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poloidal field component BY, naturally pro-
vides stable hoop stresses that are the only
known collimation mechanism for the large-
scale jet morphology of quasars (27, 22). The
nonrelativistic outer layer observed in some
jets can be supported by a coexisting, envel-
oping, relatively low-power wind or jet from
the accretion disk (23).

The jets composed of a bundle of strings
like those in the simulation are energetic
enough to power quasar jets. The Poynting
flux transported by a pair of bipolar collimat-
ed jets is approximately (2)

[Q P
- 211.2 c (2)

The total magnetic flux in the jet is @. The
field line angular velocity (). varies from near
zero at the outer boundary of the ergosphere to
the horizon angular velocity 0, ~ 107 s~ " in
the inner ergosphere. Thus, § ~ (Q,P)* =
(a®2Mr ,)* ~ (a®/M)* for rapidly rotating
black holes. Consequently, there are three im-
portant parameters that determine jet power: M,
a, and B. For rapidly spinning black holes, the
surface area of the equatorial plane in the ergo-
sphere becomes quite large; for a/M = 0.996, it
is ~30 M? (2). Various accretion flow models
yield a range of achievable ergospheric field
strengths B ~ 10° G to 2 X 10* G that equate
to ® ~ 1033 G-cm? to 10** G-cm? (2, 14, 24).
Inserting these results into Eq. 2 yields a jet
luminosity of ~10*° to 5 X 10%7 ergs/s. This is
consistent with the estimates of the kinetic lu-
minosity of powerful quasar jets (/). The max-
imum value of the flux noted above occurs
when the persistent accretion of magnetic flux
has a pressure that is capable of pushing the
inner edge of the accretion disk out of the
ergosphere (known as magnetically arrested
accretion) (15, 16). This maximum flux in-
serted in Eq. 2 equates to a jet power that
is =~ 5 to 25 times the bolometric thermal
luminosity of the accretion flow in the disk
models considered in (2, 24).

If 10% of the central black holes in qua-
sars were magnetized by the accretion of
vertical flux, this would explain the radio
loud/radio quiet quasar dichotomy. To ele-
vate this above a conjecture requires obser-
vational corroboration of the putative magnet-
osphere in radio loud quasars. A significant
flux trapped between the black hole and the
accretion disk should modify the innermost
regions of the accretion flow. Thus, one can
look for a distinction between radio loud and
radio quiet quasar thermal emission at the
highest frequencies. There might already be
evidence to support this. The accretion flow
radiation has a high-frequency tail in the
EUV (extreme ultraviolet). Hubble Space
Telescope (HST) data indicate that radio qui-
et quasars have an EUV excess as compared
to radio loud quasars (25). The EUV suppres-

sion has been explained by the interaction of
the magnetic field with the inner edge of the
disk, displacing the EUV-emitting gas in ra-
dio loud quasars (26).

The simulations presented here explain
five important observations of radio loud
quasars: the production of a collimated jet
(based on radio observations); a power source
(the black hole) that is decoupled from the
accretion flow properties to first order
[broadband radio-to-ultraviolet observations
indicate that a quasar can emit most of its
energy in a jet without disrupting the radia-
tive signatures of the accretion flow (see the
SOM)]; the suppression of the EUV in radio
loud quasars (from HST observations); the
relativistic velocity of the jet (from VLBI
data); and the maximal kinetic luminosity of
the quasar jets (from broadband radio and
x-ray observations of radio lobes). The GHM
process might also drive jets in other systems
such as microquasars or gamma-ray bursts
(27, 28). However, microquasars show corre-
lations between accretion disk emission and
jet properties, unlike quasars (29). Conse-
quently, there is no strong observational rea-
son to prefer the black hole over the accretion
disk as the primary power source for micro-
quasars, as there is with quasar jets.
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Localization of Fractionally
Charged Quasi-Particles

Jens Martin,’* Shahal Ilani,"} Basile Verdene," Jurgen Smet,?
Vladimir Umansky," Diana Mahalu,’ Dieter Schuh,?
Gerhard Abstreiter,® Amir Yacoby’

An outstanding question pertaining to the microscopic properties of the fractional
quantum Hall effect is understanding the nature of the particles that participate
in the localization but that do not contribute to electronic transport. By using a
scanning single electron transistor, we imaged the individual localized states in the
fractional quantum Hall regime and determined the charge of the localizing par-
ticles. Highlighting the symmetry between filling factors 1/3 and 2/3, our mea-
surements show that quasi-particles with fractional charge e* = e/3 localize in
space to submicrometer dimensions, where e is the electron charge.

The quantum Hall effect (QHE) arises when
electrons confined to two dimensions are subject
to a strong perpendicular magnetic field. The
magnetic field quantizes the kinetic energy and
leads to the formation of Landau levels (LL).
Energy gaps appear in the spectrum whenever an

integer number of LLs is filled. Disorder broad-
ens the LLs and gives rise to bands of extended
states surrounded by bands of localized states.
Localization plays a fundamental role in the
universality and robustness of quantum Hall
phenomena. In the localized regime, as the den-
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sity of electrons increases, only localized states
are being populated and hence the transport co-
efficients remain universally quantized (/). Con-
versely, when the Fermi energy lies within the
bands of extended states, the transport coeffi-
cients vary indicating transitions between quan-
tum Hall phases (2, 3).

When the filling of the lowest LL is less than
one, the fractional quantum Hall effect (FQHE)
emerges (4) as a result of Coulomb interactions
between electrons. The Coulomb interactions
give rise to a new set of energy gaps occurring at

fractional fillings v = with ¢ being an

q
2g =1
integer. Soon after the discovery of the FQHE, a
theory was presented for the ground state prop-
erties of these unique phases (39), in which the
low energy excitations above these ground states

Only

e
. e
are fractionally charged with e pPESE

recently, through use of resonant tunneling and
shot noise measurements, were such fractionally
charged quasi-particles shown to exist experi-
mentally (6—10). These measurements convinc-
ingly demonstrate that the fractionally charged
quasi-particles participate in transport and are
hence extended along the edge of the sample.
However, what is the nature of the particles that
participate in the localization and do not contrib-
ute to transport? We address this question with
the use of a scanning single electron transistor
(SET), which enables us to detect directly the
position and charge of the localizing particles
across the various integer and fractional quan-
tum Hall phases.

Our experimental method is described in
detail elsewhere (/7, 12). A SET is used to
measure the local electrostatic potential of a
two-dimensional electron gas (2DEG) (13).
At equilibrium, changes in the local electro-
static potential result from changes in the
local chemical potential, which can be in-
duced, for example, by varying the average
electron density (/4) with the use of a back
gate. The local derivative of the chemical
potential, w, with respect to the electronic
density, dp/dn, is inversely proportional to
the local compressibility and depends strong-
ly on the nature of the underlying electronic
states (15, 16). In the case of extended elec-
trons, charge is spread over large areas;
hence, the chemical potential will follow con-
tinuously the variations in density, and the
measured inverse compressibility will be
small and smooth. However, in the case of
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localized electrons the local charge density
can increase only in steps of e/€ 2, where £ is
the localization length. Hence, the system
becomes compressible only when a localized
state is being populated, producing a jump in
the local chemical potential and a spike in its
derivative, the inverse compressibility. Thus,
by using the scanning SET in the localized
regime, we were able to image the position
and the average density at which each local-
ized state is populated. Three different GaAs-
based 2DEGs with peak mobilities of 2 X 10°
cm?/ V71 s71 (V6-94 and V6-131) and 8 X
10° cm?/ V7! 57! (S11-27-01.1) were studied.

We start by reviewing the properties of lo-
calized states in the integer QHE. Figure 1A
shows a typical scan of dp/dn as function of the
average electron density, n, and position, x, near
the integer quantum Hall phase v = 1. Each
black arc corresponds to the charging line of an
individual localized state. At any particular loca-
tion, as the density is varied through v = 1,
electrons occupying localized states give rise to
negative spikes. The tip detects only charging of
localized states situated directly underneath it.
The measured spatial extent of each localized
state (black arc) is therefore determined by the
size of the localized state convoluted with the
spatial resolution of the tip. A small tip bias is
responsible for the arcing shape of each charging
line. Figure 1A shows that electrons do not
localize randomly in space but rather pile up at
particular locations. Moreover, the spacing with-
in each charging spectrum is regular. Such
charging spectra are reminiscent of Coulomb
blockade physics, where charge quantization
governs the addition spectrum of a quantum dot.
In the microscopic description of localization in
the integer QHE (/7), the formation of dots was
explained with use of a simple model that incor-
porates Coulomb interaction between electrons
and thereby accounts for changes in the screen-
ing properties of the 2DEG as the filling factor is
varied (/8-21). For completeness, we briefly
sketch the model for v = 1 because it will prove
to be essential for understanding the measured
spectra at fractional filling factors.

An intuitive picture of localization driven by
Coulomb interaction is obtained by tracing the
self-consistent density distribution as a function
of B and n. Far from integer filling, the large
compressibility within an LL provides nearly
perfect screening of the disorder potential. This
is accomplished by creating a nonuniform den-
sity profile with a typical length scale larger than
the magnetic length, /= VA/eB) (Fig. 1B).
The corresponding potential distribution in the
plane of the 2DEG is equal and opposite in sign
to the disorder potential. Because of a large
energy gap between the LLs, the density, n, ,
cannot exceed one electron per flux quanta,
. = B/, and is therefore constrained by 0 =
n . = n_.. At the center of the LL (far from
integer filling), this constraint is irrelevant be-
cause the variations in density required for
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screening are smaller than n___, thus leading to
nearly perfect screening (Fig. 1B). Each electron
added to the system experiences this flat poten-
tial and thus, within this approximation, is com-
pletely delocalized. With increasing filling fac-
tor, the density distribution increases uniformly,
maintaining its spatial structure. However, near
v = 1 the average density approaches n,_, and
the required density distribution for perfect
screening exceeds n, at certain locations. Be-
cause of a large energy gap between the LLs, n;
cannot exceed n,_ ., and the density at these
locations becomes pinned to n_, . Local incom-
pressible regions are formed in which the bare
disorder potential is no longer screened, coexist-
ing with compressible regions where the LL is
still only partially full [0 <n,, (x) <n_, , where

max’

X (Hm)
schematic density profiles

incompressible \Anti-dot

@ dot ) dot
=8 / N\ incompr. 7\
nmm
0.0 X (Hm) 2.5

Fig. 1. (A) Density-position scan of du/dn near v
= 1[B = 3.5 T, temperature (T) = 300 mK,
sample V6-94]. Each black line corresponds to a
localized state. The central white area corre-
sponds to the incompressible region near com-
plete filling of the first LL (the dashed line marks
v = 1). Localized states group into families, which
appear as QD spectra above (and antidot spectra
below) the incompressible region. (B) Far from
integer filling, the large compressibility within an
LL provides nearly perfect screening at the cost of
a nonuniform density profile. Here, a schematic
density profile is shown. n__ and n_, indicate
the maximum and minimal densities, respective-
ly, within an LL. a.u,, arbitrary units. (C) In case the
average density is slightly less than complete
filling, the 2DEG becomes incompressible when-
ever the maximum allowed density n__ is
reached and remains compressible only in a small
area. This area forms an antidot whose energy
levels are determined by the charging energy. (D)
Once the average density is slightly higher than
complete filling, compressible areas appear in the
next LL and form QDs.
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x is the position] and the local potential is
screened (Fig. 1C). Once an incompressible re-
gion surrounds a compressible region, it behaves
as an antidot whose charging is governed by
Coulomb blockade physics. Antidots are there-
fore formed in the regions of lowest local
density, and as the filling increases further the
antidot will be completely emptied. Spatially
separated from such local density minima are the
maxima of the density profile, where the filling
of the next LL will first occur, now as quantum
dots (QDs) (Fig. 1D).

An important consequence of the above
model is that the spectra of localized states
are defined only by the bare disorder poten-
tial, the presence of an energy gap, causing an
incompressible quantum Hall liquid sur-
rounding the QD, and the charge of the lo-
calizing particles. It is the character of the
boundary that determines the addition spectra
of the quantum dot, and it is because of
Coulomb blockade that the charge directly
determines the number of charging lines and
their separation and their strength. Therefore,
the number of localized states does not de-
pend on the magnetic field. A different mag-
netic field will simply shift »__ and hence
the average density at which localization
commences. Therefore, the local charging
spectra will evolve as a function of density
and magnetic field exactly parallel to the
quantized slope of the quantum Hall phases,
dnl/dB = velh (Fig. 2, A, I and III).

The presence of an energy gap at fractional
filling factors implies that the model for local-
ization described above may also apply to the
fractional quantum Hall regime. As in the integer
case, the local charging spectra contain a fixed
number of localized states (independent of B)
that evolve in density and magnetic field accord-
ing to dn/dB = ve/h. The difference between the
integer and fractional case is that now the slopes
are quantized to fractional values (Fig. 2, A, II
and IV, and B). The invariance of the local
charging spectra along fractional filling factors
can also be inferred from Fig. 2, C and D, where
we show that the spatially dependent charging
spectra at v = 1/3 for two different magnetic
fields are identical. Our observations confirm
that the microscopic mechanism for localization
in the fractional quantum Hall regime is identical
to that of the integer case; i.e., localization is
driven by Coulomb interaction. The QDs that
appear near integer or fractional filling factors
are, therefore, identical. Their position, shape,
and size are solely determined by the underlying
bare disorder potential. This conclusion allows
us to determine the charge of localizing particles
in the fractional quantum Hall regime by com-
paring the charging spectra of integer and frac-
tional filling factors. Charging spectra corre-
sponding to the localization of electrons should
look identical to those seen at integer filling. On
the other hand, the charging spectra of fraction-
ally charged quasi-particles, with e* = ¢/3 for

example, would have a denser spectrum with
three times more charging lines, i.e, localized
quasi-particle states. We emphasize that the
slope of the localized states in the n-B plane
merely indicates the filling factor they belong to
rather than their charge.

The spatially resolved charging spectra for
integer v = 1 and v = 3 and fractional v = 1/3
and v = 2/3 are shown in Fig. 3. All the scans are
taken along the same line in space and cover the
same density interval. The scans differ only in
the starting density and the applied magnetic
field. The spatially resolved charging spectra for
integer fillings in Fig. 3, A and B, look identical.
As expected, despite the different filling fac-
tors the measured spectra of localized states ap-
pear at the same position in space and with
identical spacing. Figure 3, C and D, shows
spatially resolved charging spectra at v = 1/3
and v = 2/3. Here also, the two spectra look
identical. Moreover, the charging spectra are
seen at the same locations as in the integer case.
The only difference between the spectra taken at
integer and fractional filling is the number of

charging lines within a given range of den-
sities. At v = 1/3 and v = 2/3, there are
three times more charging lines and the
separation between charging lines is three
times smaller. This can be also seen in Fig.
3, E to H.

Our model assumes large energy gaps rela-
tive to the bare disorder potential. In practice,
however, the gap for fractional filling factors is
considerably smaller than in the integer case. In
order to have a comparable gap in the integer and
fractional regime, we first measured the integer
quantum Hall phases at low magnetic field and
then measured the fractions at high field. Such a
comparison is meaningful because the number of
localized states is independent of magnetic field.
In order to eliminate any doubt that the higher
number of localized states in the fractional re-
gime result from the measurement at higher
fields, we also compare in Fig. 3, G and H,
spectra of v = 1 and v = 1/3 measured at the
same magnetic field, B = 7.25 T. Regardless of
field or density, the spectrum of v = 1/3 is three
times denser than that of v = 1.

Fig. 2. (A) Density-magnetic field scans for integer v = 2 (I) and v = 1 (Ill) and for fractional v =
2/3 (Il) and v = 1/3 (IV) (sample V6-131). All scans cover the same density range An. The range
in magnetic field is three times larger for the fractional fillings. Each black line corresponds to a
localized state. (B) This density-magnetic field scan covers a much larger range in field and density
than (A) and shows localized states for v = 1/3 and v = 2/5 (sample $11-27-01.1, T < 100 mK).
Even for a change of the magnetic field by a factor of 2, the number of localized states does not
change. (C) Density-position scan for v = 1/3 at B = 8 T (sample V6-131, T = 300 mK). Just as
for the integer QHE, the localized states appear as QD spectra. (D) Scan at the same position as
in (C) but at B = 11.4 T. The same QD spectra are recovered at higher density. They are better
resolved as a result of the enhanced gap size at higher fields.

13 AUGUST 2004 VOL 305 SCIENCE www.sciencemag.org



Our results constitute direct evidence that
quasi-particles with charge e/3 localize at v =
1/3 and v = 2/3. Moreover, our results highlight
the symmetry between filling factors 1/3 and 2/3,
indicating directly that at v = 2/3 the quasi-

Fig. 3. (A) Density-
position scan for v = 3
(B=19T,T=300mK,
sample V6-131). The level
spacing decreases slightly
with increasing density,
indicating the spectra of
QDs. (B) Density-position
scan at the same position
as (A) forv=1(B=19
T). (C) Density-position
scan forv = 2/3 (B = 10
T) at the same position as
the integer scans. (D)
Density-position scan for
v=13(@8B=14T,
same as in Fig. 2D). Com-
parison between integer
and fractional filling fac-
tors reveals three times
denser LS spectra for the
fractional regime. (E) Left
dot at v = 1 measured at
the same density (one-
third the magnetic field)
as scan for v = 1/3in (F).
(G) Left dot at v = 1
measured at the same
magnetic field (3 times
the density) as the scan
for v = 1/3 in (H). The
dashed lines serve as a
guide to the eye to em-
phasize the difference in
the level spacing between
v =1and v = 1/3. The
level spacing is indepen-
dent of magnetic field
and density.

particle charge is e/3. In contrast to the experi-
ments on resonant tunneling across an artificial
antidot (6, 7), our measurements probe generic
localized states in the bulk of the 2DEG. The
localization area, £2, can be inferred from the

Fig. 4. (A) Cross section of the
measured compressibility, «k,
through the center of the left
dot for v = 1 (Fig. 3B). For inte-
gration, the background com-
pressibility (dotted line) is sub-
tracted. (B) Cross section

through the center of the left -0.5

dot for v = 1/3 (Fig. 3D). (C)
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Integrated signal (chemical po-
tential p) with background cor-
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charging spectra by using the condition for
charge neutrality: e* = eAn£, where is the
measured spacing between charging lines in
units of density. For the left spectrum in Fig. 1D,
e/3 and An 1 X 10" cm2, which
corresponds to & ~ 200 nm, indicating quasi-
particle localization to submicrometer dimen-
sions. The extracted localization length provides
further support for the validity of our model,
which assumes long-range disorder relative to
the magnetic length.

So far we have concentrated on the level
spacing of the charging spectra. We now turn to
address the amplitude of a single charging event.
The integrated signal across a single charging
event (spike) is the change in the local chemical
potential associated with the addition of a single
charge quantum, given by Ap. = e*/C,_,, where
C,, s the total capacitance of the QD. Because
the capacitance between the QD and its sur-
rounding is unknown experimentally, one cannot
use this jump in chemical potential to determine
the absolute charge of the localized particle.
However, knowing that the QDs formed at inte-
ger and fractional filling are identical, one ex-
pects C,, to be unchanged. Therefore, the ratio
of A at different filling factors is a measure of
the ration of quasi-particle charge. Figure 4
shows a cross section of the measured dp/dn
through the center of a QD and the integrated
signal Ap. One can clearly see that the step
height in the fractional regime is only about 1/3
of the step height in the integer regime, confirm-
ing the localization of quasi-particles with e* =
e/3 for both v = 1/3 and v = 2/3.

e* =
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