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Superconducting-Insulating Transition in Two-Dimensional a-MoGe Thin Films
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A zero-temperature magnetic-field-tuned superconducting-insulating transition is observed in two-
dimensional a-MoGe films. The low temperature transport properties of these films show scaling
behavior consistent with a transition driven by long-range Coulomb interactions and quantum phase
fluctuations in a two-dimensional superconductor. However, contrary to the theoretical predictions we
find the critical resistance to be sample dependent. We suggest that the apparent lack of universality in
the critical resistance is due to the finite contribution of fermionic excitations to the resistance.

PACS numbers: 74.70.Ad, 74.40.+k, 74.60.Ec

The interplay near the metal-insulator transition between
randomness, Coulomb repulsion, and the pairing mecha-
nism that creates superconductivity is a topic of intense
research. In two dimensions, this interplay becomes par-
ticularly interesting, since the lower critical dimension for
both localization and superconductivity is 2. A number
of previous studies of ultrathin film superconductors have
established that increasing the disorder by increasing the
sheet resistance results in the suppression of superconduc-
tivity in two dimensions [1]. More recent results for the
high disorder regime suggest that increasing the disorder to
a critical amount results in a continuous zero-temperature
superconducting-insulating transition driven by quantum
fiuctuations [2,3].

The existence of superconductivity in the high disor-
der limit becomes even more intriguing when one con-
siders that the application of a magnetic field drastically
alters the nature of superconductivity in two dimensions
by inducing vortices, which remain mobile at any finite
temperature due to the presence of disorder [4]. Super-
conductivity in the sense of zero resistance requires that
the vortices not be mobile and is hence expected to ex-
ist only at T = 0, where vortices freeze into a vortex glass
phase [5]. Considering the importance of quantum fluctua-
tions in this vortex glass phase, Fisher [6] has proposed
that there will be a T = 0 superconducting-insulating (SI)
transition, tunable with a magnetic field, which is caused
by the competition between quantum fluctuations of the
phase of the order parameter and the long-range Coulomb
repulsion. Relying on the duality between charges and
vortices in a model which ignores fluctuations in the su-
perconducting amplitude, Fisher argued that at the critical
field for this SI transition, a Bose metal exists with a uni-
versal sheet resistance, independent of all material parame-
ters, and close to the quantum of resistance for Cooper
pairs, R~ ——h/4e2 —6.4 kII. This SI transition is pre-
dicted to be continuous, with a correlation length sc that
diverges as B approaches B, as st' = go.[B —B,] ', with
v ) 1. Near the transition, the energy relaxation in this
system is determined by a dynamical exponent z such
that the characteristic energy B —s '. For the case of

long-range Coulomb repulsion between the pairs in two
dimensions, z = 1.

To date, there have been a number of reports of experi-
mental evidence for the proposed transition in amorphous
thin films [7], high-T, . superconductors [8], and Josephson
junction arrays [9];however, there are still a number of im-

portant issues regarding the nature of this transition which
have not been addressed. One such issue is the fact that
the scaling theory has been constructed as a boson-only
model with coreless vortices, while in real materials there
is always a parallel channel of fermionic excitations. At
this time, the importance of such excitations and their ef-
fects on the proposed transition remains unclear. On the
experimental side, the values of the critical exponents for
this transition have not been determined independently and
the universality of the critical sheet resistance R,, is still an

open question.
In this Letter, we report the experimental observation of

a magnetic-field-tuned superconducting-insulating transi-
tion in a-MoGe films. From the scaling of the transport
properties near the critical field B,. at low temperatures, we
are able for the first time to independently extract the criti-
cal exponents v and g for samples covering a wide range of
disorder. However, our measurements of the critical value
of the sheet resistance, R, , show a wide variation, in con-
tradiction to the prediction of a universal R,. = R~. Moti-
vated by these results, we have considered the possibility
that the presence of normal unpaired electrons induced by
the finite magnetic field could affect the universal behavior
predicted for this transition.

The samples used in this study are a-MoGe films of two
different compositions grown by multitarget magnetron
sputtering on Si substrates with a Ge buffer layer. As
shown in Table I, the samples studied here are at various
stages of disorder, with R ranging from 600 0, to 2000 0, .
It is important to note that the normal state resistivities of
these ultrathin films are not much higher (factor of about
1.5) than the normal state resistivities of bulk samples
with the same compositions [10]. We therefore expect
these samples to be highly amorphous, with a characteristic
length scale for the disorder potential of the order of a
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TABLE I. The samples and their derived parameters.

No. Comp.

Mo21Ge
Mo21Ge
Mo43Ge
Mo43Ge
Mo43Ge

d [A]

70
80
30
40
60

1980
1710
1400
951
658

2026
1750
1372
924
651

0.100
0.150
0.50
1.01
1.02

2.82
4.19

12.4
17.7
25.6

14 ~ 0. 1

19 ~ 0. 1

27 ~ 0. 1

R„[A,] R,. [0] T, O[K.] B, [kG. ] B,~ [kG]

1.28 0.09
1.36 ~ 0.05
1.30 ~ 0.10
1.30 ~ 0.10
1.30 ~ 0.07

1.0 ~ 0. 1

1.0 ~ 0. 1

1.0 ~ 0. 1

1.0 ~ 0. 1

1.0 ~ 0. 1

R, [kA]

6.0 ~ 0.5
6.0 0.5
6.0 0.5

'Unable to estimate from the data.

few atomic spacing. For the purpose of the transport
measurements, the samples were patterned and mounted
close to the mixing chamber of a dilution refrigerator
operating inside a shielded room.

Figure 1 shows the temperature dependence of the zero
bias sheet resistance R for sample 2 measured at differ-
ent values of the magnetic field. At low magnetic fields,
as the temperature is reduced, R shows a rapid drop
from its normal state value R, and continues to drop as
R~ = Roe ~T, due to the thermally activated motion of
vortices at finite temperatures. Raising the magnetic field
increases the low temperature limit of R and eventually,
at large fields, R rises with decreasing temperature, sig-
naling the onset of insulating behavior in the zero tem-
perature limit. In this regime, the resistance follows the
form Rtj(T) = —RolnT, characteristic of weak localiza-
tion. The inset of Fig. 1 shows the behavior of the same
sample, replotted as a function of the magnetic field for
different fixed temperatures. The inset shows clearly the
existence of a critical value of the magnetic field, B, =
4.19 kG, at which R, = R (B,) = 1750 0 is independent
of temperature. The value R,, for this sample appears to be
close to—but different from the normal state resistance
R„, which is determined in zero field. For these samples
with R, & R„at fields B, ~ B ~ B,.2, the mean field up-
per critical field, there is a minimum in the resistance as
a function of temperature, indicative of the presence of a
nonzero superconducting amplitude for fields B ) B, For

these films it is possible to estimate B,.q(0) as the field at
which the resistance minimum disappears and instead the
resistance rises monotonically with decreasing tempera-
ture. The results of these estimates of critical fields are
tabulated in Table I along with the measured values of R,.

for each sample. The wide variation of the critical resis-
tance among our samples clearly challenges the prediction
of a universal R,, = 6.4 kA, .

The dynamical resistance (6V/6I) measured at low fre-
quencies as a function of dc voltage also reflects the pres-
ence of a SI transition. Figure 2 shows the dynamical
resistance measured for sample 2 at 70 mK in the presence
of magnetic fields close to the critical field B,. = 4.19 kG.
For fields B ( B„ the behavior of the dynamical resis-
tance is consistent with the dissipative motion of vortices
in a two-dimensional superconductor at finite temperature.
The nonlinearity in the resistance in this regime is caused
by the depinning of the vortices by the applied currents.
However, at B, where BV/BI e.quals R, , 6V/6l is also ap-
proximately independent of the bias voltage. The Ohmic
response at B, indicates metallic behavior, which is usually
not present in disordered two-dimensional electron sys-
tems. For B ~ B„BV/6I drops with the applied voltage,
R(F) = —Ro ln(E) which, together with the low tempera-
ture behavior of the zero bias resistance, indicates the pres-
ence of an insulating phase at zero temperature.

Close to the SI transition, i.e., B = B,. and T = 0, the
linear response and the nonlinear response of the system
are governed by the divergence of the correlation length
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FIG. 1. Zero bias resistance of sample 2 plotted versus
temperature at B = 0, 0.5, 1.0, 2.0, 3.0, 4.0, 4.4, 4.5, 5.5, 6 kG.
In the inset, Rz(B, T, F = 0) for the same sample measured
versus field, at T = 80, 90, 100, 110 mK.

V [Volts]

FIG. 2. Dynamical sheet resistance measured for sample 2 as
a function of the bias voltage at 70 mK for B = 2.5, 3.0, 3.4,
3.8, 4.0, 4.2, 4.4, 4.8, 5.4, 5.9, 6 1&G.
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g and the characteristic energy A. At low but finite
temperature, in the critical regime, the divergence of $
is cut off by a length scale I.T, which is determined by
the temperature: I.T —T '~-'. Similarly, at finite voltages,
the experiment probes the system on a length scale set
by the applied electric field, LF —F ' '+'. Using these
characteristic lengths, we can derive a scaling relation for
R with temperature, electric field, and magnetic field near
B' t6]:

cb IB —B.I

R (B T E) = RcS

1900
(~)

1720:

1$40-

1360:

1180:

1QQO' ' '''

B)B

~ 4& t%QQg

B(

where c, and cb are nonuniversal constants and +(B,T, E)
is the scaling function. This scaling function can be re-
duced to a single-variable function if we fix the value
of either the electric field F. or the temperature T. Two
independent measurements determine z and v indepen-
dently: Scaling of the zero bias resistance with T and B
determines the product z v while the scaling of the dynami-
cal resistance with E and B determines (z + 1)v.

For each sample, the R (B,T, E = 0) data were used
to test the scaling prediction by varying B in small
increments at fixed temperatures. As shown for sample
2 in the inset of Fig. 1, these measurements can determine
B, accurately (within 2%). Using the B, determined from
this method, we then plot the measured R (B, T, E = 0)
against the scaling variable ~B —B,II/T'~", and adjust
the power zv to obtain the best visual collapse of the
data [11]. Figure 3 shows the collapse of R (B, T, E = 0)
onto two branches, for two different samples (2 and 5),
using zv = 1.36. Figure 3 also demonstrates that the
scaling prediction with the above value for zv is equally
well obeyed for samples with very different critical
resistances. However, despite the sample dependences
of R no„rmalizing R (T, B) by R, for samples 2 and 5
as shown in the inset of the lower panel of Fig. 3 yields
one curve which is independent of sample and, perhaps,
universal. This collapse suggests that there is a universal
scaling function for the resistance as predicted by the
scaling analysis above.

According to Eq. (1), BV/BI should also show scal-
ing behavior near the transition at B, with respect to the
scaling variable (B —B,]/E'I('+'I'. However, this pre-
diction holds only at the lowest temperatures in the inter-
mediate voltage regime when Lr && LE —$. As shown
in Fig. 4 for sample 2, BV/Bl data which are measured
at fixed voltages while varying B can be accurately scaled
using v(z + 1) = 2.73. Since the best scaling of the lin-
ear resistance data for this sample was obtained using
zv = 1.36, we determine the exponents v = 1.36 ~ 0.05
and z = 1.0 ~ 0.1. A similar scaling analysis of both
the zero bias and dynamical resistance in other samples
yields similar values for the critical exponents, tabulated in
Table I. Moreover, the sample-independent values of the
critical exponents measured here are clearly different than
those describing the mean-held transition at B,2 and they
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FIG. 3. Top: Scaling of R (B,T, E = 0) for sample 2 mea-
sured at T = 80, 90, 100, 110 mK (B, = 4.19 kG, vz = 1.36).
Bottom: Scaling for sample 5 of the data measured at T = 100,
200, 300, 400 mK (B, = 25.6 kG, vz = 1.36). Bottom in-
set: R /R, . versus the scaling variable for samples 2 and 5
together.

in are good agreement with the theoretical estimates by
Fisher [6] for the SI transition.

While the scaling analysis described above shows clear
evidence for the proposed SI transition, due to the prox-
imity of B, to B,2 and R, to R„, we must consider the
possible effects of the unpaired normal electrons on the
transport properties near the SI transition. A simple ap-
proach is to consider a two-fIuid model for the conduction
near the SI transition: o- = o.

y + o-b, where o-~ represents
a conduction channel due to the fermionic excitations, i.e.,
the unpaired electrons, and o.q is the contribution to the
conduction by the Cooper pairs (bosons). While at zero
temperature the total conduction is either zero or infinite
depending on the magnetic held; at any finite tempera-
ture the conduction is finite and is due to both the paired
and the unpaired electrons. Following this approach, in
the critical regime for the held-tuned transition at B = B„
the measured critical conductance I7, = 1/R, is the sum
of the critical conductance for the bosons (Cooper pairs),
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the ill-defined nature of the mean-field transition in two-
dimensional samples.

In conclusion, the low temperature transport properties
of a-MoGe films show scaling behavior consistent with a
continuous SI transition driven by field-induced localiza-
tion of Cooper pairs, phase fluctuations, and long-range
Coulomb repulsion. We find the values of the critical ex-
ponents to be sample independent and in agreement with
the theoretical estimates. In contrast, the values of the
critical resistance show wide variation among the samples,
contrary to the predicted universal value close to h/4e2.
We have suggested that the apparent lack of universality
may be due to the conduction of the unpaired electrons
which are present in finite magnetic fields and at finite tem-
peratures in any superconductor. However, despite the im-
portance of the normal electrons, we have used a two-fluid
model of conduction and have estimated the Cooper pair
contribution to the resistance at the SI transition to be of
the order of h/4e2 within our experimental error. This in-
terpretation suggests that the universal properties predicted
for Cooper pairs at SI transition remain unchanged despite
the presence of fermions in the system.
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of Scientific Research. It is our pleasure to thank Mac
Beasley, Seb Doniach, David Ephron, Matthew Fisher,
Steve Girvin, and Peter Young for helpful discussions and
suggestions.
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FIG. 4. Scaling of the 6V/6I for sample 2 measured at T =
70 mK [B, = 4. 19 kG, v(q + 1) = 2.73].
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o.b = 1/Rb, and a background conduction due to unpaired
electrons, o.f = 1/Rf, which is, in principal, related to the
normal state resistance, giving R,. = Rb/[I + (Rb/Rf)l
From this relation, we expect that when Rf » Rb, i.e.,
when unpaired electrons are strongly localized, the criti-
cal resistance at the transition is determined solely by the
Cooper pairs and R,. = Rb(B, ) which is expected to be
close to R~. Indeed, the previously reported value of R, —
5 kA in InO, films [7] with R, —10 kII appears to be in
this highly disordered limit. In the opposite limit (the sam-
ples reported here), the unpaired electrons are only weakly
localized and they contribute significantly to the conduc-
tion at finite temperatures; hence, R,. is close to Rf —R„
and no longer universal. However, in our experiment the
fact that Rf depends weakly on temperature makes possi-
ble the observation of the critical behavior associated with
the Cooper pairs near the SI transition. It is also interest-
ing to note that, while finite temperatures naturally lead to
fermionic excitations in a superconductor, such excitations
may also occur due to the gapless nature of the BCS exci-
tations in high magnetic fields near B,2[12]. ,

In the above discussion we have used our two-Quid
model to account for the wide range of values of R, ob-
served in our films, while assuming that Rb(B,)= Rtl. .

However, we can check equivalently the universality of
Rb(B,.) by using the above model and the measured val-
ues for R, , R„, B,. , and B,2. Inverting the relation above,
we have Rb = R,. /[1 —(R,./Rf)]. In making this estimate
of Rb(B, ), we can approxim. ate the contribution of the un-

paired electrons Rf —R, n, (B)/n„where n, (B)/n, is the
normal electron fraction, which can be estimated using the
Ginzburg-Landau result n, (B)/n, —(B/B, z) . As shown.
in Table I, the consistent value of about 6 kA for Rb de-
rived for three different samples is very suggestive. It is
important to note that the uncertainty in the above esti-
mate of Rb is due to our inaccurate determination of B,2
and resistance Rf at this field. However, the experimen-
tal problem of determining 8,2 is fundamentally related to


