ficient for the viability of the ILT maodel in
the face of a large value of \ | (0)].

With the above analysis in mind, let us
consider the consequences of relaxing con-
dition (4). The argument leading to Eq. 5
now fails because it may be possible to put
in a much larger than average value of Ad,
across links for which T() is negative,
thereby actually decreasing (T ) by itself.
However, consider a set of N links with an
average value of T () equal to —€&(T)
then an (not entirely trivial) argument
analogous to that of the proceeding para-
graph shows that for such a configuration to
give an energy advantage, we must have N
= /et (or k/e’t for € < 1). Bearing in mind
that by definition &t = 1 and that we have
estimated k ~ 50, we now ask if it is
possible to find a distribution f(t) of the
T (§)—even a pathological one—such that
the probability of such an occurrence is, as
a minimum, comparable to the inverse of
the number of planes (~1077, say). I have
so far failed to find such a distribution and,
although 1 have at present no rigorous
proof, strongly suspect that none exists.
Thus, although relaxation of condition (4)
at first appears to prevent the derivation of
a rigorous inequality such as Eq. 5, it should
not affect the qualitative conclusions
reached above.

The conclusion is that although a value
of A, (0) for T1-2201 greater than 10 pm
would not definitively refute a generic
form of the ILT model, it would as a
minimum either violate one or more of
assumptions (1) through (3) or constrain
the ground state to have extremely large
fluctuations in T, (which should, at least
in principle, be detectable in angle-re-
solved photoelectron spectroscopy mea-
surements on a- or b-axis—oriented films).
It remains to be seen whether a concrete
version of the model having this feature
can be constructed 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. Sondhit

A remarkable symmetry has been observed between the diagonal, nonlinear, current-
voltage (I-V,,) 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 /-V,, traces in the FQHE regime are identical, within
experimental errors, to V, -/ 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.

The theoretical understanding of the
quantum Hall effect (QHE) is believed to
involve the physics of the ideal states and
that of localization. A precise theoretical
account of the QHE phenomena is, not
surprisingly, controversial, for it requires
solving a problem with interactions, frac-
tional statistics, and disorder—a rather for-
midable task. Nevertheless, considerable
theoretical progress had been made in re-
cent years in understanding the phase dia-
gram of QH states and the transitions be-
tween them.

In a recent theoretical paper, Kivelson,
Lee, and Zhang (1) used a flux attachment
(Chern-Simons) transformation (2) to map
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the two-dimensional electron system
(2DES) at high magnetic field (B) onto a
bosonic system under a different field B,
The advantage of this mapping is clear if
one considers the “magic” Landau-level fill-
ing fractions (v values) where the fractional
quantum Hall effect (FQHE) liquid states
are observed. At these v values the Chern-
Simons gauge field cancels, on average, the
externally applied B, and the composite
bosons (CBs) experience a vanishing B
The incompressible FQHE states then arise
as a result of the formation of a Bose-
condensed, superconducting state of the
CBs.

At v values other than the magic v
values, the cancellation of the external B is
not exact and, according to the bosonic
picture, vortices are created in the CB con-
densate. For small deviations from magic v
values, the vortex density is small, and the
vortices are localized by disorder and do not
contribute to the long-wavelength electri-
cal response. When the deviation from the
magic v values becomes sufficiently large,
the superconductivity of the CBs is de-
stroyed by the excess magnetic field and the
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system becomes insulating. This results in a
transition to an insulating phase or to a
different QH state. Ultilizing this bosonic
formulation, Kivelson et al. proposed a set of
approximate “correspondence rules” that
relate the different QH states and allows
construction of a phase diagram for the QH
system in the disorder—B field plane (1).
This set of rules implies that all continuous
phase transitions between QH states and
between QH states and insulators are in the
same universality class when described in
terms of the CBs.

We report here the results of a set of
measurements that may shed additional
light on the interplay between different
phases of 2DES at high B. We have studied
both the longitudinal (V) and Hall (Vn)
current-voltage (I-V) characteristics near
the QH liquid-to-insulator transition and
found that (i) the I-V__ curves exhibit a
distinctive reflection symmetry between
certain traces in the QH state and in the
insulating phase in the range of B field
where they are strongly nonlinear and B-
dependent and (ii) at the same B and |
values, the I-V_ curves are nearly linear
and virtually B-independent. Taken togeth-
er, these observations may suggest the pos-
sibility that the system exhibits a form of
charge-flux or electric-magnetic duality (3).
We will elaborate on this possibility below.

We studied a high-mobility (u = 5.5 X
10° cm? V™! s71), low-density (n = 6.5 X
10'"° cm™?) GaAs/Al,Ga, _ As heterostruc-
ture grown by molecular beam epitaxy. A
typical B trace of the diagonal resistivity p,,
for this sample is plotted in Fig. 1A. Attest-
ing to the high quality of this sample is the
set of FQHE states that includes the v =
4/3, 2/3, 3/5, 2/5, and 1/3 states, which are
manifested as minima in the p,, trace. The
(QHE series terminates at high B with a
transition to an insulating (INS) phase.
The transition point, B_, is identified (4)
with the common crossing point of the B
field traces of p,, taken at several tempera-
tures T between 26 and 88 mK (see Fig.
1B). A systematic study of this transition
was presented in (4).

In Fig. 2A we replot a selected set of
-V, traces, some of which were reported in
(4). They were obtained from our sample at
T = 21 mK, at various B values in the
vicinity of B_. As mentioned in (4), with
the exception of the trace taken closest to
B, the I-V__ curves are markedly nonlinear
both in the v = 1/3 FQHE regime (short-
dashed lines) and in the insulating phase
(solid lines). Deep in the v = 1/3 FQHE
regime (B = 8.5 T), strong superlinear be-
havior is observed that is typical of a dissi-
pationless QHE state. As we approach B_,
this superlinearity becomes less pro-
nounced, and the curve taken closest to B,

590

(long-dashed line) appears linear over the
cntire voltage range, within cxperimental
error. At higher B, as we enter the insulat-
ing phase, the I-V__ curves (solid lines)
change in nature and are now sublinear,
reflecting the insulating character of the
conduction process. This sublinearity in-
creases as we go deeper into the insulating
phase. In Fig. 2, we have normalized the I
and V units such that the dashed line, which
is the I-V__ curve closest to B, has unit
slope. This amounts to defining the resistiv-
ity units in terms of the critical resistivity at
the transition point, which was shown to be
close to hfe? (4), where h is Planck’s constant
and e is the electron charge. For this mea-
surement it is 23 kilohms.

A striking feature of the I-V _ curves
presented in Fig. 2A is their apparent re-
flection symmetry about the linear I-V
curve taken at B_. To illustrate this symme-
try we plot, in Fig. 2B, the same I-V curves
as in Fig. 2ZA but with the I and V coordi-
nates of the curves taken in the FQHE
regime exchanged. The overlap between
some pairs of traces is remarkable, with only
small deviations that are not systematic in
their direction or magnitude, or in their
dependence on the distance from B_. Such
deviations are reasonable considering the
inevitable presence of sample imperfections
and slight inhomogeneities (5). The match-
ing is maintained rather far from the tran-

10F A
08} J

T=26 mK ]

pxx (21.0 kilohm/ 1)

P (21.0 kilohm/[3)

B

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).
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sition point, over a range of 1.6 T. Similar
symmetry is observed also for lower mobility
samples, where the transition to the insula-
tor is from the v = 1 QHE state, but over a
rather narrower range in B of 0.1 T.

On a purely phenomenological level, the
correspondence of the [-V_ traces on both
sides of the transition indicates that at least
some of the special correlations that are re-
sponsible for the FQHE state survive the
transition to the insulating phase. In other
words, there exists a relation between the
physical mechanism responsible for the non-
linear I-V__at a given B in the FQHE liquid
regime and that at a corresponding B value
in the insulating phase. This empirical state-
ment can be made without any knowledge of
the nature of this mechanism (6).

In order to investigate the naturc of this
correspondence, it is necessary to identify
whether a systematic relation exists be-
tween the B values of the matched pairs of
I-V,, traces in Fig. 2B. In Fig. 3, we sum-
marize the AB (|B — BC|, Fig. 3A) and Av
(Jv — v_|, Fig. 3B) values for each one of the
I-V_, traces in Fig. 2. The abscissa of the
graphs of Fig. 3 designates the pairs, which
are identified by a number in Fig. 2B, with
smaller numbers denoting pairs that are
closer to the transition. Solid circles desig-
nate I-V__ characteristics taken in the 1/3
FQHE state, and empty circles designate
those taken in the insulator. Evidently, the

1 (45.247 nA)
[=]

4

1 (45.247 nA)

1

1.0

05 00 05
V, (1.043 mV/ D)

-1.0

Fig. 2. (A) Plot of / versus V,, at several values of
B near B; T = 21 mK. Solid lines are in the
insulating phase, and dotted lines 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 with the /
and V,, coordinates of the traces in the v = 1/3
FQHE state (dotted lines) exchanged. The num-
bers are used to identify the pairs.



matched pairs are neither the same AB from
the transition, nor the same Av.

A clue to the correspondence is the in-
terpretation of the reflection symmetry as
the exchange of the I and V roles across the
transition. Such an exchange is suggestive
of the framework of charge-flux duality for
2D bosons (3). Here we consider a modified
version (7) that has also been used (I, 8) in
discussions of QH phase transitions. In the
CB picture, the state at a generic v contains
both CBs and vortices: in the QH phase the
CBs superconduct and the vortices are lo-
calized, whereas in the insulator the vorti-
ces superconduct and the CBs are localized.
Hence, the natural candidate for the dual
state to a filling factor with a certain ratio of
the number of CBs (N,) and vortices (N ),
N,,IN,, is the filling factor with the inverse
ratio, N /N,.

In the vicinity of the v = 1/3 to insulator
transition, the CBs “carry” three quanta of
flux and hence, at filling v, the state of a
system with N, = N CBs has N, = N(v~!
— 3) vortices. It follows from this that its
dual filling is v; = (1 — 3v)/[v + 3(1 —
3v)]. A different way to express this, which
also makes contact with the composite fer-
mion (CF) description (9), is by introduc-
ing an auxiliary filling, v' = v/(1 — 2v),
that relates the electron filling factor v to

1.0LA o A

o Insulator o
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1 2 3 4 5
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Fig. 3. Plotsof (A)AB =8B - B, (B)Av=v ~ v_,
and (C) Av' = v’ — v, (see text) for each pair of
matched -V, traces in Fig. 2B versus the pair
number. Pairs with smaller numbers are closer to
the transition.

0.00

that of the CF. Then, the dual fillings of the
CBs are related by these auxiliary fillings as
v' = v, + Av' and v} = v — Av'. In other
words, dual filling factors for CBs are the
same as particle-hole symmetric filling fac-
tors for CFs. The correspondence in terms
of these auxiliary fillings (Fig. 3C) describes
the matching significantly better than the
attempts presented in Fig. 3, A and B. This
result supports the notion that the .V
matching reflects a symmetry of the under-
lying composite particles.

Thus far, we have introduced the notion
of duality to summarize the experimental
observation that I and the longitudinal V
appear to trade places at v values where, in
the CB description, the numbers of CBs and
vortices trade places. However, exchanging
the numbers of CBs and vortices is not
sufficient to ensure that the two states will
be symmetric (10). The observed symmetry
then implies that the dynamics of the CBs
and vortices are also symmetric or, in the
CF language, the system exhibits particle-
hole symmetry. This is rather surprising be-
cause one cannot, a priori, assume a relation
between the physics of the 1/3 FQHE liquid
and that of the insulator.

An additional conjecture, which we
have tested experimentally, can be made by
inspecting, in the CB picture, the possible
implications of the I-V_ symmetry on a
measurement of the Hall volrage response
in the transition rcgion. Because the CB
framework has only been applied so far to
the linear response regime, we focus tempo-
rarily on the CB resistivity tensor (1),
which is defined by the decomposition

P = Pr t P (1)

where p, is the resistivity tensor measured
in experiment, p, is the CB resistivity ten-
sor, and p_, is the Chern-Simons term,
which corrects p,, for the fact that the CBs
carry flux that produces a purely Hall re-
sponse through a “Faraday effect.” For the v
= 1/3 FQHE-to-insulator transition studied
in this work, Eq. 1 can be written explicitly

(hfe? = 1):

0% 5 0 5 10

I1{nA)

Fig. 4. Plots of V, versus / near the transition,
taken at 0.1-T steps in the B range from 8.7 t0 9.7
T. Dashed traces are of V. T = 21 mK.
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( Pur px,) _ ( P p';) N ( 0 3)
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(2)

Duality symmetry for the CBs implies
that p,(v) = pl(v,), where p, is the resis-
tivity tensor of the vortices. Also, currents
and voltages for the bosons and vortices are
related by the Josephson relation, thar is,
p.(v) = o, (v). Together these imply

(3)

Now, the observed symmetry between v and
v, under exchange of I and V can (in the
ohmic regime) be expressed as:

pr(v) = U;(V.l)

pxx(v) = I/Pn("d) (4)

The only way to reconcile Egs. 2, 3, and 4 is
if pb (v) = 1/pb (v,) and p, = 0 everywhere
in the vicinity of the transition, including
the insulating side. This result implies that
the measured P, is constant ( =3h/e?) every-
where in the transition region (11), indi-
cating that p,, is insensitive to whether
the conduction process is that of a FQHE
liquid or an insulator, and only cares about
the “flux” attached to the CBs. Extending
this line of argument to the nonohmic
response regime, it follows that the Hall
voltage would be linear with driving cur-
rent even when the longitudinal V is dis-
tinctly not so.

To test these predictions we plot in Fig.
4V, versus | traces taken at T = 21 mK and
at B'intervals of 0.1 T starting in the v = 1/3
FQHE phase (B = 8.7 T) and ending in the
insulating phase (B = 9.7 T). In contrast to
the longitudinal I versus V traces taken in
the same T and the same B range (to com-
pare, we replot in Fig. 4 the [-V__ traces
taken at B = 8.7 and 9.7 T). These curves
are virtually B-independent and are close to
linear with only minor deviations from a
slope of 3h/e? (12), in support of the predic-
tions arising from the CB approach.
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Seismic Evidence for a Low-Velocity Zone in the
Upper Crust Beneath Mount Vesuvius

A. Zollo, P. Gasparini, J. Virieux, H. le Meur, G. de Natale,
G. Biella, E. Boschi, P. Capuano, R. de Franco,
P. dell’Aversana, R. de Matteis, |. 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
Vs = 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 P to 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.

In 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 is 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
(1). 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 (CO, and H,0-CO;) 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 km?® was
inferred for the reservoir (4). The magma
ascent to the surface occurred through a
conduit of possibly 70 to 100 m in diameter
(5). A thermal model predicts that such a
SCIENCE -«
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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 mostly located
along the southern slope of the mountain.

Little is known about shallow crustal
structure beneath the volcano. A seismic
reflection survey 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 dara 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 Mohorovizi¢ 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 (11).

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).



