect. In the vicinity of the bound-
ary the activation barriers produced by these two types
of pins become very close. This likely leads to frustration
in the pinning landscape, what facilitates easier creep of
vortices, and is reflected in saturation of the Uc. The ef-
fect is strong in case of thinnest film, because the density
of amorphous regions at grain boundaries is large in this
film. On the other hand, in thicker film with d = 8.5
nm much smaller density of amorphous grain boundaries
produces very narrow saturation region, which is not ob-
served in experiment.

IV. CONCLUSIONS

In summary, we have used resistance and current-
voltage characteristics measurements in perpendicular
magnetic field to study the vortex dynamics in thin Nb
films with thickness in the range between 7.4 nm and 44

nm. Standard methods, including scaling laws, are ap-
plied to identify the VG transition temperature. While
quasi-2D VG transition is confirmed in case of the thick-
est film, with scaling exponents firmly within theoreti-
cally expected and previously reported values, the pres-
ence of creep in thinner films complicates this identifi-
cation, resulting in large uncertainty in the putative VG
transition temperature and scaling exponents.
The creep regime is subsequently analyzed using recent

strong pinning theory. The T -dependence of the activa-
tion energy for vortex pinning Uc, extracted from this
analysis, reveals two quite distinct regimes of pinning,
which we propose to identify with δl and δTc-type of pin-
ning. The first of these regimes, δl, with slow increase of
the Uc/Uc0 below T/Tc = 1, is observed in thickest film.
As the film thickness decreases, the second regime (δTc)
appears, characterized by faster growth of the Uc/Uc0

below T/Tc = 1. We link these two different regimes
with the grain boundaries existing in the films, which in
thicker film produce carrier scattering, while in thinner
films gradually evolve into amorphous inclusions, leading
to local depression of the Tc. Experimentally obtained
T -dependence of the Uc does not strictly follow existing
theoretical predictions, what calls for more theoretical
studies of the subject.
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