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Vortex-glass transitions in low-T. superconducting Nb thin films and Nb/Cu superlattices
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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 analysi$-6¥ characteristics, we have found evidence of a vortex-glass
transition in these lovi, 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 fjoaséwo dimensional
to apuretwo 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 thafTof high-
systems.
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I. INTRODUCTION sition has been investigated by measullinly characteristics

Vortex matter physics has called the attention of researcH! magnetic fields applied perpendicular to the film plane.
ers in many fields, especially since the discovery of High- Thqse characteristics h_ave been collapsgd, accordlng_t'o the
superconductorHTCS). The vortex state provides a perfect Scaling rules proposed in the VG theory, in terms of critical
realm to study properties of liquid, crystalline, and glassyexponents. Such scaling analysis has been thoroughly ap-
phases. A plethora of different phases is observed in thglied to a number of HTCS systems earlier. However, Stra-
mixed state of HTCS,induced by the interplay of vortex- chanet all” have recently probed that the scaling lefV
vortex interaction, thermal fluctuations, different kinds of curves may not suffice to prove the occurrence of a VG
disorder, anisotropy, dimensional effects, €RBut the essen- transition, and have proposed additional criteria to ensure the
tial characteristic of the phase diagram of HTCS is the exisexistence of such transition. Moreover, in this wWdrk is
tence of two different states: a magnetically irreversible zeropointed out that many of the data on the VG transition in
resistance state and a reversible state with dissipativelTCS reported so far do not meet the proposed criteria, and
transport properties. In the absence of disorder, as in cledherefore is such cases the existence of a VG transition might
single crystals, the former corresponds to a vortex-solide questionable. We have found that the data presented here
phase with topological order, and the latter to a vortex-liquidfor LTCS do fulfill the criteria proposed by Strachanal,*’
phase, both of them separated by a first-order meltingis we will show later.
transition! In the presence of stronguencheddisorder, We have studied the dimensionality of the VG transition
however, the long-range topological order of the vortex lat-as a function of the sample anisotropy. The artificially lay-
tice is lost, and the zero-resistance state corresponds toeded structure of the Nb/Cu superlattices has allowed tailor-
vortex glasgVG) instead to a vortex solid. The VG presents ing the anisotropy in a controllable fashion, since the cou-
long-range superconducting phase cohere(mmo resis- pling of Nb layers through the Cu spacer can be easily
tance, and the transition into the dissipative liquid state be-tuned® We have observed that Nb thin films show up a three
comes a continuous second-order phase transition. dimensional(3D) VG transition, while Nb/Cu superlattices

For conventional lowF, superconductorgLTCS), the  show a crossover from quasitwo dimensional2D) into a
magnetic and electrical properties in the mixed state wer@ure2D VG transition, which is governed by the coupling of
mainly explained in the frame of flux-creep theories Nb layers in the superlattice. We will discuss on this cross-
which the existence of different phases was not consideredver in terms of the relevant length scales. The phenomenol-
After the rich phenomenology of vortex phases came oubgy reported here for this artificially layered LTCS system is
with HTCS, LTCS have been seldom revisited to check thevery similar to that observed for many HTCS systems: on
possible application of HTCS paradigms. Experimental evi-one hand the values of the critical exponents found in the
dence of a first order melting transition in Nb single crystalsscaling analysis agree with that previously reported for
has been reported by several autfofsStudies on the VG HTCS. On the other because of the existence of a dimen-
transition in LTCS have not been made except for some limsional crossover governed by the anisotropy. We believe that
ited systems, like In thin film& or alloys as MgSi,** and  these findings extents the universality of the VG transition.
a-Mo,Si;_.*? In the case of Nb thin films, for example, the
existence of a glass transition remains controversialal-
though, recently, Suet all® have observed glassy vortex
dynamics in experiments of magnetic relaxation in Nb thin  Nb thin films (100 nm thick and Nb/Cu superlattices
films with magnetic pinning centers. were grown on Si substrates using dc magnetron sputtering

In this paper, we report on the observation of VG transi-at room temperature in Ar atmosphere. Several series of su-
tions in Nb thin films and Nb/Cu superlattices. The VG tran-perlattices CH‘CU[NbdNb/CUdCu]N were grown, with a number
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FIG. 1. High-angle x-ray diffraction spectra of sample F|G. 2. Superconducting coherence lengths of sample
Cy5 nnfND1g nn/ Clzs nmls Open circles are experimental data, Cu,, ,,,[Nb;3 n/ Clb7 nmlio @s a function of temperature, both par-
and the solid line is the refinement using BwPREXprogram. Inset:  a|lel £5,(T) and perpendiculags, (T) to Nb/Cu layers. The horizon-
Low-angle  x-ray  diffraction  spectra  of  sample ta| dashed line marks the Cu thickneks, Inset: Measured parallel
Cl5 nn{Nbs 3 0/ Clio 5 nmlg Lower curve is the experimental one, (plack circles and perpendiculafopen circle critical fields H.
and upper curve a simulation wituPREX Solid lines are linear fitslg,  (T) = (1-T/T,), while the dashed one

is the best fit toH(T)<(1-T/T+)%, with «=0.49+£0.02 and
T./T,=0.75+0.01.
N of bilayers such that sample thickness was always around
300 nm. Structural characterization was made by x-ray dif- lll. RESULTS AND DISCUSSION
fraction (XRD) techniques, both low-angle incidence XRD
(LAXRD) and high-angle incidencéHAXRD). HAXRD
showed that Cu layers are orientgld 1), while Nb ones are
(110. An example of the obtained HAXRD spectra is de-
picted on Fig. 1. As can be seen, superlattice peaks appe

for scattermg angles@such that 2 S|n(f9)_.n)\, Wh(_areA 'S resistance just abovE&;. The in-plane coherence lengéy,
the modulation Ieng_th of the superlatti@glayer thickness, (parallel to Nb/Cu interfaces in the superlatticesid the
A=dyp*dcy), N is the xray wavelength (A, perpendicular one&s, have been calculated by using
=0.154 03 nmy, andn is an integer. The width of those su- Eg(T=[po2mHey (T)]H? and &, (T)
perlattice peaks is related to structural disorder. We have re={¢\H, (T)/2m{Hg(T)]?*2 respectively® As an ex-
fined the spectra LISiI’@JPRE)é‘g program. From refinements amp|e, the behavior observed for samp|e1Mn/Cu27 nm is
we obtained the modulation length as well as the indi- shown in Fig. 2. For this superlattice, the perpendicular criti-
vidual layer thicknessly, and dc,, and also quantified the cal field displays linear dependence on temperature
several sources of disorder at the Nb/Cu interfaces, like inH,,  (T)<(1-T/T,) (see the inset of Fig.)2 However, the
terface roughness or interdiffusiéh.The samples studied parallel critical field shows up a crossover from linear depen-
here did not present interdiffusion, and have moderate rougtdence H.,(T) < (1-T/T,) at high enough temperatures to
ness at the interfaces, ranging from 0.2 to 0.6 nm, beingquare-root He,(T) = (1-T/To)Y2 at lower temperatures.
larger the thicker the Nb layers are. These structural propeiFhis is indeed the signature of a dimensional cross&ver,
ties are similar to those reported earlier by other authors fowhich takes place when the perpendicular coherence length
the same systeA¥.Experimental LAXRD spectra were com- &s, (T) reaches a valués, (T) ~dg, (thickness of Cu in the
pared to simulations, which were obtained withPrex (for ~ superlattice& This can be checked in the main panel of Fig.
an example, see the inset of Fig. The parameters we get 2. More precisely, for temperatures such thé&, (T)
from these simulationémodulation lengths and disorder pa- >0.7dc,, the Nb layers are coupled through the Cu ones
rametery agreed with the results obtained from refinementsoecause of proximity effect. At temperatures below the
of HAXRD, and confirmed the high structural quality of crossover temperatul@,p=~0.5T, for this superlatticethe
samples. coherence length igs, (T)<0.7d¢, and therefore the Nb
For magnetotransport experiments, samples were lithdayers are decoupled, showing up 2D behatfdfor some
graphed using wet etching into a measuring bridge 1 mnother of the studied superlattices, as for instance
long and 100um wide with the standard four-probe configu- Nbs 4 nn/ Clo 4 nm &s. (T) >dg, at all temperatures, and thus
ration. Experiments were made in a liquid He cryostat prosuch superlattices are always in the coupled regime. Coher-
vided with a superconducting solenoid. In all experimentsence lengths at 0 Kig(0), together with critical temperatures
temperature was controlled with stability of 1 mK. and other basic parameters of samples are listed in Table I.

The superconducting coherence lengégdl) as a func-
tion of temperature were calculated from the upper critical
fields H.(T). These were obtained from magnetoresistance
measurements at constant fixed temperat®(é+, and us-
f?‘fg the criterionR[H,(T)]=0.93R,, with R, the normal-state
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TABLE |. Basic superconducting properties and VG scaling parameters of some of the studied sansplles.in-plane resistivity just
aboveT,. Penetration depth at 0 K,(0), has been estimated as in Ref. 31, by using Gorkov’s theof®)=1.29-10%(p/T¢)2 and \,
=&\ . his defined ah=H/H(Ty).

Scaling parameters

Te P &,(0) &5(0) N
Sample (K) (uQ cm) (nm) (nm) (nm) oH(T) h Ty D z v cL
Nb1go 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
ND3 4 i/ Clos nm ~ 2.960 25 10 18 210 0.02 014 2545 2 37 17 0011
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
NDg y/Cly7 v 1.800 8 41 51 212 0.01 066 1650 2 40 19 0012
0.02 0.71 1.501 2 4.0 1.9 0.014
Nbi3 i/ Clo7 nm 4.850 9 15 21 125 0.11 073 3994 2 40 20 0.024
0.4 Pure 2D VG Tg:0

We have measureld-V characteristics with the magnetic rent levels, with Ohmic resistand®=V/I=R,. i.e., at this
field H applied perpendicular to film plariee., perpendicu- temperatureH=H.,,. For characteristics at slightly lower
lar to Nb/Cu layers in the superlattigefor each fixed value temperatures, the Ohmic response is observed only up to a
of applied fieldH, we measured a s¢t-20) of isothermal threshold current levdl,, above which the curves are non-
|-V curves at decreasing temperatures, as those shown limear [black dotsV(l,) in Figs. 3a), 4(a, and %a)]. The
Figs. 3a), 4(a), and %a). For all samples and applied mag- Ohmic resistance in the low-current limit ljmy V/1#0 is
netic fields the results are qualitatively similar. The isotherm

at the highest temperature displays linear behavior at all cur-
10* = 6/
@ g
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10° 10° 10* 10° 10° 10" 10°
r . . . r r K v(1-D)
107 108 109 1010 1011 1012 (‘"T)(1 T/Tg)
(J/T)(1-T/Tg)v(1'm FIG. 4, ) -V isotherms for sample
Cly7 nniNb13 nnd/ Clo7 nmlio in applied field ugH=0.11 T at tem-
FIG. 3. (& |-V isotherms for a Niy mthin film in applied  peratures(from left to right 4.060 K>T>3.865 K, separated
field ugH=0.017 T at temperature§rom left to righy 8.220 K ~5-15 mK. The dashed line separates isotherms above and below
>T>8.004 K, separatee-5—15 mK. Vertical and horizontal dot- T,=3.994 K. Vertical and horizontal dotted lines delimit the experi-
ted lines delimit the experimental window used for scaling. Blackmental window used for scaling. Black dots &@,,) (see text (b)
dots areV(l,) (see text (b) Derivatives of the lo§V)-log(l) curves  Derivatives of the logV)—log(l) curves at temperaturéom bot-
at temperaturerom bottom to top 8.220 K>T>8.004 K. Black  tom to top 4.060 K>T>3.908 K. Black dots are within the ex-
dots are within the experimental window used for scaling. Deriva-perimental window used for scaling. The arrow separates deriva-
tives for isotherms arount, are marked with arrowsc) Scaling of  tives of isotherms just below and aboVg (c) Scaling of the earlier
the earlier isotherms as explained in the text. isotherms as explained in the text.
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the flux quantum, ankl is the Boltzmann constant. We have
applied this scaling analysis to measuted/ characteristics
within the experimental window I8V <Vv<104V and|
<2-102A. If injected currents are too high, the system is
driven towards free flux flow, where the scaling analysis is
no longer validi’?122 Thus we set the voltage cutoff at
10*V, since above this all characteristics deviated towards

107 15 10° 104‘105 5 Ohmic behavior. This can be seen in Fig$b)3 4(b), and
1(A) 5(b), where the slopes of the isothermi@dog V)/d(log ) are
o displayed.
10770 For the Nb thin film and Nb/Cu superlattices whose Nb
10% G layers are couplefsuperlattices witkEg, (T) >dc,], the scal-
= 10%] ing analysis yielded good collapses, as those shown in Figs.
£ . 3(c) and 4c), respectively. The parametes z, v, and Ty
g 10 obtained from scalings are listed on Table I, for the different
% 10" samples and applied magnetic fieldsFor the Nb thin film
* 107 it was foundD =3, which corresponds to a three dimensional
107 VG transition. The critical exponents were arounst 4.2

andv=1.6. For all coupled Nb/Cu superlattices, the dimen-
107 10" 10° 10" 10 10° sionality was found to beD=2, which corresponds to a
quastbidimensional(quasi2D) VG transition. The results
about dimensionality will be discussed later in this paper.
FIG. 5. @ -V isotherms for sample The critical exponents for coupled superlattice_s were around
Clys i INBys 1/ Clly nrlio in applied field ugH=0.4 T at tem- 2~4 andv=1.8. These parameters were not either magnetic
peratures(from left to right 2.160 K>T>1.780 K, separated fi€ld or sample dependent and, as those found for Nb thin
~5-15 mK. Horizontal dotted line delimit the experimental win- films, are always within the range=4-6 andv~1-2 pre-
dow used for scaling(b) Derivatives of the logv)—log(l) iso-  dicted by the theor§.Furthermore, we want to underline that
therms at temperaturefrom bottom to top 2.160 K>T  the values obtained here for LTCS are very similar to that
>1.856 K. Black dots are within the experimental window used forobserved for 3D anduasi2D VG transitions in HTCS: for
scaling. The arrow marks derivative of the isotherm at the lowesinstance, those found for 3D VG transitions in optimally
temperature among those showing decreasing slope in the low cuoxygenated YBgCu,0,_5 thin films20:21.2426 gnd  for
rent limit. (c) Scaling of the isotherms shown {8) with apure2D  quasi2D VG transitions in BjSr,CaCu;0,,2% oxygen de-
VG model. pleted YBaCwO,_#* and a-axis oriented EuB@u;0;_s
thin films2° This suggests that the VG transitions found here
smaller as the temperature decreases, as well as the onsef@f LTCS belong to the same universality than those of
nonlinear responsk, shifts to lower current levels as tem- HTCS.
perature is reduced. Below a given temperature, isotherms Recently, however, Strachat al!'” have proved that the
become highly nonlinear within the whole experimental win-scaling method used might be misleading, even if it yields
dow, and show up negative curvature in the low-current limituniversal values of the critical exponents. They have argued
yielding zero resistance limg V/1=0. that experimental limitations related to the voltage sensitivity
The phenomenology described earlier suggests the exi§loor might allow achieving good collapses with arbitrary
tence of a continuous transition from a truly superconducting/alues of some of the scaling parameters, as for instapce
phase with zero-resistan€®G) to a vortex-liquid dissipa- Thus, Strachamt all” have proposed that a criterion to un-
tive phase closer tél.,. As proposed by Fishest al,34and  ambiguously determind, should be met: isotherms above
experimentally proved early for HTCB this glass transition and belowT, but with equall(T-Tg)/Tg|, must have oppo-
is a second order transition in whose vicinity the relatedsite concavities at the same applied current level. In order to
physical quantities must scale with the VG correlation lengthensure that the scaling analysis applied is correct, we have
&6 and a characteristic relaxation timeThese two magni- checked the accomplishment of this criterion for every set of
tudes diverge as temperature approaches the glass transitibnV curves that were successfully scaled. To this end, we
temperatureTg, following &, (T-Ty) ™ and r<(T-Ty™,  have calculated the derivativeglog V)/d(log l) of the |-V
with z and v the dynamic and static critical exponents. Scal-isotherms. In Figs. ®) and 4b) we show the derivatives of
ing laws have been proposed to collapse onto a single mastte!-V's depicted in Figs. @ and 4a), respectively. As can
curve alll-V (or E-J) isotherms within the critical region, be seen in Fig.®), the Nb data met the outlined criterion: at

by means of the ansatz: the lowest current levels, upwakd=8.140 K), and down-
ward (T=8.165 K) slopes are observed for isotherms at simi-
Eéyor =~ JEDS L (JdoéoatksT), (1) lar distance [(T-Ty)/Ty below and above T,

=8.152+0.002 K(obtained from the scaling analyksisThe
whereD is the dimensionality of the glass transitiafa,is a  isotherm afT=8.154 K is indeed the critical isotherm itself,
universal scaling function abové.) or below({_) Ty, ¢y is or lies closely just above. Such characteristic displays a slope
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around~2.6 in the low-current limit. This value is actually systemg4282°In a pure 2D VG transition, the glass transi-
expected from the VG theory and the values of the criticattion temperaturdy=0. Therefore, gure 2D VG phase does
exponents obtained from the scaling. Following Fiskér not exist at any finite temperature, although in-pld@B)

al.,* the isotherm afT, fulfills the relationE>=J** in the  correlations develop, diverging &ss> 1/T* when tempera-
low-current limit, wherea=(z+2-D)/(D-1). Therefore, ture approache3,=0. In this transition, the scaling of the

Esing the values obtained in our sg:{ilin@,:S and z  isotherms is achieved by plottingexd (To/T)?] vs T
=4.2+0.1, the expected slope of the critical isotherm woul herep=E/J is the resistivityT, is a characteristic tempera-

be a+1=2.6+0.05, which agrees with the value extracted, o andp and»’ =2 are characteristic exponents of fhare
from the derivatives. Also the data for a Nb/Cu superlattice, \’/G transition. The exponent is related to the mecha-

shown in Fig. 4 fulfill the earlier criteria. From the scaling in _. ; Co

. : - . nism of vortex motionp=1 for thermal activation over the
Fh'g‘ 4(C). WE. obtalnidTg—3.394i0.0QZ rlf fgr the set of ]!Slg' relevant energy barriers, whereps-0.7 is expected in the
therms in Fig. 48). As can be seen in the derivatives of Fig. case of quantum tunneling across th&ms can be seen in

4(b), the isptherms aboveT=4.001 K), and below (T Fig. 5(c), a good collapse has been obtained with parameters
=3.982 K) this temperature show opposite curvatures in thel'o:SOOiZO K,p=1.05+0.02, and’ = 2.

low-current limit. Also, although the critical isotherm is not " | ot s now discuss on the meaning of dimensionality in
within the set of measured characteristics, we can give lowel,e gifferent behaviors observed so far. The Nb thin film
and upper limits to its slope from thpse of the iso_therms justhows up a 3D VG transition within the range of applied
above and beloW,. As can be seen in the same Ficithe i agnetic fields investigated. On the other hand, Nu/Cu su-
first isotherm belowy (T=3.982 K) has a slope larger than perjattices show upuasi2D or pure 2D VG transitions, as
~5.5 in the low-current limit, whilst the first one aboWg  those found in the highly anisotropic HTG&2428.29|n the
(T=4.001 K displays a slope smaller than4.5. Therefore,  experimental situation of the Nb/Cu superlattices, i.e., a lay-
the critical isotherm in between. them should have a slopered superconductor with magnetic field applied perpendicu-
around~4.5-5.5. This agrees with the value expected fromar to layers, one may distinguish between the in-plane VG
scaling parameter®=2 andz=4.0+0.1, yieldinga+1=(z  correlation lengthé&,g, and the perpendicular onéyg,
+2-D)/(D-1)+1=5%0.1 (along the vortex ling* The quasi2D character of the glass
The behavior of superlattices whose Nb layers were detransition was explained in HTCS assuming that anisotropy
coupled was investigated too. To this end, we have measurgfduces limited vortex length, that precludegg, to
|-V characteristics of sample M/ Clp7 nm in applied  diverge?®24 Thus, when approachiri@y, only &g diverges
magnetic fielduoH=0.4 T. For this field, alll-V's were  up to the macroscopic size of the sample, wheréas
measured at temperatures well beldw T,,~0.5T;, and  would remain finite with nearly a constant value. This ap-
therefore &5, (T) <0.7dc, (see Fig. 2 The I-V's are de- plies to Nb/Cu superlattices in the coupled regime. Follow-
picted in Fig. 5. For these isotherms, however, the scalingng Yamasaket al 2% and Sefriouiet al?* we can estimate the
rule[Eqg. (1)] did not allowed obtaining collapses as the onesupper limit for &,5, from thel—V characteristics. Isotherms
obtained in the coupled regingg, (T) >0.7dc, In fact, from  aboveT, show up Ohmic behavior at low current level, but
the derivatives of thé-V curveg Fig. 5(b)], one can observe they become nonlinear abovg. At this current level, the
some features that rule out the scaling of those isothermwork done by the Lorentz force to create vortex excitations
according to ajuasi2D or 3D VG transition. On one hand, it equals the thermal energly ¢oévgiéve. =KsT.* We used the
is not possible determining a finit€; using the criterion isotherm at the highest temperature within the critical region,
outlined earlier, since two isotherms of opposite concavitiesn particular the one al=4.038 K shown in Fig. &), for
at the same current level cannot be found. Even though thighich J,;= 125 A cni2. The in-plane correlation lengtfyg
might occur just because the voltage sensitivity floor trun-should be larger than the mean intervortex distamage
cates the isotherms, another piece of evidence allows dis= (¢! uoH)Y2~130 nm for uogH=0.11 T. In particular we
carding aquasi2D or 3D VG transition in the decoupled assumed, g >2a, and thus we obtained,s, 90 nm. That
regime: as can be seen in Figch a maximum slope around is, the correlation length along vortex line is limited well
~9 is displayed by the isotherms showing up a decreasinpelow the sample thickness300 nm. However, it may be
slope in the low current limit. This is marked with an arrow longer than other relevant characteristic lengths, as the super-
in Fig. 5(b). Using the criterion of Strachaet al, the iso- lattice modulation lengtiA =40 nm and the superconducting
therm atT, should be above this one in Fig(th (i.e., at a coherence lengths, (T)~=35 nm. We have estimated the
lower temperatung and therefore it should have a slope vortex lengthl in the regime where this superlattice is de-
larger that~9. As we said before, in guasi2D or 3D VG coupled, in which we observed ure 2D VG transition,
transition the slope of the critical isotherm is+1=(z+2  with the work done by Lorentz forc, ¢oé gl =kgT.?’ Tak-
-D)/(D-1)+1, which would imply a critical exponert  ing the isotherm af'=2.150 K[Fig. 5a)], J,~80 A cni?,
>8forD=2, orz>17 if D=3. These are very high values of and &,g > 2a,=150 nm forugH=0.4 T, we getl <30 nm.
the critical exponents, not supported by the théofg ar-  Therefore, the vortex length is shorter than superlattice
gued earlief®?° this fact strongly suggests thatoqmasi2D ~ modulation lengthA=40 nm, and cannot be much longer
or 3D VG transition has to be dismissed. However, a goodhan the coherence length at this &5, =20 nm. A picture
scaling of the isotherms in Fig(&® is achieved by assuming emerges from those estimations, in which coherence length
a differentpure 2D VG transition, as proposed by Dekketr &5, and sample thickness$ are the relevant length scales to
al.,?” and found later in highly anisotropic HTCS which the correlation length along vortex liggs, has to be
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compared. Theuasi2D character of the glass transition in the critical region may spread several Kelvin, the width of
the coupled regime develops sinégs,, longer thatés, is  the critical region observed here for LTCS is typically of
shorter than sample thicknedsAt lower temperatures, Nb  some hundreds of milli-Kelvin i.e., for the LTCS the glass
layers are decoupled by Cu ones. Therefore the vortex lengtiiansition lies much closer tbl, than for HTCS: typically,
| is limited by the modulation lengti\. Because of this, the parametet[Tch—Tg(H)]/Tchg0.1 for HTCS (where
vortex lengthl and coherence lengtfy, get of similar mag- 1, . is the temperature at whichi=H,,), while here we
nitude, what yields gure 2D VG transition. This is similar p5ve observefiTy,—Ty(H)]/ Tz~ 0.01 for LTCS. Close to

to what has been observed in highly anisotropic HTCS, forH : : :
) . > Vortices are large objectsore size~2£g) compared to
which pure 2D VG transitions have been observed whenthe mean vortex-lattice parametes, and therefore in its

vortex length is limited to superconducting coherence .. . h b . . I hi .
length?4.28.29 vicinity the space between vortices is small. In this scenario

To end up, we will discuss on the size of thermal displace-sma” thermal displacement fluctuations of vortices are able

ment fluctuations of the vortex lines at the observed VGO Melt the vortex latticéor glass.

transition temperatures. Although the VG transition is com-

pletely different to amelting first order transition between IV. SUMMARY

solid andliquid vortex phases, one may use the Lindemann

criterion yielding the melting line to roughly estimate the We have shown evidence of the VG transition in the
order-of-magnitude of the amplitude of thermal displacementnixed state of Nb thin fiims and Nb/Cu superlattices by
fluctuations of vortices aff;.>*° The melting takes place means of the scaling df-V characteristics. The VG transi-
when the amplitude of thermal fluctuations is some fractiontions in these LTCS belong to the same universality generally
¢ (Lindemann numbegr of the vortex lattice parameter found for HTCS systems, since the same critical exponents
(Wr=cfaj, with c_ system dependent and typically have been found. The glass transition lies much closei4o
~0.2-0.3 for HTCS. The related well-known expression forin the low-temperature system, because of the small thermal
the melting 1iné%° is h,(1-h,) 3~ (7/4)c/Gi"Y(1-t)t™2,  fluctuations of in comparison to those in HTCS. The dimen-
where h,=H,/He, t=T/T, the Ginsburg numberGi  sionality of the VG transition has been investigated. While
:(Tc\e‘%ssofs‘)z with the anisotropye=£&g, /&g and line en-  Nb thin films show up a 3D VG transition, a crossover from
ergy so=[¢o/4m\(0)]%, and\(0) the penetration length at aquasi2D into apure 2D VG transition has been observed
T=0. Using the sample parameters listed in Table I, we esfor Nb/Cu superlattices, which is governed by the ratio of
timatedc, by introducing the experimental poiritg(H) into  the VG correlation length to the superconducting coher-
the expression of the melting line. The results are also liste@nce lengthts.
in Table I. The obtained, are in all cases-0.01-0.03, in

the range previously reported for vortex-lattice melting in Nb

thin films'® This small Lindemann number means that the

thermally induced displacement fluctuations of vortices We acknowledge support from Spanish Ministerio de
needed taneltthe vortex-latticgor the VG have amplitudes Educacion y Ciencia under Grant Nos. MAT2002-04543 and
around one order-of-magnitude smaller than those observeddAT2002-12385-E, and the “Ramdn Areces” Foundation.
in HTCS. On the other hand, the width of the critical region We would like to acknowledge Z. Sefrioui and J. Santamaria
observed here for LTCS is much narrower. While for HTCSfor helpful discussions.
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