
ficient for the  viability of the ILT lnodel in 
the face of a large value of A,(@)]. 

Wi th  the above analysis in mind, let us 
consiiler the consequences of relaxing con- 
dition (4 ) .  T h e  argunlent leading to Eq. 5 
now fails hecause it may be possible to put 
In a much larger than average value of 16, 
across 111lks for which T,(() is negative, 
thereby actually decreasillg (77,) by itself. 
However, consider a set of .Y links with an  
average value of T,(() equal to -E(T); 
then an  (no t  entirely trivial) argulnent 
analogous to that of the  proceeili~lg para- 
graph sho~vs that for such a configuration to 
give an  energy advantage, we must have .,@' 

2 K / E ~  (or K/E'T for E 5 1) .  Bearing in minil 
that by definition ET 5 1 anil that we have 
estilnated K - 50, we IIOUI' ask if it is 
possible to find a distribution f ( t )  of the  
TI(()-even a pathological one-such that 
the probability of s ~ ~ c l l  an  occurrence is, as 
a minimum, comparable to the inverse of 
the number of planes (-lop' ,  say). I have 
so far failed to finil such a distribution and, 
although I have a t  present no  rigorous 
proof, strongly suspect that none exists. 
Thus, although relaxation of condition (4)  
a t  first appears to prevent the derivation of 
a rigorous inecluality s ~ l c h  as Ecl. 5, it sho~lld 
not affect the ilualitative concl~~sions  
reached above. 

T h e  con t l i~s ion  is that  although a value 
of A,(O) for T1-2201 greater than  10 Frn 
would not  clefinitively refute a generic 
for111 of the  ILT model. it \vould as a 
rn in i~n~l ln  either violate one  or more of 
assumptions (1 )  through ( 3 )  or constrain 
the  g ro~ lnd  state to have extre~nely  large 
fluctuations in T, ( ~ v h i c h  should, a t  least 
in principle, be detectable in angle-re- 
solveil photoelectron spectroscopy mea- 
surements o n  n- or b-axis-oriented films). 
It relnains to  be seen whether a concrete 
version of the  model having this feature 
can he constructecl and shown to  be phys- 
ically reasonable. 
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Evidence for Charge-Flux Duality near the 
Quantum Hall Liquid-to-Insulator Transition 

D. Shahar, D. C. Tsui, M. Shayegan, E. Shimshoni," 
S. L. Sondhi-i- 

A remarkable symmetry has been observed between the diagonal, nonlinear, current- 
voltage (I-Vxx) characteristics taken in the fractional quantum Hall effect (FQHE) liquid 
state of the two-dimensional electron system and those taken in the bordering insulating 
phase. When properly selected, the I-Vxx traces in the FQHE regime are identical, within 
experimental errors, to Vxx-1 traces in the insulator, that is, with the roles of the currents 
and voltages exchanged. These results can be interpreted as evidence for the existence 
of charge-flux duality symmetry in the system. 

T h e  theoretical understancling of the 
iluantum Hall effect (QHE)  is believed to 
involve the of the iileal states and 
that of localization. A precise theoretical 
account of the  Q H E  pheno~nena  is, not  
surprisingly, controversial, for it requires 
solving a problem \vith interactions, frac- 
tional statistics, and disoriler-a rather for- 
midable task. Nevertheless, consiilerable 
theoretical progress had been lnade in re- 
cent years in unilerstanding the phase ilia- 
gram of Q H  states and the  transitions be- 
tween them. 

In a recent theoretical paper, Kivelson, 
Lee, and Zhang ( 1 )  ~lsed a f h ~ x  attachment 
(Chern-Simons) transformation ( 2 )  to map 
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the two-dimensional electron system 
(2L)ES) a t  high nlagnetic field (B)  onto  a 
bosonic systenl ~ lnder  a ilifferent fielil Bctf. 
T h e  advantage of this  napping is clear if 
one considers the "magic" Landau-level fill- 
ing fractions ( v  vahles) where the fractional 
quantuln Hall effect (FQHE) liiluid states 
are observed. A t  these v values the Chern- 
Simons gauge field cancels, o n  average, the  
externally applied B, and the  composite 
bosons (CBs) experience a vanishi~lg Bcft. 
T h e  inco~n~ress ible  FQHE states then arise - 
as a result of the formation of a Bose- 
condensed, s ~ ~ ~ e r c o n i h ~ c t i n g  state of the  
CBs. 

A t  v v a l ~ ~ e s  other than the  magic v 
values, the cancellation of the  external B is 
not exact and, according to the  bosonic 
picture, vortices are createil in the C B  con- 
densate. For small deviations from ~nae ic  v - 
values, the  vortex density 1s s~nal l ,  and the  
vortices are localized by disorder anil do not , ~- 
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system hecomes insulating. This res~llts in a (long-ilashed line) appears linear over the sition lmint, over a r a w e  of 1.6 T .  Similar 
tralnsition to an  insulating phase or to a 
different Q H  state. Utilizing this bosonic 
formulation. Kivelson et nl. nronosed a set of 

L A 

approxi~nate "correspondence rules" that 
relate the iliffcrent QH states and allows 
construction of a phase diagram for the Q H  
system in tlle ilisoriler-B field p la~ le  ( I  ). 
This set of rilles i~nnlies that all c o n t i n ~ ~ o u s  
pllase transitions bet\veen Q H  states anil 
bet\reen Q H  states and insulators are in tlle 
salne universality class when described in 
terlns of the  CBs. 

W e  report here the results of a set of 
measurements that may sheil adilitional 
llght on the interplay between different 
phases of 2DES at high B. W e  have studled 
both tlle longitudinal (V,,) and Hall (V,?) 
current-voltage (I-V) characteristics near 
tlle Q H  liiluiil-to-ins~~lator transition and 
found that (i)  the 1-V,, curves exhihit a 
distinctive reflection svmmetrr hetween 
certaln traces in the QH state and in the 
insulating phase 111 tlle rallge of B field 
where they are strongly nonlinear and B- 
dependent and (ii) a t  the  same B and I 
values, the 1-V,, curves are nearly linear 
and virtually B-inilependent. Taken togeth- 
er, these observations may suggest the pos- 
sibilitrl that the  svstenl exhil~its a form of 
charg;-flux or eleAric-magnetic duality (3). 
W e  will elaborate o n  this possibility helow. 

W e  studied a high-mohility (IJ. = 5.5 X 
l o i  cmL 17-I s-I),  low-density (n = 6.5 x 
101%n-') GaAs/Al,Ga,-,As heterostruc- 
cure gro\vn hy molecular beall1 epitaxy. A 
typical B trace of the diagonal resistivity p,, 
for this sample is plotted in Fig, l A .  Attest- 
ing to the  high quality of this salnple is the 
set of FQHE states that includes the v = 
413, 213, 315, 215, and 113 states, \rhich are 
nlanifested as ~nini lna  in the p,, trace. T h e  
Q H E  series ternlinates at high B with a 
transition to an  insulatillg ( INS) phase. 
T h e  transition point, B,, is identified (4)  
with the  conlmon crossing point of the B 
field traces of p,, taken at several tempera- 
tures T between 26 anil 88 nlK (see Fig. 
1B). A systenlatic study of this transition 
was oresented in 14). , , 

In Fig. 2A we replot a selected set of 
1-V,, traces, solne of which were reported 111 

(4 ) .  They were olltaineil from our sanlple a t  
T = 21 mK, a t  various B values in the  
vicinity of Bc. As mentioned in (4 ) ,  with 
the exception of the trace taken closest to 
B,, the I-V,, curves are lnarkedly nonlinear 
both in the v = 111 FQHE regilne (short- 
dashed Ilnes) and in the  insulat~ng 
(solid lines). Deep in the v = 113 FQHE 
regime (B = 8.5 T ) ,  strong superllnear he- 
havior is ohserved that is typical of a ilissi- 
pationless Q H E  state. As we approach Bc ,  
this superlinearity becomes less pro- 
nounceil, anil the  curve taken closest to Bc 

entire voltage range, within experimental 
error. A t  higher B, as we enter the  insular- 
iug phase, the  I-V,, curves (solid lines) 
change in nature and are no\v suhllnear, 
reflecting the ins~llating character of the 
conduction process. This suhlinear~ty in- 
creases as \ve go deeper into the  insulating 
phase. In Fig. 2, \ve have norlnaliied the I 
and V units such that the ilashed line, \vhich 
is the 1-V,, curve closest to BL, has unit 
slope. This amounts to ilefinlng the resistiv- 
ity units in ternls of the critical resistivity at 
the transition point, Irhich was sholrn to he 
close to hieL (4) ,  \\here h is Planck's constant 
and e is the electron charge. For this mea- 
s~~re luen t  it ls 21 kilohms. 

A striklng feature of the  1-V,, curves 
presented in Fig. 2A is their apparent re- 
tlection synlmetry ahout the linear 1-V,, 
curve taken a t  Bc. T o  ilhlstrate this symme- 
try we plot, in Fig. 2B, the  same I-V curves 
as in Fig. 2A hut with tlle I and V coordi- 
nates of the  curves taken in the  FQHE 
regilne exchanged. T h e  overlap hetween 
some pairs of traces is remarkable, witll only 
small ileviations that are not svstelnatic 111 

tlhelr direction or magnitude, or 111 their 
dependence 011 the distance from BL. Such 
iieviations are reasonable co~lsiderine the  
inevitable presence of sa~nple  inlperfections 
and slight inhomoireneities 15). T h e  match- - 
ing is maintained rather far from the  tran- 

(T) 

Fig. 1. (A) A typical B trace of p, for our sample. 
(B) The transition region near B, = 9.1 T The 
temperatures for the traces are 26, 36. 48. 65. 
and 88 mK. The resistivities are in kilohms per 
square (that is, corrected for the geometry of the 
area bounded by the four-point probe) 

sylnlnetry is observed also for linrer  nobility 
samples, Lvhere the  transition to the  insula- 
tor is froln the  v = 1 O H E  state, hut over a . 
rather narrower range in B of 0.1 T .  

O n  a p~lrely phenomenological level, the 
correspondence of the I-V,, traces on both 
siiles of the transition luciicates that at least 
some of the special correlations that are re- 
sponsihle for the FQHE state s ~ ~ r v i v e  the 
tra~lsition to the insulating phase. I11 other 
words. there exists a relation bet\veen the 
physical mechanism recponslhle for the non- 
linear 1-V,, at a given B in the FQHE Ilcluiil 
reginle anil that at a corresponding B value 
in the ins~llating phase. This enlpirical state- 
lnent can he lnade \vithout anv kno\rledee of 
the nature of this lnechanism (6).  

I11 oriler to investigate the nature of this 
corresponiience, it is necessary to ~dentify 
whether a systenlatic relation exists be- 
t~veen  the  B values of the matched pairs of 
I-V,, traces in Fig. 2B. In Flg. 3, \re sum- 
marize the 1 B  ( / B  - B,l, Fig. 3 A )  and A v  
(lv - v L ,  Fig. 3B) values for each m e  o f t h e  
I-V,, traces in Flg. 2. T h e  abscissa of the 
graphs of Fig. 3 ilesignates the  palrs, mhlcll 
are iiient~fied hy a m ~ m b e r  In Fig. 2B, with 
smaller ~ l ~ l ~ n b e r s  denoting pairs that are 
closer to the transition. Solid circles desig- 
nate I-V,, characteristics taken in the 113 
FQHE state, and enlpty circles designate 
those taken in the insulator. Evidently, the  

Fig. 2. (A) Plot of I versus V,, at several values of 
B near B,: T = 21 mK. Solid lbnes are in the 
insulating phase. and dotted lbnes are in the v = 

1/3 FQHE liquid. The B values are 8.5, 8.6, 8.7. 
8.9, 9, 9.1 (dashed line), 9.2, 9.3, 9.6, 9.8, and 
10.1 T. (B) The same data as in (A) but ~vith the I 
and V,, coordinates of the traces in the 1) = 1/3 
FQHE state (dotted lines) exchanged. The num- 
bers are used to identify the pairs. 
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matched uairs are n e ~ t h e r  tlne saine I B  from 
the transition, nor the same I v .  
A clue to the corresponcience is the  in- 

ternretation of tlne reflection svnnmetrv as 
tlnd exchange of t l ~ e  1 anii L: rolis across'the 
transition. Such an  exchange is suggestive 
of the framework of charge-flux duality for 
?D bosons (3). Here we consicier a modificii 
versic>n 17) that has also been useci 11 . 8) in 
discussions of Q H  phase transitions. In tlnc 
CR p~c tu rc ,  the statc at a generic v contains 
hot11 CRs and vorticcs: In the  QH phase the  
CBs s ~ ~ p e r c o n d ~ ~ c t  and the  vortices are lo- 
calized, whereas in the  insulator tlne vorti- 
ces sr~perconciuct anti the CBs are localizeci. 
Hcncc, tlne natural candidate for the dnal 
statc to a fillling factor with a ccrtann ratio of 
the innmhcr of CRs (N,,) and vortlccs (N,,), 
N,./N,,, is thc filling factor with the  inverse 
ratio, N,,/lVI>. 

In tlnc vicinity of the v = 113 to insulator 
transition, tlnc CBs "carrv" rhrec onanta of 
flux and hence, at filling v, the  state of a 
spstcm wit11 NIT = N CBs has N,, = N ( v p '  
- 3) vorticcs. It follours from this that its 
dual filling is vLl = (1  - 3v)/[v + 3 ( 1  - 
3v)l. A diffcrcint Lvav to cxurcss this, ~vhicln 
also makes contact with the  coinposite fer- 
mion (CF)  description ( 9 ) ,  1s by introduc- 
ing an  auxiliary filling, v' = v / ( l  - 2v),  
that relates the clcctron f i l l~ng factor v to 

0 8  1 0 Insulator 
0.6 113 FQHE 

0 

Pair number 

Fig. 3. Plots of (A) AB = B - Bc,  (B) Av = v - v i ,  
and (C) Av' = V'  - 1)' (see text) for each pair of 
matched I-V,, traces in Fig. 2B versus the pair 
number. Pairs with smaller numbers are closer to 
the transition. 

that of tlne CF. Thcn ,  the dual fillings of the  
CBs arc related by thcsc auxiliary fi l l~ngs as 
v' = v: + I v '  and v:, = v: - I v ' .  In other 
\lords. dnal filline tactors for CBs arc the  
sanlc as particle-holc symmetric fllllng fac- 
tors for CFs. T h c  corrcsponilcncc in terlns 
of these auxiliary fillings (Fig. 3C)  dcscrihes 
the  rnatcl~iing significantly bcttcr than thc  
attempts prcscnted in Fig. 3, A and B. This 
result suplmrts the notion that the I-V,, 
matching reflects a symmetry of thc  under- 
lying composite pr t ic lcs .  

Thus far, \ve havc in t rod~~cei i  tlne notion 
of duality to summarize the exrerilllental 
ohscrvation tlnat I anti the  longituiiinal \ '  
appear to tradc placcs at v values whcrc, in 
the C B  dcscrirxion. tlnc numhers of CBs and 

L ,  

vorticcs trade places. However, excllanging 
the inuml~ers of CBs and vortices is not 
sufficient to ensure that the t\vo states will 
he sy~nnlctric (10) .  T h e  ohserveci symmetry 
then im~,lies that the dvna~nics of the CBs 
and vorticcs are also syinrnetric or, in the 
C F  language, the systein exhihits particle- 
hole symmetry. This is rather surprising he- 
cause one cannot,  a priori, assumc a relation 
hetween the of the 113 FQHE licluici 
ainil that of the ins~~ la to r .  

A11 additional conjecture, lvhich we 
lnavc testcd cxpcrimentallp, can he ~nnadc by 
inspecting, in the C B  picture, the possil~lc 
iinplicatic>ns of the  I-\',, symmetry on a 
measurement of the  Hall voltage response 
in tlnc transition region. Bccansc tlnc C B  
framelvork has only heen applied so far to 
tlne linear rcspolnsc rcgime, n.c focus tempo- 
rarily o n  tlnc C B  resistivity tcinsor ( I ) ,  
\ vh~ch  is ilefined by the iiecompositioin 

n.hcre pc is tlne resistivity tensor measurcci 
In expcrimcnt, pl, 1s thc  C B  resistivity ten- 
sor, and p,> is the  Chem-Simons term, 
urlnich corrects p,, for thc fact that tlne CBs 
carry flux tlnat a purely Hall re- 
sponse through a "Faraday effect." For the v 
= 113 FQHE-to-insulator transition studicii 
in this work, Ecl. 1 can be ~vr i t tcn  cxplicitly 
(h/eZ = 1): 

Fig. 4. Plots of Vxj versus I near the transition, 
taken at 0.1 -T steps in the B range from 8.7 to 9.7 
T. Dashed traces are of V,,. T = 21 mK. 

Duality spnnmctrp for the CBs ilnplics 
that p ,~ (v )  = p;(vLI), ~vhcrc  p, is thc  resis- 
tivity tensor of thc  vortices. Also, currents 
and voltages for tlnc bosons anii vorticcs are 
related by tlnc Joscplnson relation, that is, 
p, (v)  = a,,(v).  Togctlncr thcsc i~nnply 

Kow, the  observed syininetrp bcturccn v and 
vcl uincier exchange of I and V can ( in  thc 
ohmic rcgime) be exprcsscd as: 

T h e  only way to rcconcilc Ecls. 2, 3, and 4 is 
if pj',(v) = l /p~,(vL1)  and p!,, = O cvcryu~lnere 
in the vicinity of the trainsit~on, incluiling 
tlne insulating side. This rcsult ilnplics that 
the meas~~reci pXs is constant (=3h/eZ) evcry- 
lvherc in the  transition region (1 1 ), indi- 
cating that  p,., is insensitive to u~he thc r  
the  coniiuction process is tlnat of a FQHE 
liiluid or  an  insulator, anci only cares ahout 
the  "flux" attached to  the  CBs. Extendine 
this line of argulncnt to thc  nonohmic 
resp(>nsc regime, it follou~s that the  Hall  
voltape \voulci he linear ~ v i t h  iirivinp cur- 
rent cvcn n.lnen the  l o n g i t ~ ~ d i n a l  \ '  is ills- 
tinctly inot so. 

T o  test thcsc prcilictions \ve plot In Fig. 
4 V,, versus I traces taken at T = 2 1 mK and 
at B intervals of 0.1 T startlng in the v = 113 
FQHE phase (B = 8.7 T) and ending In tlne 
insulating phase (B = 9.7 T ) .  I11 contrast to 
the longituJ~inal I versus L: traces taken in 
the same T and tlnc same B range ( to  com- 
pare, Lve replot in Fig. 4 tlne I-V,, traces 
taken at B = 8.7 and 9.7 T ) .  These curves 
arc virtually B - d e p e n d e n t  and arc close to 
linear n.ith only nnlinor d c ~ ~ i a t ~ o n s  from a 
slope of 3h/e2 (1 2) ,  In support nf tlnc prcilic- 
tioils arising from tlnc C B  approach. 
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Seismic Evidence for a Low-Velocity Zone in the 
Upper Crust Beneath Mount ~esuvius 

A. Zollo, P. Gasparini, J. Virieux, H. le Meur, G. de Natale, 
G. Biella, E. ~oschi ,  P. ~apuano, R. de Franco, 

P. dell'Aversana, R. de Matteis, I. Guerra, G. lannaccone, 
L. Mirabile, G. Vilardo 

A two-dimensional active seismic experiment was performed on Mount Vesuvius: Ex- 
plosive charges were set off at three sites, and the seismic signal along a dense line of 
82 seismometers was recorded. A high-velocity basement, formed by Mesozoic car- 
bonates, was identified 2 to 3 kilometers beneath the volcano. A slower (P-wave velocity 
V, = 3.4 to 3.8 kilometers per second) and shallower high-velocity zone underlies the 
central part of the volcano. Large-amplitude late arrivals with a dominant horizontal wave 
motion and low-frequency content were identified as a Pto  S phase converted at a depth 
of about 10 kilometers at the top of a low-velocity zone (V, < 3 kilometers per second), 
which might represent a melting zone. 

I n  1994 a seismic tomography study of the 
structure and magmatic system beneath 
Mount Vesuvius was initiated. A two-di- 
mensional (2D) seismic experiment was im- 
plemented to determine the feasibility of a 
three-dimensional (3D) tomography of the 
volcano, which is located in a densely pop- 
ulated and noisy area. 

Mount Vesuvius ib a strato-volcano con- 
sisting of a volcanic cone (Gran Cono) that 
was built within a summit caldera (Mount 
Somma). The Somma-Vesuvius complex 
has formed over the last 25,000 years by 
means of a sequence of eruptions of variable 
explosiveness, ranging from the quiet lava 
outpourings that characterized much of the 
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latest activity (for example, from 1881 to 
1899 and from 1926 to 1930) to the explo- 
sive Plinian eruptions, including the one 
that destroyed Pompeii and killed thou- 
sands of people in 79 A.D. At least seven 
Plinian eruptions have been identified in 
the eruptive history of Somma-Vesuvius 
( I ) .  Each was preceded by a long period of 
quiescence, which in the case of the 79 
A.D. eruption lasted about 700 years. These 
eruptions were fed by viscous water-rich 
phonolitic to tephritic phonolitic magmas 
that appear to have differentiated in shal- 
low crustal conditions. They are believed to 
have gradually filled a reservoir where dif- 
ferentiation was driven by compositional 
convection. A minimum depth of about 3 
km was inferred for the top of the magmatic 
reservoir from mineral equilibria of meta- 
morphic carbonate ejecta (2). Fluid inclu- 
sions ( C 0 2  and H20-C02)  in clinopy- 
roxenes from cumulate and nodules indi- 
cate a trapping pressure of 1.0 to 2.5 kbar at 
about 1200°C, suggesting that these miner- 
als crystallized at depths of 4 to 10 km (3). 
The differentiated magma fraction was 
about 30% of the total magma in the reser- 
voir, and a volume of about 2 to 3 km3 was 
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reservoir should contain a core of partially 
molten magma (6) that can be detected by 
high-resolution seismic tomography. 

The most recent activity at Mount Ve- 
suvius (1631 to 1944) was fed by tephritic 
phonolitic magma filling the conduit. 
There is no evidence of long residence 
times of magma in a crustal reservoir at 
depths greater than 1 km. Eruptive episodes 
appear to have been triggered by the arrival 
of new batches of isotopically distinct mag- 
ma from greater depths that mixed with the 
magma in the conduit (7). Hence, the pet- 
rological evidence indicates a complicated 
feeding system for Mount Vesuvius in spite 
of the fact that most of the eruptions occur 
at the summit and only occasionally occur 
from lateral vents. which are mostlv located 
along the southern slope of the mduntain. 

Little is known about shallow crustal 
structure beneath the volcano. A seismic 
reflection survev carried out in 1973 in the 
Bay of Naples identified a west-northwest 
deepening strong reflector that was inter- 
preted as the top of the Mesozoic carbonate 
platform underlying the volcano (8). Deep 
drilling carried out for geothermal purposes 
on the southern slope of the volcano 
(Trecase well) reached the Mesozoic car- 
bonate basement at a depth of about 1.885 
km [1.665 km below sea level (bsl)] (9). 
Bouguer gravity anomalies were calibrated 
with these data and were used to model the 
deepening of the basement down to about 
2.3 km bsl underneath the western edge of 
the volcano (10). The P waves reflected by 
the MohoroviEiC discontinuity (Moho) 
(PmP waves) detected by a Deep Seismic 
Soundings experiment in the Bay of Naples 
suggest that the crust under Mount Vesu- 
vius is about 35 km thick ( I  I). 

We recorded a 30-km-long northwest- 
trending seismic profile passing through the 
center of Mount Vesuvius (Fig. 1). Seismic 
energy was generated by blasting 340 to 410 
kg of explosive at sites S1, S2, and S3, and 
the signals were recorded at 82 receivers 
deployed along the profile (12). The shot 
data from S2 and S3 were combined with 

Fig. 1. Satellite image of the Vesuvius area. The 
shot points and the recording profile for the 1994 
active seismic experiment are indicated. Colored 
segments. of the profile are related to different 
receiver spacing (red = 250 m; blue = 500 m). 
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