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Vortex phase diagram and quantum fluctuations in thick a-MoxSi1Àx films

S. Okuma, M. Morita, and Y. Imamoto
Research Center for Low Temperature Physics, Tokyo Institute of Technology, 2-12-1, Ohokayama, Meguro-ku, Tokyo 152-855

~Received 14 August 2001; revised manuscript received 16 May 2002; published 9 September 2002!

We present measurements of dc and ac complex resistivities for thick amorphous (a-)MoxSi12x films. Both
the resistivities and the derived vortex-glass-transition lineBg(T) exhibit the decreased temperatureT depen-
dence below about 0.1 K. We have proved experimentally that this feature is intrinsic, not resulting from the
simple heating effects. We have interpreted this as a sign of a crossover from temperature dominated to
quantum driven fluctuations. In the limitT→0, theBg(T) line is T independent and extrapolates to a field
Bg(0) lower than the upper critical fieldBc2(0) at T50, indicative of the presence of the quantum-vortex-
liquid phase in the regionBg(0),B,Bc2(0). We show that theT50 phase diagram for the thick films is
markedly different from that for the thin films, which is mainly attributed to the different strength of quantum
fluctuations between three dimensions and two dimensions. Also, we discuss the difference between the shape
of the ‘‘melting line’’ at low T observed in thick amorphous films and single-crystal layered superconductors.

DOI: 10.1103/PhysRevB.66.104506 PACS number~s!: 74.25.Dw, 74.40.1k, 74.60.Ec
xe
o

iti
ig

s
y

m
r-

a-

iq-

er
i

-

a
e
om
n

ro
e

o

th
o

n
und

d
en
he

.
re-
sent

-
n

is

he
by
the
hed
ar

r to

the

e

the
I. INTRODUCTION

The vortex states and vortex phase diagram of the mi
superconducting state have been actively studied for m
than a decade. Although various phases and phase trans
associated with vortex matter have been revealed in the h
temperature regime of the field-temperature (B-T) plane, the
vortex states at lowT have not yet been fully clarified. Thi
is because most studies performed so far have emplo
high-Tc oxide superconductors~HTSC’s! whose upper criti-
cal field Bc2 at T50 is extremely high.

Quite recently, we have found on the basis of the ac co
plex resistivity, as well as dc resistivity, for a thick amo
phous (a-! MoxSi12x film that the vortex-glass transition1–3

~VGT! persists down toT;0.04Tc0 up to B;0.9Bc2(0),
whereTc0 andBc2(0) are the mean-field transition temper
ture and upper critical field atT50, respectively.4 In the
limit T→0, the VGT lineBg(T) extrapolates to a field below
Bc2(0), indicative of the presence of a quantum vortex l
uid ~QVL! at T50 in the regimeBg(0),B,Bc2(0). In
fields below Bg(0) the linear~ohmic! dc resistivity r(T)
exhibits a superconducting transition at nonzero temp
tures. The zero-resistivity temperature almost coincides w
the VGT temperatureTg(B) determined from the ac resistiv
ity. In fields just aboveBg(0), however, r(T) decreases
from the normal-state resistivityrn upon cooling but tends to
the finite nonzero value atT→0, suggestive of the (T50)
metallic QVL state. We note that all of the data indicate
decreased temperature dependence of the resistivities b
about 0.1 K. We interpret this as a sign of a crossover fr
temperature dominated to quantum driven fluctuations. O
may argue, however, that insufficient cooling of the elect
system could simply explain the data, because measurem
have been performed at very low temperatures (T,0.1 K).
It is important to reject such a possibility on the basis
experimental data.

In this paper we first present experimental evidence
the local-heating effects in the sample cannot account for
data. We show that the flattening ofr(T) observed just
0163-1829/2002/66~10!/104506~8!/$20.00 66 1045
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above Bg(0) is intrinsic for our thick @three-dimensional
~3D!# films, lending further support for the QVL phase. O
the basis of detailed measurements of ac resistivity aro
Bg(0), wedetermine the shape ofBg(T) at low T very pre-
cisely. The results show that the VGT lineBg(T) is indepen-
dent of T below about 0.1 K. We also note that theT50
phase diagram~along the field axis! for the thick films is
contrasted with that for thin films, which is mainly attribute
to the different strength of quantum fluctuations betwe
three and two dimensions. Finally, we point out that t
shape ofBg(T) at low T for the thick film is markedly dif-
ferent from that of the ‘‘melting line’’ at lowT reported for
single-crystal layered oxide5 and organic6 superconductors
The possible origin of this difference will be discussed. P
liminary results and the transport data related to the pre
work have been reported elsewhere.4,7–10

II. EXPERIMENT

All of the a-MoxSi12x films were prepared by coevapo
ration of pure Mo and Si in vacuum better tha
1028 Torr.4,7–13The films for which we present data in th
paper are a 100-nm-thick film (x544 at. %! with Tc0
52.4 K and Bc2(0)55.75 T and a 300-nm-thick film (x
554 at. %! with Tc053.3 K andBc2(0)57.9 T. The data
of a 4-nm-thick film are also presented for comparison. T
structure of the film was confirmed to be amorphous
means of transmission-electron microscopy. Details of
preparation and characterization of the films were publis
previously.8,9,12 The temperature dependence of the line
~ohmic! dc resistivityr was measured in constant fieldsB
using standard four-terminal dc and low-frequency~19 Hz!
ac locking methods. The field was applied perpendicula
the plane of the film.

The ac transport data, the frequency dependence of
amplituderac and phasef of the ac resistivity, were also
taken in the linear regime as a function of the temperaturT
and frequencyf employing a four-terminal method.4,10,14An
oscillator output of the precisionLCR meter ~HP4285A!
produced the current, which passed uniformly through
©2002 The American Physical Society06-1
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entire thickness of the film. The ac voltages induced acr
the sample were measured using theLCR meter after being
enhanced with a low-noise preamplifier~NFC SA-430-F5!.
We regarded the data at the lowest temperature and fie
the background data, whererac of the film is much smaller
than the background component, and subtracted it from
measured data. We also evaluated a frequency-depen
gain and/or phase delay of the amplifier by measuring
standard noninductive load resistor which was connecte
place of the sample. Thus we obtained the frequen
dependent resistivity in the frequency rangef ;75 kHz–5
MHz from the measured voltages. We cannot measure th
resistivity at lowerf (,75 kHz) because of limitation of the
LCR meter. However, the essential data is included in thf
range used in the present measurement. This has been
fied by the simultaneous measurements of dc~current density
J vs resistivityr) and ac complex resistivities (rac andf)
for the thick film in low B (<1 T), where convincing evi-
dence for VGT has been obtained from both measurem
consistently.10 Even if we tried to perform the measureme
at lower f (,75 kHz), rac aroundTg would fall below the
experimental resolution of our preamplifier.15

III. RESULTS AND DISCUSSION

Figures 1~a!–1~c! show the Arrhenius plots of the dc re
sistivity r(T) in different B for the 100-nm-thick, 300-nm-
thick, and 4-nm-thick films, respectively. The data for t
4-nm-thick film (x561 at. %! with Tc051.8 K shown in Fig.
1~c! were taken simultaneously with those of the 100-n

FIG. 1. Arrhenius plots ofr(T) in different B for the ~a! 100-
nm-thick, ~b! 300-nm-thick, and~c! 4-nm-thick films. For the
thicker films the (T50) SMT occurs at around~a! B55.3 and~b!
7.25 T, while for the thin film the (T50) metallic phase is no
evident, and is most likely absent.
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thick film shown in Fig. 1~a! in our 3He-4He dilution refrig-
erator. For the thicker~100- and 300-nm! films we can
roughly confirm thatr(T) follows the power-law functional
form predicted by the vortex-glass~VG! theory in fields be-
low the certain characteristic fieldB0, whereB0'5.3 and
7.2 T for the 100-nm-thick and 300-nm-thick films, respe
tively. In fieldsB higher thanB0 (5.31T<B<5.6 T and 7.3
T<B<7.8 T for the 100-nm-thick and 300-nm-thick films
respectively!, however, the logarithm ofr(T) decreases with
upward curvature below about 0.1 K and the finite tempe
ture independentr ~the so-called ‘‘flat tail’’! remains at low-
est temperatures.4 The temperature range is not broad enou
to definitely claim theT50 metallic phase, while we do no
observe any sign of insulating behavior, such as a minim
of r and a subsequent increase inr at T→0, as reported in
other thin-film superconductors,16 down to the lowestT
measured.

From an experimental point of view, one may argue th
the flattening ofr(T) at low T is not intrinsic but merely
resulting from local-heating effects of the electron syste
That is, the temperature of the samples could not follow
thermometer but deviated below about 0.1 K and remaine
higher temperature. This question, which is frequently as
but difficult to answer definitely, is important in interpretin
the data at very lowT (,0.1 K) properly. Empirically, the
following facts may rule out the possibility: The power di
sipated in our film is typically about 1 pW in the normal sta
and about 10 fW at the lowest temperatures and fields wh
the flattening ofr(T) was observed. These values are su
ciently lower than the values of the power generated in
usual transport measurements in the 40-mK range. Furt
more, the cooling power of our dilution refrigerator is 10
mW at 100 mK, which is much larger than the power dis
pated in the sample including lead wires and contacts.

In the discussion which follows, we will show more ev
dence that heating effects do not seriously affect our dat
is seen from Fig. 1~c! that for the 4-nm-thick film the resis
tance inB,BSI

2D follows an Arrehenius-type temperature d
pendence down to the lowestT('0.05 K) without showing
the flat tail, whereBSI

2D is the critical field of the 2D field-
driven superconductor-insulator transition~SIT! at T50.
Such behavior would not be expected if there were la
deviations between the temperatures of the sample and
mometer. Accordingly, it is reasonable to consider that
flattening ofr(T) at T→0 observed for thicker films is in-
trinsic. If we assume that the flat tail persists down toT
50, B0'5.3 and 7.25 T are identified with the critical field
BSM

3D of the ~3D! superconductor-metal transition~SMT! at
T50 for 100-nm-thick and 300-nm-thick films, respective
It is also important to note that the slope~activation energy!
extracted from the plot in Fig. 1~c! exhibits the logB depen-
dence predicted by the 2D dislocation model.17 This is con-
sistent with a view that the transport (r) in the presence of
perpendicular fields is indeed dominated by flux motio
This view, which has been usually believed without expe
mental proof, will be further supported by the observation
VGT on the basis of ac resistivity for the thick film, as d
scribed below.
6-2
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VORTEX PHASE DIAGRAM AND QUANTUM . . . PHYSICAL REVIEW B66, 104506 ~2002!
Figures 2~a! and 2~b!, respectively, show the frequenc
dependence of the amplituderac and temperature depen
dence of the phasef of the linear ac resistivity for the 100
nm-thick film in a constant fieldB55.300 T. Upon cooling
from about 0.35 K,rac shows a steep decrease, while bo
rac andf exhibit an increase at highf. With further decreas-
ing T, the increase inrac and f at high f becomes more
remarkable and the characteristic frequency above wh
they start to increase shifts to the lowerf. This behavior is
characteristic of the critical slowing down of the vortex d
namics near the second-order transition.2 We find thatf at
different f merges to the same valuefg'79.3° at T
'0.093 K, indicating that the VGT occurs a
Tg'0.093 K.18 Using fg579.3°, the dynamical exponentz
is immediately obtained to be 8.460.3 from the relation
fg5(p/2)(z21)/z. At Tg , rac exhibits a power-law fre-
quency dependence,rac} f (z21)/z, predicted by the VGT
theory, as shown with a straight line in Fig. 2~a!, yielding z
59.061.0. The behavior presented here is essentially s
lar to that which has been observed for lower fields (
<B,5.2 T) except thatz in B55.1–5.3 T takes somewha
higher values 8.1–8.5 than those (z;6) in lower fieldsB
51.0–5.0 T.4

We now comment on the measurements of~dc! J-r char-
acteristics, because theJ-r measurements are more com

FIG. 2. ~a! Frequency dependence of the amplituderac( f ) and
~b! temperature dependence of the phasef(T) of the linear ac
resistivity for the 100-nm-thick film in a constant fieldB
55.300 T. A straight line in~a! representsTg . ~c! rac vs f and~d!
f vs T in B55.302 T. For~a! and~c! temperatures of the isotherm
are listed in the figures~from the top to the bottom!. For ~b! the
frequencies follow the same sequence as those listed in~d! ~from
the left to the right!.
10450
h
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monly used to claim the VGT~Refs. 19–23! than are ac
measurements.14,24–26As mentioned above, we have alread
reported the results of the simultaneous measurements o
and ac complex resistivities in lowB (<1 T) at high T
(.1 K) and proved the existence of VGT consistently10

However, in the low-T and high-B regime that we focus on
in the present study, it is difficult to determineTg as well as
z precisely based on the dc data alone. This is becaus
lower T heating effects become more unignorable inJ-r
measurements. In order to determine the shape ofJ-r char-
acteristics to be compared with the VG theory, we must p
form measurements up to the relatively high-J region. Fur-
thermore, at lowerT, J-r curves shift to higherJ and hence,
heating effects, which may affect the shape of theJ-r
curves, become more serious. We emphasize that ac m
surements are advantageous over dc ones at low temper
since joule heating produced in the sample can be sm
compared with that in the dc measurements. We believe
the ac complex resistivity measurement performed in t
study is the only reliable method to demonstrate the VGT
very low temperatures.

Let us turn to the results of ac resistivity at higher field
The breakdown of the critical behavior of VGT is noticeab
in B>5.31 T, whererac does not obey the power-law fre
quency dependence down to the lowestT and f does not
merge at any angle lower than 90°. In order to see how
critical behavior breaks down with increasingB more
closely, we have measuredrac and f in a field of B
55.302 T, which is only slightly higher than 5.300 T, a
shown in Figs. 2~c! and 2~d!, respectively. Experimentally
we are not able to guarantee the absolute value oB
55.300 or 5.302 T, because we do not measure the stre
of the magnetic field directly with the precision of 1 m
However, the difference betweenB55.302 T and B
55.300 T is precisely estimated from the current of the m
net. Seemingly, the power-law frequency dependence ofrac
is also observed in 5.302 T at lowest temperatures; howe
the crossing behavior off is no longer visible. Only an
addition of DB52 mT, which corresponds toDB/B
'0.04%, drastically causes destruction of VGT.

The implication of this result is that the VGT lineBg(T)
runs parallel with theT axis below about 0.1 K, extrapolatin
to a field between 5.300 and 5.302 T in the limitT→0. One
can also see from these results that the phasef is much more
sensitive than the amplituderac in judging the existence o
VGT.4 Since the fields 5.302 and 5.300 T are very close
each other, the temperature region off(T, f ) shown in Fig.
2~d! is also nearly identical to that shown in Fig. 2~b!. Ac-
cordingly, the abrupt change inf(T, f ) observed between
B55.300 and 5.302 T cannot be explained in terms
simple heating effects but should be attributed intrinsically
field effects. This finding further contradicts the argume
that the decreased temperature dependence ofBg(T), as well
as that of dcr(T), below about 0.1 K might be due mere
to insufficient cooling of the electron system. We thus cla
that 5.3 T is indeed the upper boundBg(0) of the VG phase.
Coincidence of this boundary fieldBg(0) determined from
ac resistivity withBSM

3D determined from dc resistivity@Fig.
6-3
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1~a!# indicates that both ac and dc measurements detec
intrinsic phenomenon~phase transition! which occurs atB
55.3 T below 0.1 K.

In order to discuss the (B-T) phase diagram for the thic
~100-nm! film, we estimate the critical fieldBMI

3D of the
metal-insulator transition~MIT ! at T50 as well as the uppe
critical field Bc2, whereBc2 is defined as a field above whic
all evidence for the electron pairs disappears. As shown
the inset of Fig. 3, upon cooling, the dc resistivityr(T) in
B<5.6 T exhibits a decrease, whiler(T) in B59 T shows
a slight increase, indicative of insulating behavior. In t
main panel of Fig. 3 the field dependence ofr(B) at differ-
ent T is plotted. From an intersection point of the isotherm
at low T,27 the (T50) critical fieldBMI

3D of MIT is estimated
to be about 5.75 T. InB higher than about 6 T, which is clos
to BMI

3D , r(B) at low T is almost constant or shows a slig
increase with increasingB, suggesting that the origin of th
magnetoresistivity~MR! in this field region is due to un
paired electrons. Thus, the upper critical fieldBc2(0) is con-
sidered to be close to~or slightly higher than! BMI

3D

55.75 T. This is in contrast to the result for thin films,
which an anomalous peak and a subsequent decrease
MR suggesting the existence of localized electron pairs h
been observed over the broad field regionBSI

2D,B
,Bc2(0).8

The temperature variation of the upper critical fie
Bc2(T) is obtained from the resistive transition. In a previo
report4 we have used a criterion thatr(T) decreases to 90%
of the normal-state resistivityrn to determine Bc2(T)
@[B0.90(T)# and showed thatBc2(T) thus obtained is ex-
trapolated to about 5.7 T in the limitT→0, consistent with
the estimation ofBc2(0) mentioned above. Since in this p
per we have more detailed discussions on the shape o
low-T phase diagram, we should adopt an alternative cr
rion, such as the 95%@B0.95(T)# or 99%@B0.99(T)# criterion,
which reflects a trueBc2(T) better thanB0.90(T). In Fig. 4

FIG. 3. Field dependence ofr(B) for the 100-nm-thick film at
differentT. The (T50) critical fieldBMI

3D of MIT is estimated to be
5.75 T from an intersection point. Inset: Temperature dependenc
r in different B.
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~bottom panel! we plot B0.95(T) ~with the open squares! in-
stead ofB0.99(T), because it is difficult to determineB0.99(T)
from the measuredr(T) without great ambiguity. Consider
ing that physically,Bc2(T) is not a true phase transition, w
illustrate the location ofBc2(T) with the shaded zone. Th
left ~lower! bound of the zone is identical toB0.90(T), while
the right~upper! bound corresponds to a line that is obtain
by shifting theB0.95(T) line by DT(B) along theT axis,
where DT(B) is the temperature difference between t
B0.95(T) andB0.90(T) lines for eachB. As clearly seen from
the inset of Fig. 4, the right~upper! bound is extrapolated to
Bc2(0)'5.75 T ~shown with a diamond! more smoothly
than the left~lower! oneB0.90(T).

In contrast toBc2(T), the VGT fieldBg(T) is well deter-
mined. The filled and open circles in Fig. 4~bottom panel!
representTg for different B determined from the phasef of
the ac resistivity. Open circles denote the particular points
B55.1, 5.2, and 5.3 T where values ofz are higher than
those for lowerB.4 As shown in Fig. 4~top panel!, an abrupt
jump in z is clearly visible at B'5.0 T and T50.24
60.04 K, which correspond to 87% ofBc2(0) and 10% of

of

FIG. 4. Top: Dynamical exponentsz for the VGT plotted against
Tg(B) for the 100-nm-thick film. Open circles represent the poin
for B55.1–5.3 T wherez takes somewhat higher values 8.1–8
than those (z;6) for lower fields B51.0–5.0 T. Bottom:B-T
phase diagram of the 100-nm-thick film over the wholeT range.
Circles and open squares denoteBg(T) andB0.95(T), respectively.
Open circles representBg(T)(55.1–5.3 T) where values ofz are
higher than those for lower fieldsB51.0–5.0 T.Bc2(T) is shown
with the shaded zone. A diamond denotesBMI

3D;Bc2(0). A filled
square corresponds to the zero-resistivity temperature inB50. In-
set: The low-T part of the phase diagram. A dotted line marks t
upper bound of the VG phase. The full and dashed lines are gu
for the eyes.
6-4
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VORTEX PHASE DIAGRAM AND QUANTUM . . . PHYSICAL REVIEW B66, 104506 ~2002!
Tc0, respectively. The reason for the jump inz is not clear;
however, it may reflect the crossover from the thermal
quantum liquid regime. As described above, in the limitT
→0, Bg(T) extrapolates to a field between 5.300 and 5.3
T, that is in good agreement withBSM

3D '5.3 T. This field is
apparently lower thanBc2(0), indicative of a metallic QVL
state in the regionBg(0),B,Bc2(0). However, we cannot
tell definitely from the present data whether the VGT ac
ally persists down toT50 in the very narrow field region
5.300 T,B,5.302 T, as shown with a dotted line in th
inset of Fig. 4. We notice that, if the VGT actually persis
down to T50, the slope of the VGT lineBg(T) seems to
exhibit a discontinuous drop at around 0.09 K. It is not e
dent whether this abrupt change in the slope is intrinsic a
if so, it is physically plausible.

We consider that part of the reason may be due to sp
distribution ofTg(B) originating from the possible inhomo
geneity of Mo concentration in the sample, which cannot
detected within our experimental resolutions of sample ch
acterization. We emphasize that our film is highly homog
neous, which is guaranteed by the crossing behavior of
phasef at Tg(B) in different B spanning over the broa
range. Nevertheless, in the field region just above 5.30
where the VGT lineBg(T) is nearly independent of tempera
ture, the presence of a very small inhomogeneity of
sample gives rise to the considerable distribution ofTg(B)
~50–0.09 K! within the sample, which in turn results i
smearing or disappearance of crossing behavior off. Thus,
the upper bound of the VG phase atT→0, Bg(0), shown
with the dotted line in the inset of Fig. 4 might be slight
underestimated, leading to the seemingly abrupt chang
the slope ofBg(T) at around 0.09 K.

To summarize, we have obtained the precise shape
Bg(T) at low T as well as clear evidence for VGT. We hav
revealed that the QVL regime is present atT→0 in B lower
than Bc2(0), which is most likely metallic. However, we
cannot claim the existence of theT50 metallic phase defi-
nitely, because flattening ofr(T) is observed only in a lim-
ited temperature range 0.019,T/Tc0,0.03. This problem
should be clarified in future experiments, since theoretica
the existence of theT50 metallic phase belowBc2(0) has
not been fully justified.28 To prove or disprove theT50
metallic phase, further measurements down to even w
lower T/Tc0 (,0.019) are necessary. For this purpose,
must prepare films with higherTc0, since the lowest tem
perature available in our transport measurements is limite
around 0.04 K. AsTc0 is higher, however, the film is les
disordered (rn is lower! and hence, the strength of quantu
fluctuations is expected to be weaker. This will lead to s
pression of QVL, making it difficult to observe the ‘‘meta
lic’’ QVL phase. While further experiments are strongly r
quired, it is not straightforward to demonstrate theT50
metallic state in the QVL phase.

There are several theories29–35 which predict quantum
melting of the vortex solid; however, most of them ha
focused on melting of the vortex lattice in clean systems
effects of quantum fluctuations on the VGT have not be
fully studied. In the absence of appropriate theories, we h
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heuristically analyzed our data using the melting theory
the vortex lattice which takes account of quantum fluctu
tions. We make use of a theory by Blatter and co-authors29,30

which has been constructed based on a Lindemann-like
terion. We note, however, that theoretically the Lindeman
like approach is considered to be a rough thermodyna
estimation.28 We use the theory, because the numerical eva
ation given in the theory can be easily compared with
experimental data. In fact, it has been widely used to ana
the data in various type-II superconductors.5,6,30,36,37

According to the theory, the width of the QVL phase
T50, Bc2(0)2Bm

q (0), is determined by the strength o
quantum fluctuations, which is quantified by the resistan
ratio rn /Rqd. Here, Rq5h/2pe2'4.1 kV is the quantum
resistance andd is the relevant scale for the fluctuations, th
interlayer spacing for HTSC’s and the superconducting
herence length or film thickness for uniform films. The re
tive width of the (T50) QVL phase normalized byBc2(0)
is expressed as

DBQVL5@Bc2~0!2Bm
q ~0!#/Bc2~0!

5
2

p
expS 2p

3
a2

a2

2
2

p3cL
2

2

Rq

Rn*
D , ~1!

wherecL is the Lindemann number,a52/Apn (n is a nu-
merical constant of order unity!, and Rn* 5rnn/a0 (a0

2

5F0 /B is the unit-cell area andF0 the flux quantum!. Iden-
tifying Bm

q (0) with Bg(0), weobtain nearly common value
of DBQVL'0.07–0.08 from the measured values ofBc2(0)

FIG. 5. TheT50 phase diagrams along the field axis for t
thick ~3D! films with thickness of 300 (rn57.8 mV m) and 100 nm
(rn54.6 mV m) and for an ultrathin~2D! film with thickness of 4
nm (rn57.2 mV m). The field axis is normalized byBc2(0) for
each film. The QVL phase is well defined for the 3D films, wh
we have not yet obtained convincing evidence for the 3D me
phase just aboveBSM

3D as well as 2D QVL@Bose-glass~BG!# phase.
Note that the Meissner phase, which corresponds toB50, is not
shown here.
6-5
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andBg(0) ~or BSM
3D ) both for 100-nm-thick and 300-nm-thic

films ~see also the phase diagram in Fig. 5!. Takingn51 and
insertingDBQVL50.075 andrn54.6 mV m into Eq.~1!, the
Lindemann numbercL for the 100-nm-thick film is calcu-
lated to be 0.12, which is of reasonable magnitude.4,30 For
the 300-nm-thick film withrn57.8 m V m, the strength of
quantum fluctuations quantified byrn /Rqd (d5a0) is about
twice as large as that for the 100-nm-thick film. If we aga
usecL50.12 andn51, DBQVL for the 300-nm-thick film is
calculated to be about 0.5, which is much larger than
measured value of 0.08. This result means that we canno
a common value ofcL(50.12) andn(51) for films with
different thicknesses prepared independently38 or that the
width of the QVL phase is not determined only by the ma
nitude ofrn /Rqd. The latter explanation is not unreasonab
considering thatDBQVL depends not only on the magnitud
of quantum fluctuations but also on the strength of flux p
ning that is determined by the microscopic or mesosco
morphology of the film. The narrower QVL phase for th
300-nm-thick film than has been predicted@Eq. ~1!# may be
attributed to enhanced pinning effects for the thicker fil
Taking this fact into consideration, we are now conduct
experiments using a series ofa-MoxSi12x films with varying
x (rn) but fixed film thickness. These films are prepar
simultaneously and hence, except for the difference in
concentrationx, the microscopic or mesoscopic morpholo
of the films responsible for pinning is expected to be sim
to each other. Thus we are able to elucidate the effect
disorder (rn) or quantum fluctuations on the phase diagra
The same sample-preparation method has been employ
fabricating 4-nm-thick films for the study of the 2D SIT.8,9,12

Shown in Fig. 5 are theT50 phase diagrams along th
field axis for thick~3D! films with thickness of 300 and 10
nm and the~possible! phase diagram for an ultrathin~2D!
film with thickness of 4 nm. For comparison, the field axis
normalized byBc2(0) for each film. It can be seen that th
phase diagrams for the thick films are similar to each oth
In fields lower thanBSM

3D , there is the superconducting VG
phase. AboveBSM

3D , there is the QVL regime, which is mos
likely metallic. This goes to the normal phase~Fermi insula-
tor! at Bc2(0) (;BMI

3D), where neither electron pairs nor vo
tices are present. The QVL phaseDBQVL is well defined,
though it is narrow;DBQVL;0.07–0.08.

The phase diagram for the thin~2D! films is contrasted
with that for the thick~3D! films. Typically shown in Fig. 5
is the result for the 4-nm-thick film withrn57.2 mV m,
which is close torn57.8 mV m for the 300-nm-thick film.
The transport data of the 4-nm-thick film, which are used
construct the phase diagram, have been prese
elsewhere.8 In the case of 2D, there is a well-defined critic
field BSI

2D of the SIT separating the insulating phase from
superconducting~VG! phase. The metallic QVL phase belo
BSI

2D , which has been reported in different thin-film~2D!
superconductors,16,36,37 is not evident, and is most likely
absent.8 Instead, there is the broad unusual insulating reg
@BSI

2D,B,Bc2(0)# suggesting the presence of the localiz
electron pairs,9 as described above. According to the theo
of Fisher,39 this regime is interpreted as theinsulatingQVL
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phase, the so-called Bose-glass~BG! phase, originating from
strong quantum fluctuations in two dimensions. This goes
the Fermi insulator atBc2(0), which is close to the critical
field BiC ~5 5.7 T! for the parallel orientation~the field
applied parallel to the film surface!.8 From the systematic
studies on a series of thin films with different disorder (rn),
we have found that the relative width of the unusual insu
ing ~or the QVL! regime, defined byDB(QVL)5@Bc2(0)
2BSI

2D#/Bc2(0), grows as disorder of the film increases.8 The
value of DB(QVL) for the thin ~4-nm! film whose disorder
(rn) is close to that for the present 100-nm-thick film
about 0.25,8 which is still larger than the width of the meta
lic QVL regime (DBQVL;0.075) for the thick film. This
result is mainly attributed to the stronger quantu
fluctuation effects for thinner~2D! films.

Here, we comment on the dimensionality of the vort
system. The existence of 3D VGT in disordered films w
thickness of order 100 nm has been demonstrated40 both in
low-Tc ~Refs. 4, 10, 22, and 26! and high-Tc ~Refs. 19–21!
films. In our previous work, as well as the present paper,
have studied disordered superconducting films, such a
~Refs. 22 and 26! and a-MoxSi12x ~Refs. 4 and 10! films,
which exhibit the VGT. Therefore, the dimensionality di
cussed in our papers is specifically that for the VGT, which
different from that discussed for less disorder
superconductors.41–43 For a-NbGe ~Ref. 41! and a-MoGe
~Ref. 42! films having nearly the same thickness as our th
a-MoxSi12x films the ac and dc data show the behavior
favor of 2D melting of the vortex lattice. In particular,
sudden drop in the imaginary part of the ac conductanceG,
together with a distinct peak in the real part ofG, reported in
Ref. 42, impressively signals the 2D melting transition. Th
is in contrast to the result for our thick films.

We consider that this difference is attributed to a stron
pinning effect in oura-MoxSi12x films than ina-NbGe and
a-MoGe films: The strength of pinning in our films is hig
enough for the 3D VGT~rather than 2D melting transition!
to be visible. The following facts may support this notion:~i!
Reported values ofrn for a-NbGe ~Ref. 41! and a-MoGe
~Ref. 42! films are 1.5 and 2mV m, respectively, which are
certainly lower than 5 and 8mV m for our a-MoxSi12x

films. ~ii ! We have previously performed measurements
current-driven voltage noiseSV as a function ofB.13 The
results show that abroad peak in SV(B) originating from
plastic-flow motion of the vortex solid~VG! is observed be-
low Bg . This is in contrast to the results for less disorder
superconductors44 where noise is localized in anarrow range
of B just prior to melting of the vortex latticeBm . ~iii ! In
ultrathin ~3-nm! films of a-MoGe the flattening of the resis
tance, which has been interpreted in terms of quantum
neling of vortices, is observed at lowT in fields well below
BMI .16 As mentioned above, the behavior is different fro
that for our ultrathin~4-nm! films of a-MoxSi12x . This dif-
ference may again reflect the fact that pinning in o
a-MoxSi12x films is more effective than ina-MoGe films. It
is also noted that evidence for the VGT has been detecte
a clean untwinned single crystal of YB2Cu3O72d with in-
6-6
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duced pointlike disorder, in which the first-order meltin
transition has been completely suppressed after pro
irradiation.45

Finally, we discuss the shape of the melting lineBm(T)
@or the irreversibility lineBirr (T)] at low T obtained in dif-
ferent type-II superconductors.5,6 In the overdoped single
crystal Bi21xSr22(x1y)Cu11yO66d with Tc0'4 K,5 the irre-
versible fieldBirr (T) has been reported to exhibit an upwa
curvature, which is in good agreement with the form p
dicted by the Lindemann criterion for the melting of a thre
dimensional~3D! anisotropic vortex lattice.46 The upward
curvatureBirr (T) reproduced by the Lindemann form pe
sists down to low enoughT (;60 mK), whereas alternative
models based on quantum melting.29 2D melting,47 and flux
creep48 have been shown to be unsuitable to describe
data. What is noted in the report is the absence of quant
fluctuation effects even at very low temperaturesT/Tc0
50.015. This is in contrast to the result for the anisotro
layered organic superconductork-(BEDT-TTF)2Cu(NCS)2
with Tc0;9 K,6 where BEDT-TTF denotes bis~ethylene-
dithio!tetrathiafulvalene. In this system the existence o
QVL state has been claimed on the basis of the finding of
finite field regionBirr <B<Bc2 at T50. It should be men-
tioned that in these single-crystal layered superconduc
the type of the melting transition~i.e., whether the transition
is first order or second order!, as well as the exact shape
the melting line, has not been well determined. As the
thors in Refs. 5 and 6 have correctly admitted themselv
this is because what they have measured is the irrever
field Birr instead of the melting fieldBm . Nevertheless, it is
not unreasonable for the authors to expect thatBm lies close
to Birr and hence, the arguments on the finite QVL state
T50 in Ref. 6 seem to be valid.

Hereafter, assuming thatBirr 'Bm , we compare the low-
T phase diagrams for layered superconductors with those
amorphous films. The most remarkable feature is that in
layered single-crystal superconductors5,6 the derivative of
Birr (T), dBirr /dT, in the limit T→0 approaches2` @i.e.,
an increasing upward curvature ofBirr (T) persists down to
lowest temperatures measured# or takes appreciable negativ
values, while in our amorphous filmdBg /dT'0 at T→0.
The T-independent portion ofBm has been also reported i
thick amorphous Nb3Ge films with lessdisorder, where the
first-order transition is observed.36

The theory for clean superconductors30,31,33has predicted
the T independentBm(T) driven by quantum fluctuations a
low enoughT, which cannot account for the results of la
ered superconductors. According to the VG theory of Fis
et al.,2,39 on the other hand, the vortex phase diagram at
T is largely dependent on dimensionality of the syste
When the dimensionality is lower than three, theBg(T) line
for three dimensions is suppressed and instead the vo
liquid phase belowBc2(T) is enhanced. For ideally 2D su
perconductors with moderately strong disorder, the ph
transition from the VG to QVL~BG! phase occurs atT50
~Fig. 5!, while only the vortex-liquid phase is present
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fields belowBc2(T) at nonzero temperatures 0,T,Tc0.39,49

We suggest that the finite nonzero slope ofBirr (T) at T
→0 reported in different quasi-2D layered superconduct
may imply, in contrast to the general belief, that these s
tems essentially undergo the second-order transition at l
at low T. Within this interpretation, in the limit of large an
isotropy, the slope ofBirr (T) at T50 tends to2` and the
system approaches the one described by the 2D V
picture.39 We propose that ac complex resistivity~suscepti-
bility ! measurements should be performed for these sin
crystal layered superconductors to test this interpretation
may be also intriguing to investigate the amorpho
superconductor/insulator multilayer films in which aniso
ropy of the system can be readily controlled.50,51 Using
a-W/Si multilayer films,51 for example, roles of anisotropy
on the VGT at lowT may be systematically studied. As a
extension of present work, we are studying quasi-
a-MoxSi12x films with thickness between 4 and 100 nm
clarify the effects of reduced dimensionality on the pha
diagram.

In summary, we have presented measurements of dc
ac complex resistivities for thicka-MoxSi12x films. ~i! Both
the resistivities and the VGT lineBg(T) exhibit the de-
creased temperature dependence below about 0.1 K (T/Tc0
,0.04). We have proved experimentally that this feature
intrinsic, not resulting from the simple heating effects. W
have interpreted this fact, together with the finding of
abrupt increase in the dynamical exponentz below about
0.24 K (T/Tc0,0.1), as a sign of a crossover from tempe
ture dominated to quantum driven fluctuations.~ii ! On the
basis of detailed measurements aroundBg(0), the precise
shape ofBg(T) at low T has been determined. In the lim
T→0, theBg(T) line is independent ofT and extrapolates to
a field Bg(0) lower thanBc2(0), lending strong support for
the QVL phase in the field regionBg(0),B,Bc2(0). ~iii !
We have compared theT50 phase diagram for the thic
films with that for the thin films. The anomalous insulatin
regime suggestive of QVL is commonly observed for th
films. This regime is much wider than the ‘‘metallic’’ QVL
regime for thicker films. This is mainly attributed to the e
hanced quantum-fluctuation effects in two dimensions.~iv!
Finally, we have argued that for the single-crystal layer
superconductors the slope ofBirr (T) at T→0 takes appre-
ciably negative values, which is in contrast to the results
amorphous films. We suggest that the VGT may also occu
low T in the single-crystal layered superconductors. With
this interpretation, the difference in the low-T ‘‘melting’’ line
between these two systems is attributed to different dim
sionality.
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