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Superconductor-insulator transition in a capacitively coupled dissipative environment
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We present results on disordered amorphous films that are expected to undergo a field-tuned superconductor-
insulator transition. The addition of a parallel ground plane in proximity to the film changes the character of the
transition. Although the screening effects expected from ‘‘dirty-boson’’ theories are not evident, there is
evidence that the ground plane couples a certain type of dissipation into the system, causing a dissipation-
driven phase transition. The dissipation that drives this phase transition couples similarly into quantum phase
transition systems, such as superconductor-insulator transitions and the Josephson junction arrays.
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Although quantum phase transitions~QPT’s! have at-
tracted much attention in recent years, there are still disc
ancies between theoretical expectations and experimenta
sults. QPT’s occur at zero temperature, where quan
fluctuations are relevant and the system’s dynamics and t
modynamics are intertwined. A continuous transition occ
as one parameter in the Hamiltonian of the quantum sys
is varied; then, quantum critical phenomena are expecte
give rise to interesting, universal physics.1 Of particular in-
terest is the field-tuned superconductor-insulator transi
~SIT!, where effects of Coulomb repulsion, disorder, and d
sipation are all expected to affect the QPT.2 While this tran-
sition was long thought to be a paradigm of the ‘‘dirt
bosons’’ theory, recent experiments demonstrating a lo
temperature metallic state intervening in the SIT and
coupling of the system to dissipation have cast doubt on
model.3,4 Similar results on other QPT systems—especia
those expected to be in the same universality class, suc
the quantum Hall liquid to insulator transition—have su
gested that the common one-parameter scaling analys
QPT’s, and concurrent neglect of dissipation, is no lon
sufficient.5 A better understanding of the role of dissipation
needed, and can be achieved if dissipation can be chang
a controlled way.

In this Communication, we present results on the effe
of capacitively coupling a ground plane to an SIT syste
Resistance and magnetoresistance measurements take
thin films of Mo43Ge57 insulated by;160 Å from a thick
gold film manifest two main results:~1! there is no observed
change in physics due to increased screening, and~2! there is
evidence of a dissipation-driven quantum phase transit
The first of these results contradicts expected theories of
SIT, and is consistent with what would be expected in
system where intrinsic dissipation already exists. The sec
result demonstrates the extent to which dissipation
couple in to the system. Similar results have been found
the Josephson junction arrays that also undergo dissipa
phase transitions.6 A strong parallel can thus be made b
tween thin films and arrays.

The samples used in this study are 30-Å and 40-Å films
Mo43Ge57, grown by magnetron sputtering on SiN su
strates, with a Ge buffer layer and cap. The 30-Å and 40
films have sheet resistances at 4.2 K ofRN;1500V/h and
RN;800 V/h, respectively;Tc’s of 0.5 K and 1 K; and
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HC2’s of 1.4 T and 1.9 T. Previous studies have determin
that the films are amorphous and homogeneous on all
evant length scales.7 The ‘‘ground-plane’’ samples consist o
MoGe films patterned into four-probe structures, with t
area between voltage taps covered with an insulating la
~40-Å Ge, 80-Å AlOx , 40-Å Ge!, then topped with a con-
ducting ground plane~20-Å Ti, 400-Å Au!. In order to di-
rectly compare samples with and without a ground pla
each MoGe film contained three patterns: one bare sam
(RN51.55 kV), one sample with an insulating layer (RN
51.5 kV), and one sample with an insulating layer cover
by a metallic film (RN51.49 kV). In this way, we were able
to determine that the Ge/AlOx insulating layer did not affect
the behavior of the film, and that any changes we saw w
only due to the gold ground plane. Also, measurements
the ground plane and bare sample were normalized to
count for the slight differences inRN at 4 K ~due to impre-
cision in patterning!. The films were measured in a dilutio
refrigerator using standard low-frequency (f AC527.5 Hz)
lock-in techniques with an applied bias of 1 nA~well within
the ohmic regime!.

Although, as mentioned previously, the dirty-boso
model is not adequate to fully account for our results, it
still useful to use this model and its scaling expectations8 as
a guideline for data analysis. The dirty-bosons model p
dicts a field-tuned, zero-temperature SIT, caused by com
tition between quantum fluctuations of the phase of the or
parameter and long-range Coulomb repulsion. A true su
conducting state is expected to exist atT50, when vortices
are localized into a vortex-glass phase and Cooper pairs
delocalized; above a critical field, vortices delocalize wh
Cooper pairs localize into an insulating Bose-glass pha
This SIT is predicted to be continuous, with a correlati
length that diverges asH approachesHc as j5j0@(H
2Hc)/Hc#

2n with j0;jGL , the Ginzburg-Landau correla
tion length, andn>1. The characteristic frequencyV of
quantum fluctuations should vanish near the transition aV
;j2z. However, at finite temperatures, thermal energy c
off this frequency scale, leading to a temperature-depend
crossover lengthLT;1/T1/z. The dynamical exponentz thus
determines the energy relaxation of the system, and is
pected to have the valuez51 in two-dimensional system
with long-range 1/r Coulomb interactions, andz5d ~where
d is the dimension! in systems with neutral or screene
©2002 The American Physical Society05-1
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bosons.9,10 Values ofn andz can be extracted from expecte
scaling forms of the resistance with temperature,R
;FT(@H2Hc#/T

1/zn), and of the dynamical resistance wi
electric field, dV/dI;FE(@H2Hc#/E

1/(z11)n). Previous
measurements ofn and z for thin films have consistently
found thatn;4/3 andz;1.11,12 The value ofn54/3 is con-
sistent with that expected from classical percolation and t
adds credence to other indications that the SIT is a perc
tive transition.13 The value ofz51 corresponds to what i
expected from theory for a system of charged bosons. H
ever, recent experiments showing that the expected SI
likely only a crossover to an unusual metallic state have c
doubt on the dirty-bosons theory, as well as on some o
assumptions regarding the critical exponents.4,5,14 For ex-
ample, it remained unclear whether a system already cou
to a bath of fermions could have Coulomb interactio
screened in such a way that the dynamical exponent c
change fromz51 to z52. The relationship between scree
ing and dissipation was unknown, as were the ways in wh
the sample was coupled to dissipation. These questions c
be better answered by studying the effect of a ground pl
on SIT systems.

Figure 1 shows the effect of a ground plane on the 30
film near the critical regions. Although there is some diffe
ence between the ground-plane and bare samples, mea
ments ofTc0 , Rc , andHc show that this difference is slight
As can be seen in the inset of Fig. 1,Tc0 of the ground-plane
sample is increased by;12 mK, or ;2.5%. Hc and Rc ,
evident in Fig. 1 at the temperature-independent ‘‘cross
point’’ expected from theory, have similar values with a
without the ground plane~1.24 T, 1495V/h and 1.22 T,
1480 V/h, respectively!. Although the difference in value
near the critical region is consistent with increased screen
if the differences are small. In particular, neither the univ
sal ~e.g., critical exponents! nor the nonuniversal~e.g., Rc
and Hc) properties seem to change with the proximity of
ground plane. Figure 2 shows the scaling curves~resistance

FIG. 1. Temperature-independent ‘‘crossing point’’ for bare a
ground-plane samples, atT550, 100, 150, and 200 mK. Inse
shows H50 transition for the bare sample~solid line! and the
ground-plane sample~dashed line!. Top right part shows the experi
mental configuration:~a! MoGe sample,~b! insulating oxide layer,
and ~c! gold ground plane.
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versus the scaling parameter,@H2Hc#/T
1/zn) for the ground-

plane sample for values ofz51 andz52 ~with n54/3!. As
is evident from the figure, the curves scale forz51 much
better than they do forz52. The slight deviations that ar
evident in the ‘‘z51’’ case appear at the lowest temper
tures, indicating the previously observed disruption of sc
ing at low temperatures.4 To confirm the best value ofz, we
developed a computer program to independently fit the s
ing curves, using crossing pointzn, and data range as inde
pendent parameters; from this, we determined a best fit
zn51.25. This is consistent with data on dozens of film
with different thicknesses, with or without ground plane
which show thatzn has a value between 1.25 and 1.3
While in-plane screening exists at all length scales, out-
plane screening affects the transition only at length sca
below the correlation length; hence, a ground plane close
the sample than a correlation length is expected to cha
the universality class~i.e., z51 changes intoz52). Since
j0;jGL;250 Å, our ground-plane distance of 160
should have been sufficient to see this screening effect f
wide range around the critical field. It is possible that we
not observe changes in physics due to screening bec
there are already dissipation-causing free fermions in
sample; then, the addition of a nearby plane of fermio
would not cause further screening. In this case the value
the critical exponentz would be independent of screenin
effects. It is also possible that the mechanism of dissipa
~dissipative quantum tunneling, for example! cuts off the cor-
relation length at short length scales. In this case, the C
lomb interactions could only be screened at a very short
tanced, whered!j.

Although the ground plane does not seem to affect
film near the critical region of the SIT, it does have a dr
matic effect on the behavior of the system at low tempe
tures. The main panel of Fig. 3—data from a 30-Å film wi
a ground plane 160-Å away—shows that samples with
ground plane have lower resistances at low fields and hig
resistances at high fields than samples without a gro
plane. The inset is a magnification of the transition regi
The 40-Å thick samples with a ground plane 250 Å aw

FIG. 2. Scaling curves forT530, 50, 75, 100, 150, 200 mK
Upper graph shows fit forzn54/3, lower graph shows fit forzn
58/3.
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FIG. 3. Resistance versus temperature cur
for bare ~solid line! and ground-plane~dashed
line! samples. Main figure shows 30-Å sample
H50.6, 0.8, 1.0, 1.1, 1.18, 1.25, and 1.5 T. Ins
shows the vicinity of the SIT.
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from the sample show similar behavior. It was previou
found that bare samples exhibit a metallic phase at low t
peratures, with a levelling of resistance evident asT→0.4

This metallic phase has unique characteristics, includ
Josephson-junction-likeI -V curves and a resistance exp
nentially related to magnetic field, and can be clearly dis
guished from the superconducting and insulating phases
also exist in the samples.4,14 The addition of a ground plan
seems to inhibit resistance levelling, or to prevent the sys
from entering the metallic phase.

The effect shown in Fig. 3 is strongest belowHc , where
the proximity of a ground plane clearly promotes superc
ductivity. The lower resistance of the ground-plane sampl
low temperatures is too large to be accounted for by the s
effects that causedTc to change, or by the slight difference i
Hc andRc . The effect is also not likely due to temperatu
differences, as the ground-plane and bare samples are o
same chip, with identical thermal anchoring. Rather, the p
motion of superconductivity can be explained by assum
that the capacitive coupling of the ground plane causes
suppression of the quantum fluctuations that drive the
and destroy superconductivity. A plausible model involv
dissipative coupling.15 In this case the coupling strengtha is
assumed to fit a Caldeira-Leggett model of a dissipa
quantum-mechanical environment, wherea;Rq /R and Rq
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5h/4e2.16 It has been proposed that a capacitively coup
ground plane adds ohmic dissipation to the system withi
fluctuation frequency range determined by the capacitanc
the ground plane and the capacitance of the sample.17 Alter-
natively, the added capacitance could couple to the ine
term of the phase fluctuations, adding to its mass.18 In either
case, this type of coupling is expected to damp quant
fluctuations and help restore phase order.

A similar promotion of superconductivity due to a co
pling to dissipation was recently observed in arrays of
sephson junctions. Josephson junctions are expected to
dergo an SIT as a function of the ratio of the Joseph
energy to the charging energy. A dissipation-induced ph
transition~DPT! was seen both when the shunt resistance
junctions were explicitly changed19 and when the resistanc
of a capacitively coupled plane was varied.6 The observation
of similar DPT’s in both thin films and Josephson-junctio
arrays demonstrates that dissipation enters into the two
tems in a similar way. The analogy between the two syste
can help identify the origin of the intervening metallic pha
found in SIT systems.4 Because pure capacitive couplin
tends to pin a superconducting phase,15,20 we conclude that
particle exchange with the heat bath plays a key role in
physics of the metallic phase. With the suppression of qu
tum fluctuations, the motion of the excitations responding
e
e-
et
FIG. 4. Location of the points at which th
ground-plane transitions diverge from the bar
sample transitions for the 30-Å sample. Ins
shows the vicinity of the SIT.
5-3
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the external field is diffusive and classical, with characte
tics inherited from the heat bath@which for the thin films is
the background residual fermions, and for arrays the sh
in a resistively shunted Josephson-junction~RSJ! system#. A
combined system of shunt and capacitive coupling there
demonstrates the competition between the tendency to
the superconducting phase and the tendency to produ
metallic phase at low temperatures. This conclusion is a
backed by a recent theoretical analysis of a model system
strongly fluctuating superconducting grains embedded i
metallic background, recently proposed by Feigelman
Larkin21 and by Spivaket al.22 In their model, for weak
enough intergrain coupling, a low-temperature supercond
ing state is destroyed by quantum fluctuations, yielding
metallic phase.

Our results on the ‘‘insulating side’’ of the transition diffe
from those on arrays in that our ground plane also seem
promote the insulating state. As can be seen in Fig. 3,
ground plane sample has a higher resistance than the
sample at low temperatures, forH.Hc . The effect is weaker
than in the superconducting state, and more difficult to a
lyze because of the weakness of the insulator, and the p
imity of Hc to Hc2. However, the effect may point to
restoration of the weakly localized state in the presence
strong enough capacitive coupling.

The fact that the ground plane promotes both the su
conducting and insulating states, preventing a levelling
n
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resistance, suggests that the presence of the ground p
works against the tendency to create a metallic sta
strengthening the influence of the zero-temperature quan
critical SIT point to much lower temperatures~i.e., we expect
the metallic state to reassert itself at much lower tempe
tures in systems with a ground plane!. In Fig. 4 we have
marked where the ground-plane and bare-sample resista
begin to diverge. Since this divergence is strongest aw
from the apparent SIT quantum critical point~at Hc), and
nonexistent atHc , this set of points tracks the region o
influence of the quantum critical point. It is possible th
these points indicate a transition between two distinct me
lic states in the bare sample~one in the insulating and the
other in the superconducting regime!. To verify this observa-
tion a stronger insulator will be needed. It is likely that th
higher-field flattening is a direct consequence of the sam
being only weakly localized, and the true high-field phase
an insulator.

In conclusion, we have presented results demonstra
that a ground plane capacitively coupled to an SIT syst
that has inherent dissipation couples to the system in a
that damps phase fluctuations and promotes a pure SIT.
implies that the inherent dissipation comes from particle
change with the heat bath, which is composed of resid
fermions in the film, or of shunts in an RSJ system.
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