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Observation of critical amplitude fluctuations near the two-dimensional
superconductor-insulator transition
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We report results of transport measurements in the quantum critical regime of the disorder tuned, two-
dimensional2D) superconductor-insulator transiti¢®IT) in homogeneously disordered films. We show that,
as the superconducting transition temperature decreases, the transition width grows, appearing to diverge at the
SIT. In addition, structure develops in the dc current-voltage characteristics of films closest to the SIT indi-
cating that the 2D superconductivity is driven into a regime of extreme inhomogeneity. The data suggest a
picture of the phase transition in which large amplitude fluctuations occur as the amplitude is suppressed to
near zero by disordefS0163-18209)03718-2

Increasing the normal-state sheet resistaRgeof a su- the granular film case, for which, remains close to the
perconducting film degrades its superconducting propettiesbulk value through the SI¥ Consequently, it has been sug-
The size of the thermodynamic fluctuation dominated portiorgested that the order parameter amplitude becomes so small
of the phase transition grows, both abbwd below the  near the SIT that it is likely to fluctuatet? Recent theories
mean-field transition temperatufe,, andT,, and quasipar- support this notiort*~*6 For example, a theory of the super-
ticle lifetimes decreask? As long as RN<h/4e2=RQ conductor to normal-metal quantum phase transitQRT)
=6.45 k(), these effects can be understood with theoriegpredicts that spatial fluctuations ifi.y and A grow upon
that assume that the low-temperature state has a large supapproaching this QP The model correlates disorder in-
fluid density and therefore is a mean-field BCS-like super-duced broadening of the superconducting transition with the
conductor. AsRy approache$/4e?, the superfluid density suppression of\,.
becomes so low that this assumption breaks down and quan- In this paper, we examine transport in ultrathin homoge-
tum fluctuation effects are expected to appear. This regimaeously disordered films tuned through the SIT. We show
has received a great deal of attention as it corresponds that the width of the portion of the resistance transitions
where a transition from a superconducting to insulatingdominated by amplitude fluctuations diverges at the SIT. In
phase occurs:® Numerous experiments suggest that quan-addition, the current-voltagé(V) characteristics of films
tum critical fluctuations associated with the superconductorwith the broadest transitions exhibit structure indicating the
insulator quantum critical point dominate the finite temperapresence of multiple critical currents within a single film.
ture properties of films in this regime. These observations provide direct evidence of the growth of

The fluctuations near a quantum critical point sample theamplitude fluctuations near the SIT in homogeneous films.
phases in its immediate vicinity, and therefore relate directlyMoreover, they suggest that amplitude fluctuation effects
to the physical origin of the phase transition. Previous studdominate in the experimentally accessible region near the
ies of the two-dimensiona(2D) superconductor-insulator SIT in homogeneous films.
transition (SIT) have focused on a proposed phase diagram Samples were quench condensed onto a fire polished glass
in which increasing disorder in 2D superconductors induceslide with predeposited Au/Ge contacts. At the substrate tem-
an insulating phase consisting of localized Cooper pdihs. peratureT 5,5<<8 K. 8 nm of Sh was deposited. Continuity
this picture, fluctuations in the relative order-parameterof the Bi toplayer was typically detected at55 nm, about
phases of the islands of Cooper pairs dominate fluctuationtsvo monolayers coverage. The films of interest occur where
of the order-parameter amplitude in the quantum critical rethe crossover from insulator to superconductor is observed,
gime. Experimentally, thesphasefluctuations are manifest between the film thicknesses of .7—.9 nm. Four terminal
in granular films and Josephson junction arrAysrough the measurements on two or more different squares of film
persistence of dissipation to temperatures far below the sishowed that the samples exhibited homogeneitiRof and
perconducting transition temperatufg, at which Cooper Tq throughout the filmR is the sheet resistance affigh is
pairs or theamplitudeof the order parameter forms on the the superconducting transition temperature taken where
grains. R(T=T.)=Rn(Tc0)/2. Ry(T), the temperature-dependent

The applicability of this model to the behavior of homo- normal state of the superconducting film, is obtained below.
geneously disordered films has been controversial. Previou3epositions and measurements are performed on a sample
electron-transport and tunneling experiments on these systage in contact with a dilution refrigerator (93
tems indicate that a reduction o, >/ the superconduct- <10 K) and centered in a superconducting magnet kD
ing energy gap\,,*? and the condensation enefggre the <8 T). ac resistance measurements were taken with a lockin
predominant qualitative effects in the destruction of their su-amplifier at low frequency<10 Hz) in the regime where the
perconducting state. This evolution contrasts strongly withvoltage in the sample was linear with excitation current. dc
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12 Teo- 18 This result indicates that the order-parameter ampli-
tude is small and likely to fluctuate through the part of the
transition neail .o, whereR(T) is still a significant fraction
of Ry . This interpretation is central to the analysis that fol-
lows and is fundamentally different from the interpretation
that has led to “scaling” analyses of data and comparison to
boson localization models of the SPT:1°

Within this interpretation, the observed transition widths
are slightly accentuated Hy(T) increasing with decreasing
temperature. To eliminate this normal-state effect and mea-
sure the growth of the critical regime, it is necessary to nor-
malize R(T) with the normal-state resistand&(T). We

£ 005F employed two different methods to determiRg(T) that

g yielded equivalent resultssee later discussignWe show

< 0.0 only one of them here. For films in the weakly localized
w o] - . . - -

= regime, the increase dy(T) with decreasing temperature
d results from negative corrections to the film conductance

—o0s| (b) 8Gqc(T) brought about by weak localization and disorder
enhanced electron-electron interaction effects. These correc-
tions show little variation with sheet resistance fBg
<40 k0.*?Replotting the data of Fig.(&) as the change
in the conductance of each of the films relative to its con-
ductance at 8 KAG(T), in Fig. 1(b) illustrates this point.
The AG(T) converge to the same temperature dependence at
high temperatures where superconducting fluctuations are
not evidenf At low temperatures, th\G(T) of all the
films, save one, increase strongly as they become supercon-
ducting. The one exception is closest to or on the insulating
. o side of the SIT and we define it to be the normal-state con-
T(K) ductanceA Go(T). The superconducting fluctuation contri-
bution to the transport of each of the other films is given by

FIG. 1. Electrical transport properties as a function of temperapA G, .=AG(T) — 8Gqc(T). And, the normalized resistances
ture of Bi/Sb films with thicknesses ranging from .7—.9 nm near thecgn be calculated using

disorder tuned SIT(a) Sheet resistancdb) Sheet conductance
measured relative to the sheet conductance at 8 K. Notice that the R(T)
sheet conductances converge to a similar temperature dependence at

high temperature<c) Sheet resistance normalized by the tempera- R\(T)
ture dependent normal-state sheet resistance.

0.1

=1-AGR(T). (1)

The results of applying this procedure to the data of Figs.
IV measurements were digitized with filtered electronics1(@) and (b) are shown in Fig. (). The data in Fig. ()
kept outside the shielded room and verified by measurementgdicate that superconducting fluctuations occur over an in-
taken with analog electronics and battery operated powegreasingly large temperature range as the SIT is approached.
sources and amplifiers. In the most extreme case, for the film closest to the SIT, for
Figure Xa) shows the resistive transitioR§T) of a series which T,<.06 K, R/Ry has dropped t6<.95 at 1 K indi-
of homogeneously disordered Bi/Sb films in which the elec-cating the presence of fluctuations at temperatures more than
tronic system is driven from its insulating phase to its supera factor of 20 abovd .
conducting phase by incremental thickness changes. As To quantify how the size of the amplitude fluctuation
shown previously T, decreases continuously toward zero dominated region varies with disorder, we measure the tem-
with increasing disorder on the superconducting side of thgerature interval over whicR/Ry drops from 0.9 to 0.1. We
transition’ Simultaneously, the transitions become broader.show this transition widtlA T/ T, for Bi/Sb over the range
This broadening reflects the growth of the critical regime.2Ro<<Ry~Rgq and .05< T /T¢p,<.4 plotted against the
of the superconducting transition. And, since it occurs in thdogarithm of T.pu/Tco in Fig. 2. In each caseAT/T.g
part of the transitions wherR first begins to drop, we inter- grows substantially as the SIT is approached and, for our
pret it as a growth of the paraconductance fluctuation domieefinition of AT, exceeds 1 for films closest to the SIT. It
nated portion of the transitich.The original Aslamasov- appears to diverge logarithmicallgee Fig. 2 insef! The
Larkin theory predicts that the paraconductance fluctuatiosame trend was indicated in a series of PbBi/Ge films over a
effects, a consequence of thermal fluctuations of the ordemarrowerT .y range.
parameter amplitude, grow with increasiRy . The theory Structure appears at low temperatures in the current-
is in qualitative agreement with these data and in quantitativeoltage (IV) characteristics of the films with the broadest
agreement with data on films far from the SiTRlso, tun-  transitions T,<0.4K). Figure 3 shows the IV of a Bi/Sb
neling experiments on films witi,; as low as 1.8 K and film with T,q=.272K in zero field at 60 and 130 mK. Simi-
Ry=4 k) demonstrate that the energy gap opens nealar IV's were observed in a sample farther from the SIT,
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soF = = We associate the growth in the amplitude fluctuation
dominated portion of the resistive transitions and the appear-
2 ance of multiple critical currents with proximity of a disor-
Shol dered superconductor to a quantum critical point. While a
° simple Ginzburg criterion implies that the size of the critical
region of a thermal phase transition grows with increasing
A a 0.0 Y - disorder, it cannot account for the rate and character of the
1.0 4. Teo/T(bulk) growth shown in Fig. 2. It predicts a disorder dependence of
the transition widthAT/T o~ .5Ry\/Rg such thatAT/Tg
A linearly approaches .5 for a film at critical disordBy
=Rg .21n previous work, the width of the transitiahT/T
in films far from the SIT was consistent with the Ginzburg
criterion}®22 This approach, however, neither extends to
, , higher disorder nor accounts for the observed divergent tran-
0.00 0.10 0.20 0.30 sition width near the SIT. On the other hand, modeling the
Teo/To(bulk) SIT as a continuous QPT, the vanishing energy scale at the
quantum critical point is most naturally., or the conden-

_ FIG. _2. Normalized Wi(_jth of the superconducting transitions of gtion energy in a coherence volurtk,,, in homogeneous
Bi/Sb films as a function ofTco/Tc(bulk), where 6T/Teo  fiims, The diverging transition width corresponds to an in-
=[T(9RN) = T(IRWJIT(.5Ry) and Te(bulk)=6 K is the transi-  roqqe in the size of the regime for whikfi>U o, asU
tion temperature of a thick, low sheet resistance, Bi/Sb film. The .- oc very small, co co
straight line is a guide to the eye. A recent theory of the superconductor to normal-metal
quantum phase transition produces the functional depen-
dence of the divergence of the transition width shown in Fig.
2. The model predicts quantum fluctuations in the critical
?emperature and consequently, growth in fluctuationg\ of

pon approaching this quantum phase transition. The rms
. fluctuations in the transition temperature folloWT/T g
are reproducible. The structu_re ,appea_lrs beloyv 'ghe temperav-ln(-l-l [Te) in 2D homogeneously disordered films whéie
ture To~140 mK where the film’s resistance Is ImMeasur- s o characteristic temperature of the excitations that medi-
ably small and presumably vvhere Coope_r_ pairs are glOba"%te the superconductivite.g., ;=300 K for Ph. This pre-
condensed. Each IV curve displays a critical current aSyMgiction semiquantitatively accounts for broadening in the

[Eetg/ deper_1d|ng on t?e d|rectt|_on o;lthe curtrﬁnt r;‘tmgjow't'?temperature dependence of tunneling measurements on ho-
€ decreasing current arm noticeably smoother. MKmogeneous PbBilGe films witi,,>1.7 K.X” While our

the larger value of the critical current density=60 A/c? transport data, which are from films much closer to the 2D

(andJc=150 A/cn,? InaTe= '.356 K Bi/Sb f||.m at 70 mK. SIT, are consistent with a logarithmic dependence, the diver-
;Aekr)ggce.To, the IV's become linear at zero bias and nonhys—gence is faster than predicted, implyifg~4K. Differ-
ences in the sensitivity of transport and tunneling experi-
ments to fluctuations iy or strong disorder effects, not
15 accounted for by the theory, may be responsible for this dis-

/ ~
crepancy.
10k / The anomalies in the zero-field 1V's suggest that ampli-

T=60 mk , / tude fluctuations persist well belo¥, in films close to the
% SIT, i.e., in the superconducting regime of the phase dia-
0.5 ! gram, outside the regime in which the QCF dominate the

0.5 A Bi/Sb films

0.0

T.o=-356K. At several distinct currents, large voltage
jumps(singularities indV/dI) occur. A 500() series resistor
was used to measure the current in the film, permitting th
drops in current as a nonzero resistance appears in the fil
The voltage jumps and the associated hystefesisshown

physics. While reminiscent of the phase slip center IV’'s ob-
served in type-l whiskers and filnf$ the reentrance of this
behavior in the strongly type-II limit on the verge of the QPT
is not expected. The voltage jumps imply that the order pa-
rameter becomes disjunct at several independent points in
T=130 mK the film at different critical superfluid velocities, that is, the
film exhibits many spatially local critical currents. Thus the
order-parameter amplitude or Cooper pair density must be
nonuniform near the QCP. These fluctuations might corre-

(kA

Current
-1.0 [~ sweep dir.

-5, L | | I spond to the fluctuations i, that have been proposed to
-2 -1 0 1 2 occur near the superconductor to normal metal &PAiter-
vV (mV) natively, they may reflect the effects of random strong dis-

order in a homogeneous media, which has been argued to

FIG. 3. Current-voltage characteristics of a Bi/Sb film very nearcreate superconducting “blobs” within a normal-state

to the SIT, [T.o=.275K) at the two temperatures indicated. Note matrix.*>%*2*Similar structure in I\V’s has been reported re-
the discontinuities in the 60 mK trace. cently near the disorder tuned SIT in short quasi-1D granular
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Sn wires?® The inhomogeneities responsible in that casetude which, in the very low superfluid density limit, form

however, are related to the “granular morpholody’of the  areas of normal material that coexist with the regions of con-
wires rather than inhomogeneities that develop within adensate. Whether thE=0 QPT exclusively involves the

structurally homogeneous system. growth of fluctuations in the phases of the superconducting

We have assembled a consistent picture of the QCR of thgrder parameters of different regions in the film or also fluc-

SIT tuned by homogeneous disorder. The divergence of thgations in the order-parameter amplitude remains an open
amplitude fluctt_Jation dominated portion of the transition issue®?8 The data presented here strongly suggest, however,
suggests that disorder suppresses the order parameter ampliz; fiyctuations in the amplitude of the order parameter are

tude to zero rather than Ioca_lizing it. The latter picture wo.u'ld|ike|y to dominate the experimentally accessible regime of
be consistent with the experimental evidence of the transitiog, o QPT.

in granular systems. We picture the fluctuations in the quan-

tum critical regime to occur between a ground state with We acknowledge helpful discussions with Brad Marston,
Cooper pairs and one without. Onk&@ <A, the supercon- Dietrich Belitz, Nandini Trivedi, and Xinsheng Ling and

ducting state emerges as the Cooper pair wave functions bearly contributions by Shih-ying Hsu. We are grateful for
come phase coherent. The inhomogeneity is then a functiosupport from NSF Grant Nos. DMR-9801983 and DMR-
of the spatial or temporal quantum fluctuations of the ampli-9502920.

IM. Strongin, R. Thompson, O. Kammerer, and J. Crow, Phys. eter forms abovd o, and fluctuations in the phase of the order

Rev. B1, 1078(1970. parameter control the transport. V. J. Emery and S. A. Kivelson,
2L. Aslamasov and A. Larkin, Phys. Tverd. Tellaeningrad 10, Phys. Rev. Lett74, 3253(1995.
1104 (1968 [Sov. Phys. Solid Stat&0, 875(1968]. 19G. Bergmann, Phys. Refi04, 1 (1984.
®A. Hebard and A. Fiory, Phys. Rev. Le#t4, 291 (1980, and  20A recent experimerfiN. Markovicet al, Phys. Rev. Lett81, 701
references therein. (1998] showed that roughly 1% of the magnetoresistance of

4D. Belitzand T. R. Kirkpatrick, Rev. Mod. Phy66, 261(1994),
and references therein; S. Maekawa, H. Ebisawa, and H. Fuku-
yama, J. Phys. Soc. Jpb3, 2681(1984.

5A. Hebard and M. Paalanen, Phys. Rev. L68, 927 (1990.

H. van der Zanet al, Phys. Rev. Lett69, 2971(1992.

7Y. Liu, D. Haviland, L. Glazman, and A. Goldman, Phys. Rev.
Lett. 68, 224 (1992; Y. Liu, D. Haviland, B. Nease, and A.
Goldman, Phys. Rev. B7, 5931(1993.

85.-Y. Hsu, J. A. Chervenak, and J. M. Valles, Jr., Phys. Rev. Lett.

films on the insulating side of the SIT could not be accounted for
by weak localization and electron-electron interaction effects.
An effect this small does not influence our analysis or conclu-
sions.

2lSimilarly, a logarithmic divergence is observed wheg(T) is
taken to be transport measuredHyt, at which the supercon-
ducting film’s R(T) first exhibits agreement with the conduc-
tance of a weakly localized insulatpG~log(T) at low T] to

75, 132 (1995, temperature§ well beloW,y. Heo, define_d in this wgy, is found
9A. E. White, R. C. Dynes, and J. P. Garno, Phys. Re83B3549 to be approximately two tesla per kelvin ®f, for films up to
(1985. Teo=3 K.
10M. P. A. Fisher, G. Grinstein, and S. Girvin, Phys. Rev. Led, “Homogeneous films in the 1D limit exhibit excess broadening for
587 (1990. Teo>1.6 K[F. Sharifi, A. Herzog, and R. C. Dynes, Phys. Rev.
113, Graybeal and M. Beasley, Phys. Rev2® 4167 (1984. Lett. 71, 428 (1993]. This behavior is consistent with the ex-

2R, C. Dynes, A. White, J. Graybeal, and J. P. Garno, Phys. Rev. pectation that quantum critical phenomena emerge farther from
Lett. 57, 2195(1986; J. M. Valles, Jr., R. C. Dynes, and J. P. the critical point in lower dimensional systems.

Garno, Phys. Rev. Let69, 2180(1992. 23M. Skocpol, M. Beasley, and M. Tinkham, J. Low Temp. Phys.
13R. Barber, L. Merchant, A. La Porta, and R. C. Dynes, Phys. Rev. 16, 145(1974.

B 49, 3409(1994. 24, Bushalevskii, S. Panyukov, and M. Saovskii, Zh. Eksp. Teor.
1T R. Kirkpatrick and D. Belitz, Phys. Rev. Left9, 3042(1997. Fiz. 92, 672(1987 [Sov. Phys. JETB5, 380(1987)].
15A. Ghosal, M. Randeria, and N. Trivedi, Phys. Rev. Lét, 25D, Kowal and Z. Ovadyahu, Solid State Commudn, 783

3940(1998. (1994.
16C. Huscroft and R. Scalettar, Phys. Rev. L&tt, 2775(1998. 28A. Frydman, E. P. Price, and R. C. Dynes, Solid State Commun.
17S..Y. Hsu, J. M. Valles, Jr. and J. A. Chervenak, J. Chem. Phys. 106, 715(1998.

(to be publishey 27K. Ekinci and J. M. Valles, Jr., Phys. Rev. 5B, 7347(1998.

18]t has been proposed that in low superfluid density superconduc®N. Markovic, C. Christiansen, and A. M. Goldman, Phy. Rev.
ors, the energy gap opens and the amplitude of the order param- Lett. 81, 5217(1998.



