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We have studied electrical transport properties in the mixed state of superconducting Nb thin films and
Nb/Cu superlattices. Using a scaling analysis ofI –V characteristics, we have found evidence of a vortex-glass
transition in these low-Tc systems. We have investigated the dimensionality of the glass transition in both the
artificially anisotropic Nb/Cu superlattices and Nb thin films. The latter show up a three-dimensional glass
transition, while for Nb/Cu superlattices we have found a dimensional crossover from aquasi-two dimensional
to apure two dimensional glass transition, which is governed by the coupling of Nb layers across Cu ones. The
length and energy scales relevant to these behaviors will be discussed, and compared to that of high-Tc

systems.
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I. INTRODUCTION

Vortex matter physics has called the attention of research-
ers in many fields, especially since the discovery of high-Tc
superconductorssHTCSd. The vortex state provides a perfect
realm to study properties of liquid, crystalline, and glassy
phases. A plethora of different phases is observed in the
mixed state of HTCS,1 induced by the interplay of vortex-
vortex interaction, thermal fluctuations, different kinds of
disorder, anisotropy, dimensional effects, etc.2 But the essen-
tial characteristic of the phase diagram of HTCS is the exis-
tence of two different states: a magnetically irreversible zero-
resistance state and a reversible state with dissipative
transport properties. In the absence of disorder, as in clean
single crystals, the former corresponds to a vortex-solid
phase with topological order, and the latter to a vortex-liquid
phase, both of them separated by a first-order melting
transition.1 In the presence of strongquencheddisorder,
however, the long-range topological order of the vortex lat-
tice is lost, and the zero-resistance state corresponds to a
vortex glasssVGd instead to a vortex solid. The VG presents
long-range superconducting phase coherenceszero resis-
tanced, and the transition into the dissipative liquid state be-
comes a continuous second-order phase transition.3,4

For conventional low-Tc superconductorssLTCSd, the
magnetic and electrical properties in the mixed state were
mainly explained in the frame of flux-creep theories,5 in
which the existence of different phases was not considered.
After the rich phenomenology of vortex phases came out
with HTCS, LTCS have been seldom revisited to check the
possible application of HTCS paradigms. Experimental evi-
dence of a first order melting transition in Nb single crystals
has been reported by several authors.6–9 Studies on the VG
transition in LTCS have not been made except for some lim-
ited systems, like In thin films,10 or alloys as Mo3Si,11 and
a-MoxSi1−x.

12 In the case of Nb thin films, for example, the
existence of a glass transition remains controversial13,14 al-
though, recently, Sunet al.15 have observed glassy vortex
dynamics in experiments of magnetic relaxation in Nb thin
films with magnetic pinning centers.

In this paper, we report on the observation of VG transi-
tions in Nb thin films and Nb/Cu superlattices. The VG tran-

sition has been investigated by measuringI –V characteristics
in magnetic fields applied perpendicular to the film plane.
Those characteristics have been collapsed, according to the
scaling rules proposed in the VG theory, in terms of critical
exponents.4 Such scaling analysis has been thoroughly ap-
plied to a number of HTCS systems earlier. However, Stra-
chan et al.17 have recently probed that the scaling ofI –V
curves may not suffice to prove the occurrence of a VG
transition, and have proposed additional criteria to ensure the
existence of such transition. Moreover, in this work17 it is
pointed out that many of the data on the VG transition in
HTCS reported so far do not meet the proposed criteria, and
therefore is such cases the existence of a VG transition might
be questionable. We have found that the data presented here
for LTCS do fulfill the criteria proposed by Strachanet al.,17

as we will show later.
We have studied the dimensionality of the VG transition

as a function of the sample anisotropy. The artificially lay-
ered structure of the Nb/Cu superlattices has allowed tailor-
ing the anisotropy in a controllable fashion, since the cou-
pling of Nb layers through the Cu spacer can be easily
tuned.16 We have observed that Nb thin films show up a three
dimensionals3Dd VG transition, while Nb/Cu superlattices
show a crossover from aquasi-two dimensionals2Dd into a
pure2D VG transition, which is governed by the coupling of
Nb layers in the superlattice. We will discuss on this cross-
over in terms of the relevant length scales. The phenomenol-
ogy reported here for this artificially layered LTCS system is
very similar to that observed for many HTCS systems: on
one hand the values of the critical exponents found in the
scaling analysis agree with that previously reported for
HTCS. On the other because of the existence of a dimen-
sional crossover governed by the anisotropy. We believe that
these findings extents the universality of the VG transition.

II. EXPERIMENT

Nb thin films s100 nm thickd and Nb/Cu superlattices
were grown on Si substrates using dc magnetron sputtering
at room temperature in Ar atmosphere. Several series of su-
perlattices CudCu

fNbdNb
/CudCu

gN were grown, with a number
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N of bilayers such that sample thickness was always around
300 nm. Structural characterization was made by x-ray dif-
fraction sXRDd techniques, both low-angle incidence XRD
sLAXRD d and high-angle incidencesHAXRDd. HAXRD
showed that Cu layers are orienteds111d, while Nb ones are
s110d. An example of the obtained HAXRD spectra is de-
picted on Fig. 1. As can be seen, superlattice peaks appear
for scattering angles 2u such that 2L sinsud=nl, whereL is
the modulation length of the superlatticesbilayer thickness,
L=dNb+dCud, l is the x-ray wavelength slkCu

=0.154 03 nmd, andn is an integer. The width of those su-
perlattice peaks is related to structural disorder. We have re-
fined the spectra usingSUPREX19 program. From refinements
we obtained the modulation lengthL as well as the indi-
vidual layer thicknessdNb and dCu, and also quantified the
several sources of disorder at the Nb/Cu interfaces, like in-
terface roughness or interdiffusion.19 The samples studied
here did not present interdiffusion, and have moderate rough-
ness at the interfaces, ranging from 0.2 to 0.6 nm, being
larger the thicker the Nb layers are. These structural proper-
ties are similar to those reported earlier by other authors for
the same system.18 Experimental LAXRD spectra were com-
pared to simulations, which were obtained withSUPREXsfor
an example, see the inset of Fig. 1d. The parameters we get
from these simulationssmodulation lengths and disorder pa-
rametersd agreed with the results obtained from refinements
of HAXRD, and confirmed the high structural quality of
samples.

For magnetotransport experiments, samples were litho-
graphed using wet etching into a measuring bridge 1 mm
long and 100mm wide with the standard four-probe configu-
ration. Experiments were made in a liquid He cryostat pro-
vided with a superconducting solenoid. In all experiments
temperature was controlled with stability of 1 mK.

III. RESULTS AND DISCUSSION

The superconducting coherence lengthsjSsTd as a func-
tion of temperature were calculated from the upper critical
fields Hc2sTd. These were obtained from magnetoresistance
measurements at constant fixed temperaturesRsHdT, and us-
ing the criterionRfHc2sTdg=0.95Rn, with Rn the normal-state
resistance just aboveTc. The in-plane coherence lengthjSi

sparallel to Nb/Cu interfaces in the superlatticesd and the
perpendicular onejS' have been calculated by using
jSisTd=ff02pHc2'sTdg1/2 and jS'sTd
=hf0Hc2'sTd /2pfHc2isTdg2j1/2, respectively.16 As an ex-
ample, the behavior observed for sample Nb13 nm/Cu27 nm is
shown in Fig. 2. For this superlattice, the perpendicular criti-
cal field displays linear dependence on temperature
Hc2'sTd~ s1−T/Tcd ssee the inset of Fig. 2d. However, the
parallel critical field shows up a crossover from linear depen-
denceHc2isTd~ s1−T/Tcd at high enough temperatures to
square-root Hc2isTd~ s1−T/Tcd1/2 at lower temperatures.
This is indeed the signature of a dimensional crossover,16

which takes place when the perpendicular coherence length
jS'sTd reaches a valuejS'sTd,dCu sthickness of Cu in the
superlatticed. This can be checked in the main panel of Fig.
2. More precisely, for temperatures such thatjS'sTd
.0.7dCu, the Nb layers are coupled through the Cu ones
because of proximity effect. At temperatures below the
crossover temperaturesT2D<0.5Tc for this superlatticed the
coherence length isjS'sTd,0.7dCu, and therefore the Nb
layers are decoupled, showing up 2D behavior.16 For some
other of the studied superlattices, as for instance
Nb3.4 nm/Cu2.4 nm, jS'sTd.dCu at all temperatures, and thus
such superlattices are always in the coupled regime. Coher-
ence lengths at 0 K,jSs0d, together with critical temperatures
and other basic parameters of samples are listed in Table I.

FIG. 1. High-angle x-ray diffraction spectra of sample
Cu2.5 nmfNb1.8 nm/Cu2.5 nmg8 Open circles are experimental data,
and the solid line is the refinement using theSUPREXprogram. Inset:
Low-angle x-ray diffraction spectra of sample
Cu2.5 nmfNb5.3 nm/Cu2.5 nmg8 Lower curve is the experimental one,
and upper curve a simulation withSUPREX.

FIG. 2. Superconducting coherence lengths of sample
Cu27 nmfNb13 nm/Cu27 nmg10 as a function of temperature, both par-
allel jSisTd and perpendicularjS'sTd to Nb/Cu layers. The horizon-
tal dashed line marks the Cu thicknessdCu. Inset: Measured parallel
sblack circlesd and perpendicularsopen circlesd critical fields Hc2.
Solid lines are linear fitsHc2'sTd~ s1−T/Tcd, while the dashed one
is the best fit toHc2isTd~ s1−T/T*da, with a=0.49±0.02 and
T* /Tc=0.75±0.01.
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We have measuredI –V characteristics with the magnetic
field H applied perpendicular to film planesi.e., perpendicu-
lar to Nb/Cu layers in the superlatticesd. For each fixed value
of applied fieldH, we measured a sets,20d of isothermal
I –V curves at decreasing temperatures, as those shown in
Figs. 3sad, 4sad, and 5sad. For all samples and applied mag-
netic fields the results are qualitatively similar. The isotherm
at the highest temperature displays linear behavior at all cur-

rent levels, with Ohmic resistanceR=V/ I <Rn. i.e., at this
temperatureH=Hc2'. For characteristics at slightly lower
temperatures, the Ohmic response is observed only up to a
threshold current levelInl, above which the curves are non-
linear fblack dotsVsInld in Figs. 3sad, 4sad, and 5sadg. The
Ohmic resistance in the low-current limit limI→0 V/ I Þ0 is

TABLE I. Basic superconducting properties and VG scaling parameters of some of the studied samples.r is the in-plane resistivity just
aboveTc. Penetration depth at 0 K,ls0d, has been estimated as in Ref. 31, by using Gorkov’s theoryl's0d=1.29·10−2sr /TCd1/2 and li

=«l'. h is defined ash;H /Hc2sTgd.

Sample
Tc

sKd
r

smV cmd
jS's0d
snmd

jSis0d
snmd

ls0di

snmd

Scaling parameters

m0HsTd h Tg D z n cL

Nb100 nm 8.264 60 10 10 340 0.0085 0.24 8.194 3 4.2 1.6 0.032

0.017 0.24 8.152 3 4.2 1.6 0.031

Nb3.4 nm/Cu2.5 nm 2.960 25 10 18 210 0.02 0.14 2.545 2 3.7 1.7 0.011

0.05 0.22 2.280 2 4.1 1.7 0.013

0.1 0.35 2.150 2 4.0 1.4 0.017

Nb6 nm/Cu27 nm 1.800 8 41 51 212 0.01 0.66 1.650 2 4.0 1.9 0.012

0.02 0.71 1.501 2 4.0 1.9 0.014

Nb13 nm/Cu27 nm 4.850 9 15 21 125 0.11 0.73 3.994 2 4.0 2.0 0.024

0.4 Pure 2D VG Tg=0

FIG. 3. sad I –V isotherms for a Nb100 nm thin film in applied
field m0H=0.017 T at temperaturessfrom left to rightd 8.220 K
.T.8.004 K, separated,5–15 mK. Vertical and horizontal dot-
ted lines delimit the experimental window used for scaling. Black
dots areVsInld ssee textd. sbd Derivatives of the logsVd-logsId curves
at temperaturessfrom bottom to topd 8.220 K.T.8.004 K. Black
dots are within the experimental window used for scaling. Deriva-
tives for isotherms aroundTg are marked with arrows.scd Scaling of
the earlier isotherms as explained in the text.

FIG. 4. sad I –V isotherms for sample
Cu27 nmfNb13 nm/Cu27 nmg10 in applied fieldm0H=0.11 T at tem-
peraturessfrom left to rightd 4.060 K.T.3.865 K, separated
,5–15 mK. The dashed line separates isotherms above and below
Tg=3.994 K. Vertical and horizontal dotted lines delimit the experi-
mental window used for scaling. Black dots areVsInld ssee textd. sbd
Derivatives of the logsVd−logsId curves at temperaturessfrom bot-
tom to topd 4.060 K.T.3.908 K. Black dots are within the ex-
perimental window used for scaling. The arrow separates deriva-
tives of isotherms just below and aboveTg. scd Scaling of the earlier
isotherms as explained in the text.
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smaller as the temperature decreases, as well as the onset of
nonlinear responseInl shifts to lower current levels as tem-
perature is reduced. Below a given temperature, isotherms
become highly nonlinear within the whole experimental win-
dow, and show up negative curvature in the low-current limit
yielding zero resistance limI→0 V/ I =0.

The phenomenology described earlier suggests the exis-
tence of a continuous transition from a truly superconducting
phase with zero-resistancesVGd to a vortex-liquid dissipa-
tive phase closer toHc2. As proposed by Fisheret al.,3,4 and
experimentally proved early for HTCS,20 this glass transition
is a second order transition in whose vicinity the related
physical quantities must scale with the VG correlation length
jVG and a characteristic relaxation timet. These two magni-
tudes diverge as temperature approaches the glass transition
temperatureTg, following jVG~ sT−Tgd−n andt~ sT−Tgd−zn,
with z andn the dynamic and static critical exponents. Scal-
ing laws have been proposed to collapse onto a single master
curve all I –V sor E−Jd isotherms within the critical region,
by means of the ansatz:4

EjVGt < JjVG
D−1z±sJf0jVG

D−1kBTd, s1d

whereD is the dimensionality of the glass transition,z± is a
universal scaling function abovesz+d or belowsz−d Tg, f0 is

the flux quantum, andkB is the Boltzmann constant. We have
applied this scaling analysis to measuredI –V characteristics
within the experimental window 10−8 V ,V,10−4 V and I
,2·10−3 A. If injected currents are too high, the system is
driven towards free flux flow, where the scaling analysis is
no longer valid.17,21,22 Thus we set the voltage cutoff at
10−4 V, since above this all characteristics deviated towards
Ohmic behavior. This can be seen in Figs. 3sbd, 4sbd, and
5sbd, where the slopes of the isothermsdslog Vd /dslog Id are
displayed.

For the Nb thin film and Nb/Cu superlattices whose Nb
layers are coupledfsuperlattices withjS'sTd.dCug, the scal-
ing analysis yielded good collapses, as those shown in Figs.
3scd and 4scd, respectively. The parametersD, z, n, and Tg
obtained from scalings are listed on Table I, for the different
samples and applied magnetic fieldsH. For the Nb thin film
it was foundD=3, which corresponds to a three dimensional
VG transition. The critical exponents were aroundz<4.2
andn<1.6. For all coupled Nb/Cu superlattices, the dimen-
sionality was found to beD=2, which corresponds to a
quasi-bidimensionalsquasi-2Dd VG transition. The results
about dimensionality will be discussed later in this paper.
The critical exponents for coupled superlattices were around
z<4 andn<1.8. These parameters were not either magnetic
field or sample dependent and, as those found for Nb thin
films, are always within the rangez<4–6 andn<1–2 pre-
dicted by the theory.4 Furthermore, we want to underline that
the values obtained here for LTCS are very similar to that
observed for 3D andquasi-2D VG transitions in HTCS: for
instance, those found for 3D VG transitions in optimally
oxygenated YBa2Cu3O7−d thin films,20,21,24,26 and for
quasi-2D VG transitions in Bi2Sr2Ca2Cu3Ox,

23 oxygen de-
pleted YBa2Cu3O7−d

24 and a-axis oriented EuBa2Cu3O7−d

thin films.25 This suggests that the VG transitions found here
for LTCS belong to the same universality than those of
HTCS.

Recently, however, Strachanet al.17 have proved that the
scaling method used might be misleading, even if it yields
universal values of the critical exponents. They have argued
that experimental limitations related to the voltage sensitivity
floor might allow achieving good collapses with arbitrary
values of some of the scaling parameters, as for instanceTg.
Thus, Strachanet al.17 have proposed that a criterion to un-
ambiguously determineTg should be met: isotherms above
and belowTg, but with equalusT−Tgd /Tgu, must have oppo-
site concavities at the same applied current level. In order to
ensure that the scaling analysis applied is correct, we have
checked the accomplishment of this criterion for every set of
I –V curves that were successfully scaled. To this end, we
have calculated the derivativesdslog Vd /dslog Id of the I –V
isotherms. In Figs. 3sbd and 4sbd we show the derivatives of
theI –V’s depicted in Figs. 3sad and 4sad, respectively. As can
be seen in Fig. 3sbd, the Nb data met the outlined criterion: at
the lowest current levels, upwardsT=8.140 Kd, and down-
wardsT=8.165 Kd slopes are observed for isotherms at simi-
lar distance usT−Tgd /Tgu below and above Tg

=8.152±0.002 Ksobtained from the scaling analysisd. The
isotherm atT=8.154 K is indeed the critical isotherm itself,
or lies closely just above. Such characteristic displays a slope

FIG. 5. sad I –V isotherms for sample
Cu27 nmfNb13 nm/Cu27 nmg10 in applied field m0H=0.4 T at tem-
peraturessfrom left to rightd 2.160 K.T.1.780 K, separated
,5–15 mK. Horizontal dotted line delimit the experimental win-
dow used for scaling.sbd Derivatives of the logsVd−logsId iso-
therms at temperaturessfrom bottom to topd 2.160 K.T
.1.856 K. Black dots are within the experimental window used for
scaling. The arrow marks derivative of the isotherm at the lowest
temperature among those showing decreasing slope in the low cur-
rent limit. scd Scaling of the isotherms shown insad with a pure2D
VG model.
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around,2.6 in the low-current limit. This value is actually
expected from the VG theory and the values of the critical
exponents obtained from the scaling. Following Fisheret
al.,4 the isotherm atTg fulfills the relation E~Ja+1 in the
low-current limit, wherea=sz+2−Dd / sD−1d. Therefore,
using the values obtained in our scaling,D=3 and z
=4.2±0.1, the expected slope of the critical isotherm would
be a+1=2.6±0.05, which agrees with the value extracted
from the derivatives. Also the data for a Nb/Cu superlattice
shown in Fig. 4 fulfill the earlier criteria. From the scaling in
Fig. 4scd we obtainedTg=3.994±0.002 K for the set of iso-
therms in Fig. 4sad. As can be seen in the derivatives of Fig.
4sbd, the isotherms abovesT=4.001 Kd and below sT
=3.982 Kd this temperature show opposite curvatures in the
low-current limit. Also, although the critical isotherm is not
within the set of measured characteristics, we can give lower
and upper limits to its slope from those of the isotherms just
above and belowTg. As can be seen in the same Fig. 4scd, the
first isotherm belowTg sT=3.982 Kd has a slope larger than
,5.5 in the low-current limit, whilst the first one aboveTg
sT=4.001 Kd displays a slope smaller than,4.5. Therefore,
the critical isotherm in between them should have a slope
around,4.5–5.5. This agrees with the value expected from
scaling parametersD=2 andz=4.0±0.1, yieldinga+1=sz
+2−Dd / sD−1d+1=5±0.1

The behavior of superlattices whose Nb layers were de-
coupled was investigated too. To this end, we have measured
I –V characteristics of sample Nb13 nm/Cu27 nm in applied
magnetic fieldm0H=0.4 T. For this field, allI –V’s were
measured at temperatures well belowT=T2D<0.5Tc, and
thereforejS'sTd,0.7dCu ssee Fig. 2d. The I –V’s are de-
picted in Fig. 5. For these isotherms, however, the scaling
rule fEq. s1dg did not allowed obtaining collapses as the ones
obtained in the coupled regimejS'sTd.0.7dCu In fact, from
the derivatives of theI –V curvesfFig. 5sbdg, one can observe
some features that rule out the scaling of those isotherms
according to aquasi-2D or 3D VG transition. On one hand, it
is not possible determining a finiteTg using the criterion
outlined earlier, since two isotherms of opposite concavities
at the same current level cannot be found. Even though this
might occur just because the voltage sensitivity floor trun-
cates the isotherms, another piece of evidence allows dis-
carding aquasi-2D or 3D VG transition in the decoupled
regime: as can be seen in Fig. 5scd, a maximum slope around
,9 is displayed by the isotherms showing up a decreasing
slope in the low current limit. This is marked with an arrow
in Fig. 5sbd. Using the criterion of Strachanet al., the iso-
therm atTg should be above this one in Fig. 5sbd si.e., at a
lower temperatured, and therefore it should have a slope
larger that,9. As we said before, in aquasi-2D or 3D VG
transition the slope of the critical isotherm isa+1=sz+2
−Dd / sD−1d+1, which would imply a critical exponentz
.8 for D=2, orz.17 if D=3. These are very high values of
the critical exponents, not supported by the theory.4 As ar-
gued earlier,28,29 this fact strongly suggests that aquasi-2D
or 3D VG transition has to be dismissed. However, a good
scaling of the isotherms in Fig. 5sad is achieved by assuming
a differentpure 2D VG transition, as proposed by Dekkeret
al.,27 and found later in highly anisotropic HTCS

systems.24,28,29In a pure 2D VG transition, the glass transi-
tion temperatureTg=0. Therefore, apure2D VG phase does
not exist at any finite temperature, although in-planes2Dd
correlations develop, diverging asjVG~1/Tn8 when tempera-
ture approachesTg=0. In this transition, the scaling of the
isotherms is achieved by plottingr expfsT0/Tdpg vs J/T1+n8,
wherer=E/J is the resistivity,T0 is a characteristic tempera-
ture, andp andn8=2 are characteristic exponents of thepure
2D VG transition. The exponentp is related to the mecha-
nism of vortex motion:pù1 for thermal activation over the
relevant energy barriers, whereasp<0.7 is expected in the
case of quantum tunneling across them.27 As can be seen in
Fig. 5scd, a good collapse has been obtained with parameters
T0=300±20 K,p=1.05±0.02, andn8=2.

Let us now discuss on the meaning of dimensionality in
the different behaviors observed so far. The Nb thin film
shows up a 3D VG transition within the range of applied
magnetic fields investigated. On the other hand, Nu/Cu su-
perlattices show upquasi-2D or pure 2D VG transitions, as
those found in the highly anisotropic HTCS.23,24,28,29In the
experimental situation of the Nb/Cu superlattices, i.e., a lay-
ered superconductor with magnetic field applied perpendicu-
lar to layers, one may distinguish between the in-plane VG
correlation lengthjVGi, and the perpendicular onejVG'

salong the vortex lined.4 The quasi-2D character of the glass
transition was explained in HTCS assuming that anisotropy
induces limited vortex length, that precludesjVG' to
diverge.23,24 Thus, when approachingTg, only jVGi diverges
up to the macroscopic size of the sample, whereasjVG'

would remain finite with nearly a constant value. This ap-
plies to Nb/Cu superlattices in the coupled regime. Follow-
ing Yamasakiet al.23 and Sefriouiet al.24 we can estimate the
upper limit for jVG' from the I –V characteristics. Isotherms
aboveTg show up Ohmic behavior at low current level, but
they become nonlinear aboveInl. At this current level, the
work done by the Lorentz force to create vortex excitations
equals the thermal energy,Jnlf0jVGijVG'=kBT.4 We used the
isotherm at the highest temperature within the critical region,
in particular the one atT=4.038 K shown in Fig. 4sad, for
which Jnl<125 A cm−2. The in-plane correlation lengthjVGi

should be larger than the mean intervortex distancea0
=sf0/m0Hd1/2<130 nm for m0H=0.11 T. In particular we
assumedjVGi .2a0, and thus we obtainedjVG'90 nm. That
is, the correlation length along vortex line is limited well
below the sample thickness,300 nm. However, it may be
longer than other relevant characteristic lengths, as the super-
lattice modulation lengthL=40 nm and the superconducting
coherence lengthjS'sTd<35 nm. We have estimated the
vortex lengthl in the regime where this superlattice is de-
coupled, in which we observed apure 2D VG transition,
with the work done by Lorentz forceJnlf0jVGil =kBT.27 Tak-
ing the isotherm atT=2.150 K fFig. 5sadg, Jnl<80 A cm−2,
and jVGi .2a0=150 nm form0H=0.4 T, we getl ,30 nm.
Therefore, the vortex lengthl is shorter than superlattice
modulation lengthL=40 nm, and cannot be much longer
than the coherence length at thisT, jS'<20 nm. A picture
emerges from those estimations, in which coherence length
jS' and sample thicknessd are the relevant length scales to
which the correlation length along vortex linejVG' has to be
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compared. Thequasi-2D character of the glass transition in
the coupled regime develops sincejVG', longer thatjS' is
shorter than sample thicknessd. At lower temperatures, Nb
layers are decoupled by Cu ones. Therefore the vortex length
l is limited by the modulation lengthL. Because of this,
vortex lengthl and coherence lengthjS' get of similar mag-
nitude, what yields apure 2D VG transition. This is similar
to what has been observed in highly anisotropic HTCS, for
which pure 2D VG transitions have been observed when
vortex length is limited to superconducting coherence
length.24,28,29

To end up, we will discuss on the size of thermal displace-
ment fluctuations of the vortex lines at the observed VG
transition temperatures. Although the VG transition is com-
pletely different to amelting first order transition between
solid and liquid vortex phases, one may use the Lindemann
criterion yielding the melting line to roughly estimate the
order-of-magnitude of the amplitude of thermal displacement
fluctuations of vortices atTg.

2,30 The melting takes place
when the amplitude of thermal fluctuations is some fraction
cL sLindemann numberd of the vortex lattice parameter
ku2lT=cL

2a0
2, with cL system dependent and typically

,0.2–0.3 for HTCS. The related well-known expression for
the melting line2,30 is hms1−hmd−3<sp /4dcL

4Gi−1s1−tdt−2,
where hm=Hm/Hc2, t=T/Tc, the Ginsburg numberGi
=sTc

Î8««0jSid2 with the anisotropy«=jS' /jSi and line en-
ergy «0=ff0/4plis0dg2, andlis0d the penetration length at
T=0. Using the sample parameters listed in Table I, we es-
timatedcL by introducing the experimental pointsTgsHd into
the expression of the melting line. The results are also listed
in Table I. The obtainedcL are in all cases,0.01–0.03, in
the range previously reported for vortex-lattice melting in Nb
thin films.13 This small Lindemann number means that the
thermally induced displacement fluctuations of vortices
needed tomelt the vortex-latticesor the VGd have amplitudes
around one order-of-magnitude smaller than those observed
in HTCS. On the other hand, the width of the critical region
observed here for LTCS is much narrower. While for HTCS

the critical region may spread several Kelvin, the width of
the critical region observed here for LTCS is typically of
some hundreds of milli-Kelvin i.e., for the LTCS the glass
transition lies much closer toHc2 than for HTCS: typically,
the parameterfTHc2−TgsHdg /THc2'0.1 for HTCS swhere
THc2 is the temperature at whichH=Hc2d, while here we
have observedfTHc2−TgsHdg /THc2,0.01 for LTCS. Close to
Hc2 vortices are large objectsscore size,2jSid compared to
the mean vortex-lattice parametera0, and therefore in its
vicinity the space between vortices is small. In this scenario
small thermal displacement fluctuations of vortices are able
to melt the vortex latticesor glassd.

IV. SUMMARY

We have shown evidence of the VG transition in the
mixed state of Nb thin films and Nb/Cu superlattices by
means of the scaling ofI –V characteristics. The VG transi-
tions in these LTCS belong to the same universality generally
found for HTCS systems, since the same critical exponents
have been found. The glass transition lies much closer toHc2
in the low-temperature system, because of the small thermal
fluctuations of in comparison to those in HTCS. The dimen-
sionality of the VG transition has been investigated. While
Nb thin films show up a 3D VG transition, a crossover from
a quasi-2D into apure 2D VG transition has been observed
for Nb/Cu superlattices, which is governed by the ratio of
the VG correlation lengthjVG to the superconducting coher-
ence lengthjS.
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