| INTERNATIONAL ATOMIC ENERGY AGENCH

{ %} UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION m
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LCT.P. P.O. BOX 586, 34100 TRIESTE, ITALY. CABLE CENTRATOM TRIESTE

SMR. 758 - 36

SPRING COLLEGE IN CONDENSED MATTER
ON QUANTUM PHASES
(3 May - 10 June 1994)

SUPERCONDUCTOR-INSULATOR TRANSITION:
PART I AND II
and

QUANTUM HALL EFFECT IN DOUBLE LAYERS

Steven M. GIRVIN
Department of Physics
Indiana University
Bloomington, IN 47405 USA



SUPG""COH(/U ] r‘. 7 #
ans:7;0m jn 2D

IV\_F_A_FisLer‘ /\ ! \/ n Cha
C, ar; . LI - RV 4] Mf - C v
1. G ns"c.n (crik Sp’ranen Mﬁfs lﬂfai/‘

th

SPRING COLLEGE IN CONDENSED MATTER PRL 64 587 ()9
ON QUANTUM PHASES . 70) 65 923(1990)
) .

(3 May - 10 June 1994) PRB 4
4 6883
, F91)

L
PRL €1 229 (1912),

PR3 (in ' I
6 ( Prt.SS 74) Revf(ﬂv ‘J {
(POS‘} I arnlicle | Mq‘l's Wa”,'-, ef‘q/
ed on Trieste Solledin Boar el ")?3)

W@ni? _In"l
ce I Mod Phys B4 437(1750)

SUPERC ONDUCTOR-INSULAT OR TRANSITION:

PART 1 Kim +Wei
im tWei huan P«qu_s} 13583 (1991)

Ba‘fl‘uuni + Se H
}c ar PRA t_J_é’ 705} (;773)) 48 G{18
—} {199

Kr‘au”\) Tr.'ur'{r; (c,:er/e

WoMalvic Teoedi ullah FAL €7, 2307 (199/)

A Gold 7 pl PRL A 23070193
: ! Phys. 3 5
) y8. 15 52 11983) 81 /55(15%0)
-}

.__.—_.__._-—_.._-_..._.-.__

—
===

S. Chalravaet
. ravaeTy t {
"‘========---——-— -=====::=::==:=::=—_"=::=== /" c q ' PRB 3__.5— ‘725- (’
K- K“"“V’}"“@?_?,Isncnm)' ¢ aren.

sc are preliminary Jecure noies, intended only for distribution o paricipants.
1 man R Fhews

The:



Z'-)(/;w erim en‘#s

C ’aim :
B: Ge Y /‘!aw',anc/, {-r'u C"Olﬂ/""d"‘ PRL €2 2180 (’?89)'
i ) - )
Liu + .0 >
S"Per‘(.on(/"<7lor‘ - Jnsu/rz?{ar 7Lran3£7/a'o-4 S T a o 6_7’ 0 (j7?,).
Jueger, et al PR3 40 g2 (1989),

— a fuawfum Cf‘i?ll'(a/ PAGWOmenon (_Aqr;c%ev'.'.’e(/ @Ba(no T. Waneg

y e'?la/, PR3 4}__3 $e23 (19%7)

A7 eIy (1913

13/\/ “u (/;ve«*/f‘y PLaJe Corre/aT/fo»—n

NdCe CaQ S . Taunda o#4l PRU €9 S0 (199
/e“/r J/‘ E and (l/,"vev;f,:j 7/z.u,e f" ¢ (w0 andt el - o (1152).
. y .
al T = €y M, C_‘ Lee + Ketterson PR L 5_4, 3078 (1150)
— ) . . R jjarrﬁys,
7/”? (l)V}r/Vr‘¥a vV 7L> C??t %46’ Cr*,-)l;(a/ L3 GH,.}.-),’PJ,‘( PR L (__3 32¢ (1199) .

4
van der Zaab Aol PAL ¢y 291 (1992).

point i UNIVERSAL , i)

v ,p)?‘ 1. J"'Ox PRLSY 2/55 €1985)
() —- (ﬁ‘_,'__ Q , ﬂ? ~ (9(}) Hebard rPo\a/dnen Pa L é_f‘ g27 (1950
}] NC’V Pl\yJ A(“fa -6__5_’ ]1'7 (”?4)

((]l f'\(/Cf»(-n(/(’.l/ 0{\ m((f‘v)(offc (/e'lla,'/_(: No"a Bene. M05+ eyer‘:'menfi M._"( ye7l "
Cr.‘?’.‘caf Sra/mj r‘e;fme. Only Hebard + Paglamen,

- (_/(’p?«ufj uﬂ[/V 0N UALY er‘ja//ﬁ (_/455
‘Pl'e,c/'%unec/ ‘/f’amJ‘f'?J/on S‘Aow} I,r‘vfer-

Couvlomh /5AU"‘7‘ raﬂjc
: c({r#)/ /c/eam S(a,'n
ma;ng%'c ‘Cr‘(’/c‘/ | ;



CAL REVIEW LETTERS 1 May 1Sy

— e —————— e —

his is that
when they
) note that
cn carried
ns, and it
ays in the
ot be inert
1 films de-
¢ recently
layers can
in sifu us-
wrimit pre-

The flm

i from the
| deposited Lixe d
with the poinT

‘“"|""1""1""|""|""

. al

mlvq cvaporation source, and pressing the bond wires to
ic stlver pads. The sheet resistances were measured us-
ing the van der Pauw technique'® with an estimated accu-
racy df about 2%. Fiims were cooled 1n a continuous-

Dy Jga (M O Ga‘uhcq e+¢{.

| :
0 BISMUTH i CCLVL we.
ke
O3 b -l-Lin - 4
. ¢ Llas . SCa_},nd? -{-90,7
1y 436 A
o2\ T i

1

val B R Ly

*

R (xQl/0)
i

density of - ST TsetmAL
tlan!botll Pb " non ynivers af
B ' e i
he Pb films : . stan?

0— : .
a nominat RN(T =2 i I_(; | r—é————" couplm; con
T ke T in

nductivity, e) Sioi r—<-'
suppressed "'[ gl:-] SR e

Cfassica( Syﬂ(CM

a 3.28-A-

onductivity . 10°'p : 74.27 A
Uﬂl\fﬁf‘.‘ﬁl r . o

.er films of ) - S “
; moved to Cri'h cal o Ahie
nduction at anP[ﬁuJe B Sy
ol less than o2 - -

process, or 0 5 0 15
Jn is occur- T (K} '
ndecd, a fit FiG. +. Evolution of the temperature dependence of th
¢ measured shect resistance R(TY with thickncss for a Bi film deposite
ut. Assum- onto Ge. Fewer than half of the traces actually acquired w
wonal te the shown. Film thicknesses shown range from 4.36 to 7427 A
on problem,
‘re Lhe con- .
-ary." The point at 7=0 scparating insulating and superconductis
A T=14 K behavior. In the case of Bi the separatrix occurred vo
ot the most close to R=h/4etor 6.5 knk. In the case of Pb films

., were 4,08

curves with

weea Curves
D e Ta

occurred at somewhat greater resistance, R=9.5 kan/
but in addition, a tail in R(T) could be observed. Ti
connection between these observations and thase tai
secn in the resistive teansitions of granular films, whe
e demuntuen in RITY aceurred at resistances alwa

] 2 YT T T I S S
1O F_‘ 1R AN S S S AL LA I A INLAN S B LA N B B N
remor S
v
j (a) 'X o*7]
W 0 |~ _ _
@or 7|

zount cells ”‘"([( (MBE if‘u»vm)

- \
N 1
1
/, \
. 1
1

ci0? -
x B
» @ :
10"} ~
|d2 I V. PRI T BETERT VRN SRR RN AU S S |
o) 40 80 i20 16O 200 240 280
T (K)
FI1G. Sheet resistance as a function of temperature for

Dy-Ba-Cu-O filins of various nominal thicknesses, some of
which have thn aged mm vacuum at room temperature. Curve
(e} is for a 3I5-A-thick film deposited onto SrTiO 100k Curves

tb) = (d) and G result from successive aging ste
for a 35 A thick tihn denosited oo B A zoy oo

ps. Curve {ghs



The theoretical model used to analyze these data is based
upon a universal relation previously used in studies of gap-
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FIG. 1. Logsarithmic plot of the resistance transitions of five 100-
A-thick In/InO, composite films. The transition temperatures for
films (a)-(c)} are indicated by arrows and the inset is discussed in
the text.
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FIG. !
zero field (@) and nonseco field topen symbals) for a fitm with
T, =029 K. The sscomagnehic hnes tanpe Trom B4 ki (13 )
B=6 k(G {01 w0 0 2-%G steps
réws idenaly R* and 7, rexpectively

Fogarithmie plots of the resstance transiions sn

The Woreontal and vertical ar-

Five 100-A-thick a-1n0), films"" have heen used Tor
this study. Shown in Fig. | is the lemperatore depen-
dence of the resistance of o [im with 7, = 0.29 K The
voltage scales hincurly with current for all re<istance
measurements reported here  The solid circles represem
the 8=0 transilion and the large open symbuls represent
isomagnetic curves fur A ranging from 4 10 & kG in O 2-
kG steps. We interpret the quasiceentrant hehaviar near
T, as evidenee for the partial formation of a supercon-
ducting condensate {above T, and helow the Socal max-
imum) which at lewer temperatures evolves into the sor-
tex phase that ultimately dominates the hason physics of
the T=0 superconducting-infulating transition The
Lransition temperature T, has been determined from the
criterion that R(T, Y B (o1 bow field. This criterion was
ariginally justified hy concomitant ohservation of a cubic
power-law dependence af voliape on current a1 the sine
temperatie ™ Recent wginents based on the Koster
litz- 1 hauless renot nadization q'qu:\linm“ anel o scahing
theory'® provide additional support fur such a provedure
The rapidiy changing slopes of the isomagnetic cugves al
low temperature in Fig 1 ate consistem with the pres-
ence of 2 T=0 ficld-tuned snperconducting-to-insulating
phase transition. The critical resistance at this iransi-
tion, R* =4450 11, is calculated by plotting (fR/dT)n
ve R at the lowest temperature and inletpolating 10 the
resistance (horizoptal arrow) where the slope is rere
We expect accuracy to be hest al the losest temperit-
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¥
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super con dvder 8 (k3 B iasdator
Pl 2 Magnetic-ficld dependence of the reantance tso

therms for the same film shown in Fig. 5. The lemperatures
and corresponding, symhols are 0.015 K (), 0060 K (00}
Q14K (AR 0200 K A+ ) 030k K (x) 0379 K (V) D434
E (1), 0,528 K {*), and 0.59% K {®) 1he horirontal and
vetlical arrows identily R* and B, respectively

tures where quadratic catrections® in T/7, are mini-
mired
ldentification of B, is obtained by a similar procedure,

this time hy plotting {dR/dT )| vs R a1 the lowest ten-
perature and interpolating to the field where the slope 15

rera. Yor the film shown in Fig. 1, this sere-slope

isumagnetic curve occurring at B, = 5460 % 20 G lies he-
1ween the 5400- and 5600-G curves shown straddling the
horizuntal arcow at R=R*. The isotherms of the R vs
# plos of Fig 2 reveal more clearly the significance of
i, (veetical arrow). As the temperature is laweeed the
crossover [rom low resistance (superconducting) to high
resistance {insulating) becomes significantly morc pro-
nounced. The crossover sharpens up at B=8. and as
1«0 is expected to become a sharp transition in which
an infinitesimal change of field can, in principle, drive
the fim from Lhe superconducting stale, through the crit-
ival sesistance B*, 1o the insulaling stale

1som the lngarithmie plol ob B 1 the depewdenoe of

A, on T for the five films is seen 10 be power law with an
exponemt 2/z =2.04 £0.09. This direct and unambigu-
ous measurement of the dymamical exponent at the
B=0, T'=0 transition, i, z =0.98 £ 0.04, is in excel-
femt agreement with the theoretical prediction of unity.
The independent determinations of 7, and B, to accura-
¢ies on the order of a few percent over a range in which
1. varics by more than a factor of 10 and A, varies hy
mure than o Tactor of 100 attest to the insensitivity of the
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Fig. 3: Acﬁvation enerpy of hé quantized state at v=1 versus in-plane magnetic field, By. The
dashed lipe (normalized to the data at By =0) is the calculated dependence of a single-particle

turineling gap at v=1. The relative independence of the activation energy over the range 1<B;; <8T
is strong evidence that the v =1 state of Fig. 2 does not arise from single-particle tunneling.
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