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Dissipation-Driven Superconductor-Insulator Transition
in a Two-Dimensional Josephson-Junction Array
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We have fabricated a two-dimensional array of Josephson junctions within 100 nm of a two-
dimensional electron gas (2DEG) in a GaAsdGaAs heterostructure. The screening provided by
the 2DEG causes the array to show superconducting behavior despite a large junction resistance.
Varying the resistance per square of the 2DEG changes the dissipation in the electrodynamic
environment of the array independently of any other parameters in the system. As the resistance
increases, the current-voltage characteristics of the array change from superconducting to insulating in
character. [S0031-9007(97)02822-6]

PACS numbers: 74.50.+r, 05.30.—d, 74.25.Fy, 74.40.+k

Avariety of diverse physical systems, including granularjunction array for which we can continuously vary the dis-
[1] or homogeneous [2] thin films, two-dimensional (2D) sipation associated with the local electrodynamic environ-
Josephson-junction arrays [3], and high temperature supement independently of any other relevant parameters. To
conductors [4] undergo a superconductor-insulator (S-Iprovide the variable dissipation, we fabricated the array on
phase transition as a characteristic resistance of the sya-GaAgAl,;Gay;As heterostructure in which a 2D elec-
tem in its normal state increases through a critical valugéron gas (2DEG) is located approximately 100 nm from
on the order of the resistance quantwy = h/4e* =~  the surface (see Fig. 1). The heterostructure was grown
6.45 kQ. The transition is quantum mechanical in nature:on a GaAs substrate using molecular beam epitaxy and
the increasing normal state resistance is associated wittonsists of the following layers: 500 nm of GaAs, 92 nm
an increase in quantum fluctuations of the superconductf Aly3GaysAs, and 8 nm of GaAs. The AiGa;As is
ing phase. Eventually, these fluctuations destroy globatelectively doped with Si donors situated 32 nm from the
phase coherence and lead to an insulating state. It has
been suggested [5—8] that the S-I transition in these sys-

tems could be driven by changes in dissipation; however, v TJ: Atray In contact
there appears to be no unambiguous supporting evidence. FG — 2DEG
In thin films disorder plays a strong role, and recent theo- P2 /
retical work treating these systems as chageiosons 1

moving in a random 2D potential [9] has been met with L N
substantial experimental verification [2,10]. Furthermore, VB = Back gate
the physical origin of the dissipation is unclear. In the

case of Josephson junction arrays, although quasiparticle

tunneling [5] at energies large compared to the supercon- C

ducting gap produces dissipation characterized by the nor- Al N Al

mal state resistanc®y, it is unlikely that the relevant ”J_’ = "_|i

energy scales are so large [3,11]. Atlower energies, quasi-
particle dissipation is negligible since the subgap resistance
is much larger tha®y . Inhigh temperature superconduc-
tors, it has been proposed [8] that an interpenetrating fluid
of normal electrons produces the dissipation. Howeverg|. 1. Schematic diagram of an array with variable dissipa-
radiation damage inflicted to increase the normal state raion. The array is fabricated on a Gahd,;Ga,;As substrate
sistance probably also increases the disorder and reducié@l;s,;/fvatlcigh 8&) rzezseed i;ﬂ'gﬁltggegﬂﬁfgém:éﬂyarleo?ngfé‘et;g'?r\/]\‘/et';r?ray
the density of superconducting electrons. : i

In this Letter, we describe the unambiguous observatioﬁzg %BE% if;zggté\ge!%/s. r’:;{;';i%?%gre gf\éﬁg?et.heAbsglléaggage

of a dissipation-driven S-I transition. The sample wWaspetween the array in the normal state and 2DEG allows inde-
a specially designed and fabricatdf X 40 Josephson pendent monitoring of the capacitance to grouhd

2DEG
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lower GaAgAl(3Ga;As interface, at which the 2DEG and span the S-I transition with a single sample at zero
forms. The substrate is placed on a metallic back gatenagnetic field and fixed temperature.
We bias the back gate negatively relative to the 2DEG We made electrical measurements of the array in
with a large voltage/gg to change the sheet density  a dilution refrigerator at temperatures between 25 and
of electrons in the 2DEG, and thereby change its resis800 mK, using a four-probe technique. The sample
tance per squar®,. To reduce the required voltage, we leads were carefully filtered by microwave [18] and
thinned the substrate to a thickness of ab2gh wm. radio-frequency filters at 4.2 K, and by a second set of
The array consists of Al islands linked in a square lat-microwave filters at the mixing chamber temperature. The
tice by Al/Al,O,/Al tunnel junctions, fabricated using measurement electronics were battery powered, except
electron-beam lithography and shadow evaporation [12]for a microcomputer which collected the data. Radio-
The array is characterized by the normal state tunnelfrequency = filters at room temperature rejected any
ing resistanceRy and capacitanc& of the junctions, digital noise. We performed all measurements in a
and the capacitanc€, of each island to the 2DEG. The screened room, with a mu-metal shield around the sample
island areas are sufficiently large th@t > C. We esti- space. We measurd], using a van der Pauw technique,
mate the Josephson-coupling enefgyat zero tempera- and obtained the sheet density from Shubnikov—de
ture through the relation [13f; = 7/A/4¢*Ry, where Haas oscillations at magnetic fields of 0.1 to 0.3 T.
A is the superconducting gap. The charging endigy At Vg = 0V, n, was2.05 X 10'' cm™2, the mobility
of an isolated junction i€ = ¢*>/2C. The capacitance was 1.9 X 10° cn?/Vs, and R, = 170 Q/00. At the
to ground and junction capacitance determine the energypaximum applied gate voltage o¥Vgg = 540V, n,
Ec, = ¢?/2Cs to transfer electrons between neighboringdecreased to0.7 X 10'' cm™2 while R, increased to
islands; her&Cs = (C, + 5C)/4 [14]. Inthe absence of 2570 (/0. We expect that the 2DEG is continuous and
Josephson coupling, we expect a Coulomb gap to appeaniform for n, in this range.
on thel-V characteristics at a voltageeN /2Cs, where We carefully chose the parameters of the array so that
N is the number of islands in series. it would be insulating in the absence of a ground plane.
Previously, Geerliget al. studied similar arrays with- We obtainRy = 23.4 k) from the inverse slope of the
out a ground plane, and spanned the S-I transition with &V characteristic at high current bias when the array was
series of arrays with differem®y [3]. In that work, the S-I  driven normal by a 0.4 T magnetic field. CombiniRg
transition was driven primarily by competition betweenwith the measured value @A = 0.35 meV we estimate
Ec andE;. Because the charge on a junction and the E;/kg = 0.28 K. From the measured junction area of
phase differenceb across it are conjugate variables they0.005 wm?> and work of other groups [3] implying a
satisfy an uncertainty relatiod pAQ = 2e¢. When the specific capacitance of00 fF/um? for junctions with
ratio x = E¢/E; is large, charge is the good quantum similar area and resistance we estimate= 0.5 fF. We
variable and phase fluctuations are large, preventing swbtain a charging energl¢/kz = 1.9 K, so that in the
perconductive coupling [15]. Numerous theoretical inves-absence of a ground plane= 6.8, and the array would
tigations of arrays, including those based on the quanturhe insulating at low temperatures [3].
XY model [16] as well as those which include the effects To measureC, we bias the array, driven normal with
of capacitance renormalization due to virtual quasiparticlea magnetic field, with a small current (about 85 pA)
tunneling [11], have predicted the destruction of globaland measure changes in the voltage across the array as
phase coherence far= 1. The results of Geerligst al. a function of the voltage between it and the ground
[3] suggest a critical value of between 1.5 and 2.5. plane Vgs (see Fig. 1). The array voltage is periodic
In the presence of a ground plane of normal electronsn Vig with periode/C,. To determineC, accurately,
we must compare the Josephson endfgyvith the island  we measured the power spectrum of the oscillations; the
charging energyEc,, which is significantly smaller than position of the peak yielded’, = 2.96 = 0.04 fF. We
Ec whenC, > C. We must also consider the dissipationalso checked for electrical isolation between the array
associated with the resistance per squay®f the ground and 2DEG while varyingVrg, and found the leakage
plane. Inthe heat-bath formalism of Caldeira and Leggettesistance to be in excess o G(). Using the above
[17], dissipation introduces damping of phase fluctuationwalues of C and C, we obtainE¢, /kz = 0.68 K [14].
that is inversely proportional to the resistance of theThe ratioEc, /E; =~ 2.4 suggests that the array may show
electrodynamic environment [6,7]. We therefore expecsuperconducting behavior for sufficiently smal.
that whenR, is small, phase fluctuations will be heavily  In Fig. 2 we show the current-voltagé-{) character-
damped and a large value 6f, should promote global istics for the array for a series of back-gate voltages, at
superconductivity. WherR, is large, the 2DEG will T =25 mK and in zero magnetic field. We define the
not effectively damp phase fluctuations and in the properero-bias resistanc®, as the inverse slope of theV
circumstances insulating behavior may result, evefi,if ~characteristic at zero current and voltage. Since the array
is large. In our experiment, we can vary the dissipationis square,R, is equivalent to the resistance per square.
continuouslyin situ without varying any other parameters, When Vg = 0 V and R, is small (170 /00), the I-V
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| T=25mK
B=0

number of screening electrons per unit cell are at worst
about 2%. The fact thaf, is independent o¥pg also
argues against any breakup of the 2DEG. Finally, when
we measure thé-V characteristics in the superconducting
state, the array and 2DEG are electrically connected, so
thatVpg induces electric fields only between the back gate
p and the 2DEG. We conclude that applying a back-gate
2 v - voltage changes onlg, of the ground plane, that is, the
dissipative electrodynamic environment of the array, and
_ no other relevant physical parameters.
27 . . . . Plotting Ry versusR, on semilog axes as shown in
0200 -0 0 1o 20 30 Fig. 3, we see thaR, increases exponentially witR,.
ge (V) . gL 8
We showR, versusR, (markers) and fits (solid lines) of
FIG. 2. I-V characteristics of the array at zero magnetiCthe data to the fornRy = R, equg/Rz) at 25, 50, 100,

field and T = 25 mK, for eight back-gate voltage¥gs = _ ; A
0, 100, 200, 300, 400, 450, 500, and525 V, corresponding to 2nd 150 MK. AlI" = 25 mK, the array is extraordinarily

ground plane resistances at, = 170, 240, 360, 570, 990, ~ SeNsitive tOR,: increasingk, by a factor of 16 leads to
1350, 1900, and2290 Q /). For R, = 170 Q/0J, the I-V  anincrease iR, of over 2 orders of magnitude. This ex-

characteristic is clearly superconductorlike, while iy =  treme sensitivity diminishes at higher temperatures, until at

2290 /00 it has become insulatorlike and shows a clear150 mKR, depends only weakly oR,. The values of the

Coulomb gap. The nature of theV characteristic can be fitting parameters ar®, = 272, 162, 205, and 1390 Q

;ﬁigns/(:(fontmuously between these two extremes by chan nd R, — 443. 556, 913, and 1830 Q for the four tem-
peratures above, respectively.

The inset to Fig. 3 shows the temperature dependence
characteristic is clearly superconductorlike, showing ef R, for R, = 170 /O andR, = 2290 Q /. At low
small but clear “supercurrent,” with low®,. However, temperatures, foR, = 2290 (/0] the array is clearly
when we increas®, to 2290 /0O by applying a large insulating withR, increasing by 2 orders of magnitude as
back-gate voltage, theV characteristic changes dramati- 7 decreases from 100 to 25 mK. F®g = 170 /[0, on
cally: the supercurrent is completely suppressed, and the other handR, drops rapidly with decreasing tempera-
small (compared t@N/2Cs) but pronounced Coulomb ture until it reaches a minimum value at approximately
gap appears. Theé-V characteristic changes smoothly 50 mK, below which it rises again. AE tends to zero,
between these two extremes as we incredge, with R, appears to approach a constant value: we measure
the supercurrent shrinking ari} increasing. The tran- roughly the same value faRy(R, = 170 Q/[0) at both
sition from superconductor- to insulatorlike behavior oc-37 and 25 mK. We cannot rule out sample heating as the
curs over a narrow range ifigg of about 20 V. It is cause of this behavior; a sample with a lowy would
interesting to note that at the center of the transition, whee required to investigate this issue. The quasireentrant
the I-V characteristic shows neither a supercurrent nor a
charging gap, we measuRy =~ 6.5 k) /[J. This is con-

~

R, =170 Q/O

current (nA)
=
T

R, =2290 /]

sistent with recent theories [9] which predict a universal 10° o - - ' '
value on the order oR, for the zero-temperature resis- =10t
tance of a system of char@e-bosons at the S-I transition. 310° i

Applying a back-gate voltage clearly cannot change 10°F 2 2l 2,700 ] E
the junction capacitance. However, it is conceivable that

varying Vg could change”,, either due to motion of the
center of mass of the 2DEG, or in the case of extreme
depletion due to the breakup of the 2DEG itself. To
investigate this possibility, we measur€y for several

R, (Q/0)
5&-
T

different values ofVyg, to a maximum of500 V. To 10°F x 25mK 3
within the experimental accuracy of our measurement , oomK
(*£0.04 fF), there was no change in the value 6f. o 150mK 1
We also verified that the tunneling resistankg was 10’ 5607000 13903090 2390 3000

independent oVgs. As mentioned above, the 2DEG is R, (Q/0)

not expected to show significant nonuniformity in the range ] _

of n, covered in our experiment. We estimate the averagg!G: 3. Zero-bias resistanc& of the array versus the
ber of electrons in the 2DEG per unit cell, with an'resIStance per squar&, of the ground plane, for four

num ¢ P , temperatures. The solid lines are fits to an exponential,

area of4.7 um-, decreases from about 9600 to 3300 asss described in the text. The inset shows the temperature

Veg changes from 0 to 540 V, so that fluctuations in thedependence aR, for R, = 170 Q /0 and2290 Q /C.

2634



VOLUME 78, NUMBER 13 PHYSICAL REVIEW LETTERS 31 MRrcH 1997

nature of the superconductivity in the present work *Department of Physics and Center for Nanoscale

suggests that our array would not reach a zero-resistance Science and Technology, Rice University, Houston,

state at7 = 0 K. Similar quasireentrant behavior has Texas 77251.

been seen in previous studies of arrays [19] and granulaf!] B.G. Orr, H.M. Jaeger, A.M. Goldman, and C. G. Kuper,

films [1], and is the subject of some debate [20,21]. Phys. Rev. Lett56, 378 (1986); B.G. Orr, H. M. Jaeger,
Finally, although we have reported data from a  @"d A.-M. Goldman, Phys. Rev. B2 7586 (1985);

. . . H.M. Jaeger, D.B. Haviland, B.G. Orr, and A.M.
single array, we have corroborating evidence for the Goldman, Phys. Rev. BO, 182 (1989)

reproducibility of these results. We thermally cycled [2] D.B. Haviland, Y. Liu, and A.M. Goldman, Phys. Rev.

the array three times, and found th& progressively Lett. 62, 2180 (1989); Y. Liu, D.B. Haviland, B. Nease,
increased, fron21.6 to 22.5 to 23.4 k. Thus, in effect, and A. M. Goldman, Phys. Rev. &7, 5931 (1993).

we made measurements on three somewhat differen{3] L.J. Geerligset al., Phys. Rev. Lett63, 326 (1989).
samples. The small change iRy produced a major [4] A.G. Sunet al., Phys. Rev. B0, 3266 (1994).

change in the supercurrent, from 9 to 4.5 to 2.5 nA, [5] S. Chakravarty, S. Kivelson, G.T. Zimanyi, and
respectively, at7 =25 mK for R, = 170 Q/0. In B.I. Halperin, Phys. Rev. B5, 7256 (1987).

each caseR, was exponentially dependent @&. Fur- [6] S. Chakravarty, G.L. Ingold, S. Kivelson, and A. Luther,
thermore, a similar array grown earlier on a degenerately Phys. Rev. Lett56, 2303 (1986).

doped Si substrate (with fixed resistance) also showe 7l \'\//l JP'I'EA' F|sher,dPShy:. E‘ev.l B6, 1pgh17 (1R987)L . 32
enhanced superconductivity, confirming the effect of the 8] V.J. Emery and S. A. Kivelson, Phys. Rev. , 3253

- : . 1995).
ground plane. In fact this prior result motivated the work [9] l(vl.P.,i. Fisher, G. Grinstein, and S. M. Girvin, Phys. Rev.

reported here. Lett. 64, 587 (1990):; M. P.A. Fisher, Phys. Rev. Lei,

In conclusion, we have presented measurements of 923 (1990); M. Wallin, E. Sgrensen, S.M. Girvin, and
the I-V characteristics of a 2D array of superconducting A.P. Young, Phys. Rev. B9, 12115 (1994).
islands linked by Josephson junctions and in close proxfl0] M.A. Paalanen, A.F. Hebard, and R.R. Ruel, Phys. Rev.
imity to a 2DEG. We use the 2DEG as a source of Lett. 69, 1604 (1992).
variable dissipation for the array by varying its re-[11] R. Fazio and G. Schon, Phys. Rev4B, 5307 (1991).
sistance per squar®, via a back-gate voltagd/pg. [12] G.J. Dolan, Appl. Phys. LetB1, 337 (1977).
Measurements of the capacitance to groundof the  [13] Egg,ggw)begaokar and A. Baratoff, Phys. Rev. Let0, 486
islands indicate it is independent B§g, so that changing T . .
Vi changes only the dissipation and o other relevant 1 2 B 0 EUREE B8 CCLE
physical paramgters. As the dissipation is decreased, the from non-nearest-neighbors. We obtall, ~ %(Cg T
I-V characteristics of the array change from supercon-

; ; X ) 5C) which is correct to orderC/C, for Cy > C. In
ductorlike with a pronounced supercurrent to insulatorlike  the opposite limitC > ¢, it can be shown thaC,, =

with a clear charging gap. Simultaneously the zero-bias  2¢ exactly for an infinite array, so that we can write

resistance increases exponentially with We interpret Ec = €?/Cuy. To be consistent with the notation of

these data as evidence for a dissipation-driven S-1 tran-  Refs. [3,11], we defin€c, = ¢?/C,, for the limit C, >

sition. Many questions remain unanswered, such as the C, giving the expression fofs in the text.

nature of the coupling between the array and 2DEG, thé&l5] B. Abeles, Phys. Rev. B5, 2828 (1977).

effect of array dimensionality on the transition, and to[16] See, e.g., S. Doniach, Phys. Rev2& 5063 (1981).

what universality class the transition belongs. [17] A.O. Caldeira and A.J. Leggett, Ann. Phys. (N.¥39
We thank Steven Kivelson for drawing our attention[18] 3’7:'4 (bgsf’i)r;f'sd'?w‘lf(ggv%i?%n 4 J. Clarke. Phvs. Rev. B

to the possibility of a dissipation-driven S-I transition, 3'5, 4682 (19é7)_' ' ' ' » FIYS. '

a.nd Dung-Hal Lee and S?'f' Bahcall for helpfu] dlscusf'[lg] C.D. Chen, P. Delsing, D.B. Haviland, and T. Claeson,

sions during the preparation of our manuscript. This ~ phys. ScrT42, 182 (1992).

research was supported at Berkeley by the Office of20] see, e.g., B.J. Kim and M.Y. Choi, Phys. Rev. 32,

Naval Research, Order No. NO0O014-95-F-0099 through 3624 (1995); L. Jacobs, J.V. José, and M.A. Novotny,

the U.S. Department of Energy under Contract No. DE- Phys. Rev. Lett53, 2177 (1984).

AC03-76SF00098, and at Santa Barbara by AFOSR undd?1] A. van Otterlo, K.-H. Wagenblast, R. Fazio, and G. Schon,

Grant No. AFOSR-F49620-94-1-0158. Phys. Rev. B48, 3316 (1993).

2635



