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Evidence for a quantum-vortex-liquid regime in ultrathin superconducting films
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We report the observation of activated dissipation in ultrathin superconducting films near the
superconductor-to-insulator transitié8IT) in magnetic fields. The activation ener@y scales with the mean
field transition temperature, film thickness, and logarithm of the applied field, in qualitative agreement with the
activation of defects in a vortex solid. We firig, extrapolates to zero &, a field well below the upper
critical field implying the existence of a quantum-vortex-liquid regime. We discuss the implications of this
result for the magnetic field tuned SIT in this systd®0163-182606)51446-3

Recent extensive studies of type Il superconductors havihe data, at low fields, the resistance is thermally activated at
revealed the vortex phase diagram to be extremely rich. llow temperatures and the field dependence of the activation
contains a variety of phases depending on such variables amergy is consistent with the motion of defects in a vortex
the dimensionality, intrinsic disorder, and electronic proper-solid. However, the characteristic field at which the activa-
ties of the superconductdrin particular, it has been ob- tion energy scales to zero falls well beldiy.,, the field at
served that thermal fluctuations can lead to the melting of thevhich all evidence of superconducting fluctuations has dis-
vortex lattice into a liquid at a field below the upper critical appeared. Recent theories suggest that this result can be at-
field H,,.? It has been proposed that quantum fluctuationtributed to quantum fluctuation effe¢f€*3and the appear-
effects can be strong enough to melt the vortex solid in disance of a QVL regimé??
ordered superconductotsBy inducing fluctuations in the We have performed transport measurements on two ma-
amplitude of the superconducting order parameter, the disoterials, PQ ¢Biy /Ge and Bi/Sb and tunneling measurements
der increases the fluctuations of the vortices about their equbn PbBi/Ge. All materials were thermally evaporated at low
librium positions. Experimental evidence for the melting of temperatureT~8 K. 0.6 nm Ge or 1.2 nm Sb were prede-
the vortex solid into a quantum vortex ligui@VL) has been posited on fire-polished glass in each experimental run to
obtained on a 3D disordered superconduétém. 2D the serve as underlayers for producing ultrathin films with ho-
QVL phase has been predicted to occur at high fields irmogeneous properties. Films were in thermal contact with a
superconducting films with very high normal state sheet redilution refrigerator and located at the center of dnhs@iper-
sistanceRy~Ry=6.45 K). conducting solenoid which generates a magnetic field ori-

Interestingly, the presently accepted phase diagram foented perpendicular to the film plane. Film thicknesses were
disordered superconductors in 2D does not include a QVImeasuredn situ with a calibrated quartz crystal. Four termi-
phase. ThisT=0 phase diagram, based on a model due taal transport measurements were performed using standard
Fisher, contains a superconductin=0) vortex glass low frequency techniques. Additional voltage contacts mea-
phase at low fields that condenses into an insulatiRg ) sured the adjacent square of film to check film quality after
vortex superfluid phase, which is distinct from a QVL phaseeach deposition. The resistances shown here are excitation
at high fields> A single critical field marks the boundary of voltage independent and were checked withl'dccurves.
this superconductor-to-insulator transiti@8IT). Quantum  Tunneling measurements have been described
fluctuations in the phase of the superconducting order paranpreviously%*!
eter are responsible for this transition and fluctuations in the Many details of the mixed state transport properties of
amplitude are considered irrelevaftThis theory accounts high Ry films in systems like PbBi/Ge and Bi/Sbh have been
well for the scaling behavior of data obtained in In(ef.  established previousff:!! Increasing the magnetic field
6) and Josephson Junctiéd) arrays’ systems in which the broadens the resistive transition until a fiéld, at which the
order parameter amplitude is understood not to be suscepesistance of the film does not increase or decrease by more
tible to fluctuations. The same scaling analysis has been aphan 5% over the measured range of temperatdosvn to
plied to a number of other systems in which the order pa-T/T.~0.1, whereT, is the zero field, superconducting tran-
rameter is small and a field tuned SIT is obserf@d. sition temperature; the temperature at which the film resis-

It has been suggested recently, however, that the abowance has dropped to half the normal state resisjahiehas
picture may not apply to certain systems such as ultrathilbeen observed to scale roughly with the size of the energy
homogeneous films in which the order parameter amplitudgap measured by tunneling in zero fiéfdTunneling mea-
is suppressed by disorder and likely to fluctu#t& In this  surements ati® reveal the presence of superconducting fluc-
work we discuss transport data on Bi/Sb and PbBi/Ge filmguations by the appearance of a small gap in the quasiparticle
as evidence that a QVL regime exists in the 2D vortex phasspectrum around the Fermi energy in both PbBit&Gand
diagram in such systems. The data also suggest an alternatisimilar behavior is expected in Bi/SB.The strongly sup-
physical interpretation of the SIT in which the vortex solid pressed order parameter in the vicinity léf contributes to
phase melts at a field below the critical field for the SIT. Inthe broadening of the resistive transitions in field by fluctua-
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FIG. 1. Arrhenius plot of thermally activated dissipation in a  FIG. 3. Data from Fig. 2 collapsed onto a single line by dividing
Bi/Sb film with T.=1.43 K andH®=1.64 T in magnetic fields of Tg by Tt andH by Hg, the field at whichT, extrapolates to zero.
005T,01T,02T,03T,04T,05T, and 0.8 T. Solid lines are
least-squares linear fits to the activated region using a fixed intefims with 0.7<Tx<1.7 K and 7.-Ry>4.1 kQ. We can
ceptRy. make reasonable fits to these data, to exffg¢by assuming

a field independent prefactdR,. These least-squares fits to

tions in a small quantity: the superfluid density. This claim isthe activated portions are shown in Fig. 1. The valudgf
supported by empirical estimates which indicate that thevas obtained by fitting the lowest temperature data for a field
number of pairing states in a coherence volume is on thé the middle of the range. As shown in Fig.®, exhibits a
order of 1'! At fields well aboveH®, the film exhibits the field dependence consistent with(1H) over more than a
logarithmic decrease of conductance with decreasing tenfiecade ofH for the four Bi/Sb films. The slope of the In
perature characteristic of an insulating 2D disordered elecdependencek,, is comparable td ¢, (see Table)l The data
tronic system. in Fig. 2 can be collapsed onto a single straight line by di-
Here, we report that at fields well beloW® all of our  Viding all Ty's of a film by its T, and film thickness and
Bi/Sb and PbBi/Ge films withT,<3 K exhibit activated scaling the applied field by itsly, the field at whichTo(H)
dissipation. That is, when R(T)<Ry it follows extrapolates to zersee Fig. 3 In all cases the characteristic
Roexp(—To/T) over more than two decades of resistance adield Hy is less tharH® (see Table)l In PbBi/Ge filmsH is
shown by the Arrhenius plot in Fig. 1. For ease of discus-ess than or nearly equal 6°. We summarize our results for
sion, we will concentrate on the properties of four Bi/Sbthe activated region with the following expression for

R(T,H):
5 T R(T,H)=Riexd — (Eo/T)In(Ho/H)(1-TI/T)], (1)
where the factor (+ T/T.y incorporates a temperature de-
4 _ pendence to the activation barrier that is consistent with the
activated form of the dateR; depends on field. The mea-
sured prefactor is given by
N 3 B N
< Ro=R1(Ho/H)“, 2
*—02 N _ with a=Ey /T, Empirically, R, depends weakly on mag-
netic field implying that,
1k . RixH®. 3
For all of the Bi/Sb and PbBi/Ge films that we have investi-
ol /4 e N W L gated, 0.6% a<1 (see Table | for Bi/Sb film resultsso that
10° 10" 102 R, is nearly proportional tdd. We have formulated the de-
1/H (T7h scription in this manner to compare to recent theofsese

below) which calculate the dissipation in this regime using
FIG. 2. Activation energyT,, plotted vs logl/H) for four ~ the Bardeen-Stephen prefactor.
Bi/Sb films. (Circle9 T, =0.69 K, (triangles T.=1.15 K, (dia- There have been a number of observations of activated
monds T.=1.43 K, and(crossesT.,=1.63 K. The solid lines are  resistance in other 2D and quasi-2D supercondudtbs®
least-squares fits. The slopes ardhxis intercepts are listed in Systems with activation energies that depend logarithmically
Table I. on H when H<H,, and scale withTt include highT,
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TABLE |. Parameters for four Bi/Sb films all from the same  The observation that, is even less thahl, leads to the
experimental runRy=4.12 K. interpretation that these quantum fluctuations are sufficient to
melt the vortex solid. ExplicitlyH,, is the field at which the
defect activation energy extrapolates to zero and as such pro-

Rn/Ro t(m Teo@K) HEM  He(M  EoTe

1.72 0.76 0.69 0.78 051 0.8 vides an upper field limit for a vortex solid phase at any
1.29 0.82 1.15 1.33 1.01 088 temperature. Thus, in the midst of a field regime where su-
1.10 0.87 1.43 1.64 1.33 0.97 perconducting fluctuations are evident, the vortex solid
0.995 0.9 1.63 1.9 1.66 099 Melts® At zero temperature it melts solely due to disorder

induced quantum fluctuations. Presumably, the resistance of
the melted phase is finite and proportionalRQ since the
compounds, layered structures, and amorphous thin filmactivated dissipation at lower fields follows a Bardeen-
such as MoGé%~1°These data have been compared to mod-Stephen dependenéé.

els of thermally activated flux flow due to the motion of  Recent theories discuss a quantum vortex liquid regime in
defects in a flux line lattice. The defects considered in theD fiims with RNNRQ:h/432_ Blatter and co-workers have
two most relevant models are edge dislocation painsd  predicted that a QVL phase existsTat 0 from the argument
vortex/antivortex pairé® Both lead to activation energies that quantum motion of vortices can melt the latficBy
which depend off ;o andt and logarithmically orH. Physi-  jncjuding quantum fluctuations they were able to account
pally, these depgndences .have their roots in ,VOrtex'vorteéuantitatively for the shape of the melting curé&™(T), for
Interaction energies. Exp!|C|tIy, the energy r_e‘;}“feo' to sepayp, amorphous Nfise and explain why the melting field fell
rate two overlapping vortices by a distanagis below the upper critical field at the lowest temperatures and

P2t a H highest magnetic fields. In Ikeda’s theory, field driven quan-
U =—2 0l 2 «in 4 tum melting occurs when quantum fluctuations are strong
vu 8 2)\2 2H ’ ( ) . . .
™ 3 THc2 enough to dominate the classig¢tderma) fluctuation mode.

where\ is the penetration deptli is the superconducting ~ QVL regime arises and the mean field description be-

coherence lengthh, is the flux quantum, and, is the vor- comes invalid? Neither theo_ry m_akes a prediction about the

tex lattice spacing? In a dirty superconductor\ 2«  Z€r0 temperature transport in this regime.

N(Ep)vel T SO that the coefficient of the logarithm scales ~ The existence of a QVL regime fdi<H® affects the

like Too. N(Ef) is the density of states at the Fermi energy, interpretation of experiments on homogeneous superconduct-

v is the Fermi velocity, antlis the elastic mean free paz[ﬁ ing films at the magnetic field tuned SIT. The success of the

The characteristic field scalez®.,, appears in both mod- model of Fisher and co-workerin describing the SIT in JJ

els. The dislocation model, due to Feigelman and coarrays and InQfilms is expected because the order param-

workers, predicts a prefactor of the logarithigy, that eter amplitude appears to be well defined *&H,) .87

agrees quantitatively with experimé®it*® while the vortex- However, a number of groups have scaled transport data in

antivortex unbinding model of Jenset al. predicts activa- which H® is much closer td ., and found similar exponents

tion energies that are more than an order of magnitude totaising the possibility that the Fisher model appf€g? In

high 2° contrast, our results suggest that if a phase transition occurs
Qualitatively, these theories can account for the activateet H® in a homogeneous superconducting system, then it is a

behavior in Bi/Sb films as indicated by the collapse of thetransition from a vortex liquid state with finite resistance to

data in Fig. 3. Moreover, our observation thtecH* with some other phasg.

a=1 is strong evidence that the dissipation due to the motion We do not know what the phase is abdv¥& Our earlier

of these defects follows the Bardeen-Stephen flux flow detunneling measurements suggest that its transport is domi-

pendence in agreement with the models. Our measurement pated by paraconductance or amplitude fluctuation effects.

E,, however, falls between the two predictions suggestingsiven the vortex liquid state belott®, we speculate that®

that the defects involved in our films differ from those con- separates regimes in which phase fluctuations due to vortex

sidered in Refs. 1 and 20. motion and amplitude fluctuations dominate the transport
An interesting quantitative deviation from these models isproperties. Spivak and Zhou describe a phase that may apply

the result thatH,<2mH,. It implies that the length scale to the paraconductance dominated regifhaheir theory

relevant to vortex-vortex interactions has become greateshows that disorder induced mesoscopic fluctuations give

than(2m)*2 o, Lcf. Eq.(4)]. Recent theoretical work suggests rise to spatial fluctuations in the upper critical field and they

disorder induced quantum fluctuation effects as the source gifredict that, at fields approaching the averatjg, a film

this deviation. Blatter and Ivlev have argued that strong dis€onsists of superconducting regions separated by normal re-

order creates quantum fluctuations which smear the vortegions. We speculate that, at and abeVe the vortex cores

cores making their effective radius greater thigri A calcu-  overlap so strongly that the normal regions percolate across

lation by Spivak and Zhou indicates that there are large methe film.

soscopic fluctuations ifl, in 2D disordered superconduct-  In summary, we have reported measurements of field de-

ors. These spatial variations would result in a distribution ofpendent thermal activation energi€ly,, for dissipation in

vortex sizes These pictures provide a connection betweerultrathin superconducting films wittRy~Rq. For both

the evidence for order parameter amplitude fluctuatibns Bi/Sbh and PbBi/Ge filmsT, scales with film thicknessT,

and the enhancement of the characteristic length scale f@and logarithmically with fieldH, is the field at which the

interactions in the vortex solid. activation energy extrapolates to zero. These dependencies
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are explained by models of defects in a vortex solid phas€®VL may be important to th& =0 phase diagram of the 2D
but comparison to the models implies that disorder inducedield tuned SIT.

guantum fluctuations cause the field schlg to fall well . . .
belowH.,. At fields near and abovd,, we have suggested We acknowledge helpful discussions with J. Kpndev,. I
c2: 0 Vekhter, A. Houghton, and C. Elbaum and especially with

that the vortex solid melts, and enters a vortex liquid regimes _y Hsu. This work has been supported by Office of Naval

that persists to zero temperature. We argue that the resistang@search Grant N@N00014-95-1-0747and NSF Grant No.
in this regime is finite. We speculate that the existence of thip\MR-950290.
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