a priori value. On the basis of the MSI
images of Mathilde, the imaging team deter-
mined an average radius of 26.5 * 1.3 km
and a nominal volume estimate of 78,000
km> with lower and upper limits of 67,000
km? and 90,000 km?>, respectively (8). The
determined mass and volume estimates for
Mathilde then suggest a bulk density esti-
mate of 1.3 = 0.2 g cm™>.

The bulk density for Mathilde is lower
than we expected. However, in the 1989
study of the effects of large numbers of aster-
oids on the orbit of Mars, Standish and
Hellings concluded that the average bulk
density for the C-class asteroids was 1.7 =
0.5 gcm™>. As part of an improved planetary
ephemeris development effort, Standish
found recently that this average value was
1.2 £ 0.1 g em™> (9). Although Standish
noted that the given formal uncertainty on
this latter value is undoubtedly optimistic,
the result is consistent with the present de-
termination of Mathilde’s bulk density. If we
assume that Mathilde was formed of black
chondritic material (10) with a density d of
about 2.8 g cm ™, Mathilde’s bulk density d,,
would be 1.3 g cm™3, suggesting that the
asteroid’s porosity [p = 1 — (d,/d)] is greater
than 50%. This level of porosity would sug-
gest that either Mathilde formed from rela-
tively loosely packed fragments or evolved
into a “rubble pile” of material as a result of
repeated impacts from other asteroids.
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NEAR'’s Flyby of 253 Mathilde:
Images of a C Asteroid

J. Veverka, P. Thomas, A. Harch, B. Clark, J. F. Bell lll,
B. Carcich, J. Joseph, C. Chapman, W. Merline, M. Robinson,
M. Malin, L. A. McFadden, S. Murchie, S. E. Hawkins lll,
R. Farquhar, N. Izenberg, A. Cheng

On 27 June 1997, the Near Earth Asteroid Rendezvous (NEAR) spacecraft flew within
1212 kilometers of asteroid 253 Mathilde. Mathilde is an irregular, heavily cratered body
measuring 66 kilometers by 48 kilometers by 46 kilometers. The asteroid’s surface is dark
(estimated albedo between 0.035 and 0.050) and similar in color to some CM carbo-
naceous chondrites. No albedo or color variations were detected. The volume derived
from the images and the mass from Doppler tracking of the spacecraft yield a mean
density of 1.3 = 0.2 grams per cubic centimeter, about half that of CM chondrites,

indicating a porous interior structure.

The NEAR spacecraft was launched on 17
February 1996 on a 3-year trajectory to the
near-Earth asteroid 433 Eros. The space-
craft carries a complement of six science
instruments: imager, near-infrared spec-
trometer, gamma-ray spectrometer, X-ray

spectrometer, magnetometer, and laser
range finder (1); in addition, a radio science
investigation analyzes tracking signals from
the spacecraft. NEAR will arrive and begin
its orbital mission at Eros in early 1999. On
its way to Eros, NEAR passed within 1212
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km of asteroid 253 Mathilde on 27 June
1997 (2) (Fig. 1).

Discovered in 1885, Mathilde received
little attention until it was selected as the
target for the NEAR flyby. Observations
revealed that Mathilde, an asteroid some 60
km in diameter that orbits the sun at a
mean distance of 2.64 astronomical units
(AU) (Table 1), is one of the slowest spin-
ning asteroids, taking 17.4 days to complete
one rotation (3). Early in the 1970s, remote
sensing (4) showed that the bulk of aster-
oids in the belt could be divided into two
broad categories on the basis of albedo and
color (and hence composition): the S aster-
oids, which predominate in the inner part
of the belt, and the C asteroids, which are
more abundant in the outer half. Spectral
reflectance and other remote sensing data
identified Mathilde as type C (5). Recent
spectral analyses suggest that its surface ma-
terials may be similar to those in CI or CM
chondrites (6, 7).

The Mathilde encounter took place 1.99
AU from the sun, 4 months after NEAR
reached its greatest distance from the sun in
its mission. Because the solar panels on
NEAR are sized to provide adequate power
at the closer heliocentric distances of the
Eros orbital phase, there was not enough
power to operate all instruments during the
flyby. To conserve power and avoid the risk
of the spacecraft aborting the flyby se-
quence if a power shortage developed, only
one of the six instruments on NEAR, the
multispectral imager (MSI), was turned on
for the Mathilde encounter. This imager, an
/3.4 refractor with a 244 pixel by 537 pixel
charge-coupled device (CCD) camera, has
a 2.25° by 2.90° field of view (8).

Six sequences of images were obtained
beginning 42 hours before closest approach
to perform optical navigation by detecting
Mathilde against the star background. Be-
cause NEAR was looking toward the sun
(solar phase angle of ~140°) as it ap-
proached Mathilde, the asteroid was first
detected just 36 hours before closest ap-
proach as a faint dot almost lost in the sun’s
glare. By the sixth sequence, 11 hours be-
fore encounter, Mathilde had brightened to
a visual magnitude of about +7.0 (% 0.3).
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The spacecraft passed the asteroid at 1212
km, close to the planned 1200-km miss
distance (9).

The actual imaging sequence of 534
frames (Fig. 1) began some 5 min before

Fig. 1. Schematic time
line of the NEAR flyby on
27 June 1997 summariz-
ing the main imaging se-
quences of 534 frames.
The time of closest ap-
proach was 12:55:54.5
UT (universal time). The
flyoy speed was 9.93
km/s.

closest approach, when views of a crescent-
illuminated Mathilde were obtained at res-
olutions of about 500 m per pixel. The
highest resolution data (160 m per pixel)
were obtained at closest approach (1212

Fig. 2. Representative images of Mathilde. The crescent view obtained before closest approach is at the
bottom. The closest approach image (range, 1212 km; resolution, 160 m per pixel) is at lower right; the
phase angle was 92°. Proceeding clockwise and shown at a relative scale is the succession of images
obtained as NEAR receded from closest approach; these images were obtained over an interval of
about 16 min as the range changed from 1780 to 11,540 km (resolution changed from 230 to 1500 m
per pixel) and the phase angle varied from 58° to 40°. The five most prominent craters discussed are
identified by letters. Crater a has a diameter of 33 km, or slightly more than the asteroid’s mean radius.
Crater b is estimated to be 26 km across. The 6-km crater indicated by the arrow shows a polygonal
outline and collapse or burial of part of its rim (lower right). Crater b also has a polygonal outline,

suggesting structural control on crater shape.
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km), when the phase angle was close to 90°
(Fig. 2). The imaging sequence continued
for another 20 min as the spacecraft receded
from the asteroid and viewed Mathilde un-
der good illumination at a phase angle of
about 40°. During this time, multicolor
global coverage was obtained at 500-m res-
olution by the MSI’s seven color filters,
which span the spectral range from 400 to
1100 nm (8). The imaging sequence con-
cluded with about 200 images devoted to a
satellite search. The MSI is sensitive
enough that objects as small as 40 m across
could have been detected even if they were
made of material as dark as Mathilde (albe-
do 0.03 to 0.05).

Because of Mathilde’s slow rotation,
only about half of its surface was seen dur-
ing the NEAR flyby. Within the 25 min of
imaging coverage, no motion of shadows
was detected in the images. The expected
rotation of Mathilde would produce a mo-
tion of only 75 m over 10 min at the
equator. The position of Mathilde’s pole has
not been determined (3), and here we have
assumed arbitrarily a rotation axis parallel
to that of Earth’s.

The shape of the visible portion of
Mathilde (Table 1) was modeled by stereo-
grammetry and limb fitting (10). Con-
straints on the unseen portion were provid-
ed by observed terminator positions and
assumptions about the forms of the largest
craters. Mathilde’s global shape, which we
determined by overlapping large impact
craters, is consistent with the observed
0.45-mag amplitude of the light curve (3).
The nominal triaxial model has diameters

Table 1. Mathilde parameters. The orbit parame-
ters are semimajor axis a, eccentricity e, and incli-
nation relative to the plane of Earth’s orbit /.

Ground-based (3, 5-7, 11)

Orbit a=26AU,e=0.23,
i=6.9°
Type C
Albedo 0.038
Mean radius 30 km
Light-curve 17.4 days
period
Light-curve 0.45 mag
amplitude

Probable axes 70 km by 50 km by 50 km

NEAR

Nominal axes 66 km by 48 km by 46 km

(diameters)
Mean radius 26.5 = 1.3km
Volume 78,000%12:939 km?
Mass [from (9)] (1.033 = 0.044) X 10%° g
Mean density 1.3 = 0.2 g/cm?®
Surface ~0.9 cm/s?
acceleration
Range of visible ~56 km
topography
Preliminary 0.035t0 0.05
albedo
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of 66, 48, and 46 km, corresponding to a
mean radius of 26.5 km, slightly smaller
than the 30 km estimated from ground-
based observations (3, 11). Mathilde’s vol-
ume is estimated to be 78,000 km>. A lower
limit to the volume, corresponding to a
mean radius of 25.2 km, was derived by
making the unseen floors of the large craters
as deep as seemed physically reasonable
(12). This minimum-volume model appears
unlikely in that it would produce a light-
curve amplitude smaller than the 0.45 mag
observed (3). A maximum-volume model,
corresponding to a mean radius of 27.8 km,
was obtained by assuming a large bulge in
the unseen portion of the asteroid, but one
not large enough to make the asteroid so
asymmetric as to produce a light-curve am-
plitude in excess of 0.5 mag (13).

Within the ~50% of the total area of
Mathilde imaged by NEAR, there are five
craters with diameters between 19 and 33
km. The largest and best-imaged crater
(crater a in Fig. 2) is 33 km across and may
be 5 to 6 km deep. An accurate measure-
ment of the depth is not possible because
most of the floor remains hidden in shadow.
This crater appears to be the least degraded
and probably the youngest of the large cra-
ters. For typical impact speeds at Mathilde
of about 5 km/s, it would take an asteroid
about 1 to 3 km across to excavate a 30-km
crater on Mathilde (14). Such a crater is
expected to produce tim ejecta some 1 km
in thickness near the rim if gravity scaling
applies (14). A second large crater (b), with
a diameter of 26 * 4 km, is partially visible
near the terminator and is overlapped by
the 33-km structure. A third, much more
degraded crater (c) is about 20 km across.
Near the southern terminator, a large sad-
dle-shaped region, about 28 to 30 km across
(d) is probably an impact scar. There may
be one other crater about 25 to 30 km
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across near the southern limb (e).

All of the significant topographic relief
seen in the images is associated with large
craters and their rims. The bright limb
viewed at closest approach shows relief of 1
km over distances of 3 to 4 km. Slope angles
(angle between the normal to the surface
and the direction of acceleration due to
gravity) on Mathilde reach about 50° for
the nominal shape and about 40° for the
large-volume model. Slope angles within
bowl-shaped craters on other objects are
generally under 30°, and angles of repose
of loose material are about 30° to 35°,
regardless of the magnitude of gravity
(15). The calculated slopes on Mathilde
for the smaller volume model are much
larger than those found on other small
bodies, such as 951 Gaspra, Phobos, Dei-
mos, Amalthea, Hyperion, and most of
243 Ida (16, 17), indicating that the
smaller volume model is unlikely.

Small impact craters can be seen on the
walls of the largest crater (a in Fig. 2) but at
areal densities less than those seen on the
intercrater surfaces. This observation, as
well as the occurrence of ridges and chutes
oriented downslope within this and other
large craters, suggests that mass wasting has
occurred. The inner walls of the largest
crater show definite downslope lineations
(top arrow, Fig. 3), and in the bottom of the
illuminated area are signs of semicoherent
sliding of a surface layer perhaps 200 m
thick over a substrate (bottom arrows, Fig.
3). This crater also has a sharp rim crest
that, in conjunction with the evidence of
downslope movement along the inner walls,
points to the possibility that this crater has
expanded by collapse of its walls since its
formation. In the high-resolution images,
craters of varying morphology are seen in
the diameter range from 6 km down to the
limit of effective resolution of about 500 m,

Fig. 3. Comparison of
crater rim morphology
on Mathilde (top left) and
the martian moon Pho-
bos (bottom right). The
Mathilde crater in upper
left (diameter D = 33 km)
is viewed at 90° phase;
the rim of crater Stickney
(D = 10km) on Phobosis
viewed at 45° phase. The
rim on Mathilde is slightly
more cratered. It shows
evidence of downslope
motion of loose material
(arrows) but lacks the
grooves seen on the
martian satellite.
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an observation consistent with the presence
of a regolith on Mathilde. Some small cra-
ters show evidence of raised rims, but ones
that are more rounded and subdued than
typical fresh crater rims on the moon (I8).
Craters larger than 5 km show strong po-
lygonality (Fig. 2), indicating structural
control, possibly by preexisting fractures.
Discrete ejecta blankets are not evident on
Mathilde. They are known to be inconspic-
uous on small bodies and have been detect-
ed only in the highest resolution images of
Phobos and Ida (19). No discrete ejecta
blocks have been identified on Mathilde
with certainty. Scaling from several small
bodies on which ejecta blocks have been
detected (20) predicts that a 30-km crater
on Mathilde should produce blocks up to
200 to 400 m across, which would be only
marginally resolvable in our best images.

It is remarkable that Mathilde has with-
stood a half-dozen severe impacts without
betraying more obvious evidence of large-
scale fracturing, such as the grooves (Fig. 3)
that are associated with the largest crater on
Phobos (21) and are seen in Galileo images
of Gaspra and Ida (22). The only possible
evidence of a fractured fabric within
Mathilde is the occurrence of polygonal-
shaped, medium-sized craters.

We assessed Mathilde’s cratering history
by counting the smaller craters in a 400-
km? portion of our highest resolution im-
age, in a region of good illumination and
modest emission angles. Of the 91 craters
identified, 70 exceed our estimated com-
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Fig. 4. Spatial density of craters on Mathilde as a
function of diameter D. Differential counts are di-
vided by D=2 to yield the dimensionless number R
(24). The R = 1 line represents geometric satura-
tion, the limit to which craters of a given size can
be fit onto the surface. On actual surfaces, ob-
served saturation equilibrium vyields horizontal
lines at a lower level, usually near R = 0.2 (24).
Triangles are for the large craters discussed in the
text; circles indicate smaller craters from a part of
the highest resolution image. The observed crater
density on Ida (23) is shown for comparison.
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pleteness limit of 0.6-km diameter. Mathil-
de’s population of craters with diameters of
<3 km is similar in slope and density to
Ida’s (Fig. 4), which was interpreted to be in
saturation equilibrium for craters in this size
range (23). The similarity of the densities of
small craters on Mathilde and Ida suggests
similar ages for the surfaces. In the case of
Ida, this age has been estimated at 1 to 2
billion years or more (23). Crater morphol-
ogies on Mathilde range from relatively
deep, fresh craters to shallow, degraded
ones. Such a range of morphologies is con-
sistent with our inference that Mathilde’s
surface is in equilibrium with the cratering
process.

The number of craters on Mathilde with
diameters larger than 5 km exceeds the
empirical equilibrium densities seen else-
where in the solar system (24), and the
largest craters are near the geometric satu-
ration limit. To first order, the production
function of objects that crater asteroids is
the same as that responsible for cratering
the moon (25). In the case of the moon, the
production population rises at a positive
slope on an R plot for crater diameters
larger than about 5 km (24, 25). On a body
the size of Mathilde, the observed crater
population for large craters should mimic
the production function even under satura-
tion. Thus, within our large error bars, the
large craters on Mathilde are consistent
with a lunarlike cratering production func-
tion; the surprise is that Mathilde has re-
tained such large craters and that the cra-
ters have not destroyed each other.

Preliminary estimates based on the ob-
served reflectance of Mathilde in the NEAR
images place the asteroid’s geometric albedo
at 0.035 to 0.050, consistent with the nom-
inal value of 0.038 based on telescopic data
(14). Mathilde’s telescopic spectrum is es-
sentially gray (6, 7). Mathilde does not show
a feature at a wavelength of 3.0 pm due to
water of hydration (7). Although an unal-
tered sample of the hydrated CM meteorite

Murchison fails to match Mathilde’s spectral
properties, a heated sample of Murchison
(26) provides an excellent match (heating
the sample drives off the water of hydration).
These findings suggest that no hydrated min-
erals or aqueous alteration products exist on
Mathilde’s surface.

Whole-disk NEAR color observations
between 400 and 1100 nm agree closely
with the telescopic spectral results (6, 7).
NEAR found Mathilde to be uniformly
bland in both albedo and color (Fig. 5). No
significant albedo or color variations are
evident in or around the fresher, smaller
craters, and none are seen in the interior
walls of the 33-km crater that dominates
the high-resolution views (27). This lack of
variation is different from that observed on
the S-type asteroids Gaspra and Ida, where
material excavated by impacts show small
but significant color contrasts with the sur-
roundings (28). The lack of color and albe-
do variations on Mathilde suggests that its
interior is made of the same dark, colorless
material, as might be expected of a primi-
tive undifferentiated asteroid, and that
space weathering has not altered the optical
properties of the surface materials (29).

The NEAR and ground-based observa-
tions (7) of Mathilde indicate that its sur-
face lacks hydrated minerals, as would be
true of primitive material never heated to
the point at which aqueous alteration occurs,
or else heated so much that any water of
hydration had been driven off. An alterna-
tive suggestion (30) is that some C-type
asteroids are shock-darkened ordinary chon-
drites. If Mathilde’s surface were shock-dark-
ened, one might expect that craters or land-
slides on crater walls would have exposed
non~shock-darkened materials at depth, a
prediction inconsistent with the absence of
observable color and albedo differences in
NEAR images.

The model volumes (Table 1) deter-
mined from the MSI images, combined with
the mass determination of Yeomans et al.

Fig. 5. (A) Approximate true color image of Mathilde with brightness enhanced. In (B), small visible-color
differences have been highly enhanced and overlain on a 550-nm filter image of Mathilde.
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(9), yield mean densities of 1.1 to 1.5 gfem®.
Assuming a nominal value of 1.3 glem?, the
density is only half or less that measured for
CM meteorites (31), indicating a porous,
underdense structure for Mathilde’s interior.
The alternative is that some low-density ma-
terial such as water ice is preserved within
Mathilde’s interior, a hypothesis for which
there is no supporting evidence and which
seems to be at variance with the unhydrated
nature of Mathilde’s regolith as determined
by spectroscopy (7). It is possible that
Mathilde is a “rubble pile” asteroid, the in-
terior having beep pulverized by a long his-
tory of collisions (32). However, it is also
possible that if C-type asteroids are made of
primitive, unprocessed materials, then the
low density may be primordial. The hydro-
static pressure even at the center of Mathilde
is less than 2 bars, insufficient to lithify loose
materials. Measured densities for potentially
comparable low-albedo, presumably carbo-
naceous, objects are scarce. Phobos and De-
imos have densities of 1.9 and 1.8 gfem?,
respectively (33). The mean density of 1
Ceres (mean radius 460 km) is 2.7 gfem’
(34).

With the reliable determination of a low
density for Mathilde, the probability in-
creases that many asteroids are underdense
(have significant internal porosity), as sug-
gested by a variety of cratering and asteroid
collisional models (35-37). Ida has a mean
density of 2.6 = 0.5 gfem® on the basis of
likely assumptions about the orbit of Dactyl
(Ida’s satellite), a value that implies poros-
ities of 20 to 60% with respect to plausible
meteorite analogs (38).

Mathilde has a rotation period of 17.4
days; only two asteroids, 288 Glauke and
1220 Crocus, are known to spin more slowly
(39). Two mechanisms suggested to slow
down such objects from the much faster
rotation rates (between 5 to 15 hours) ob-
served for most asteroids (40) are (i) out-
gassing of volatiles to remove angular mo-
mentum, and (ii) tidal interaction with a
large satellite. The first does not seem plau-
sible for Mathilde because no evidence of
outgassing is observed. Given the discovery
of Dactyl (41), the second possibility was
considered seriously before the NEAR
flyby. Some 200 images were taken between
about 10 min (6000 km) and 20 min
(12,000 km) after closest approach as the
spacecraft receded from the asteroid, cover-
ing the sky around Mathilde out to distanc-
es of 300 to 600 km (about 10 to 20 radii).
We estimate that we imaged some 4 to 5%
of the volume of the Hill sphere of stability
around Mathilde, calculated to extend to
about 100 radii (42). The images, generally
taken at intervals of 2 s, included a range of
exposures up to the maximum of 999 ms
possible with the MSI (8). Typically, each
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image (2.25° by 2.90°) contains 2 dozen
stars down to the limiting magnitude of
+10.5. Cosmic ray noise can be eliminated
by comparing successive images. No satel-
lite brighter than 6 to 7 mag, corresponding
to an object 200 to 300 m in diameter, was
found.

The occurrence of large craters on
Mathilde supplements the growing evi-
dence that craters with diameters D com-
parable to a body’s mean radius R can form
without catastrophically disrupting an ob-
ject and supports the predictions of several
recent hydrocode models of impact process-
es (35-37). Wien Regio, a 15-km-wide de-
pression on Ida, has a D/R_ ratio of 0.95 if
the asteroid’s R is considered, but a ratio
~ 1.5 if the radius of curvature of that end
of the elongated asteroid is used (37). A
10-km depression on Deimos (R, = 6.2
km) has a D/R,, ratio of about 1.5 (17).
Crater Pan on Amalthea has a ratio of 0.95
(43). For these objects, the transient crater
is nearly as large as the final one; for larger
craters on larger objects, comparisons may
best be made with estimated transient cra-
ter-diameters D,. A 460-km crater on Vesta
(R,, = 265 km) suggests a D, of 290 km and
implies D /R, = 1.1 (44). The South Pole-
Aitken basin on the moon has an estimated
DJR_ = 0.7 (45). Thus, the largest crater
on Mathilde is not of unprecedented size
relative to the body diameter. The real sut-
prise is that so many large craters can be
packed so efficiently on such a small body.

Even more remarkable than the simple
existence of these large craters is the de-
gree to which their rim crests and basic
shapes seem minimally affected by subse-
quent large impacts. Although Mathilde
has low surface gravity, hydrocode models
of impacts predict that a large fraction of
crater ejecta will be retained on such an
object (35-37), a conclusion supported by
observations of ejecta deposits on Phobos
(46) and Ida (47). On Marthilde, the large
craters do show a range of morphologies,
as do the smaller ones, as might be expect-
ed from degradational effects due to ejec-
ta. However, the large craters are not
erased by the formation of others nearby.
One might also expect that seismic shak-
ing associated with large impacts would
modify preexisting topography. Evidently
this is not the case. One can surmise that
Mathilde’s composition or internal struc-
ture may play some role in localizing the
damage from impacts, perhaps by dampen-
ing the shock waves generated by the
events. This situation is in sharp contrast
to asteroids such as Gaspra, where a fac-
eted shape and relative lack of craters has
been attributed to major modification of
the surface by previous bombardment

(17).
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Quantum-Confined Stark Effect in Single CdSe
Nanocrystallite Quantum Dots

S. A. Empedocles and M. G. Bawendi*

The quantum-confined Stark effect in single cadmium selenide (CdSe) nanocrystallite
quantum dots was studied. The electric field dependence of the single-dot spectrum is
characterized by a highly polarizable excited state (~10° cubic angstroms, compared to
typical molecular values of order 10 to 100 cubic angstroms), in the presence of randomly
oriented local electric fields that change over time. These local fields result in sponta-
neous spectral diffusion and contribute to ensemble inhomogeneous broadening. Stark
shifts of the lowest excited state more than two orders of magnitude larger than the
linewidth were observed, suggesting the potential use of these dots in electro-optic

modulation devices.

Optical switches are a key component in
many optical computing and fiber-optic
communication designs. In particular, de-
vices based on the quantum-confined Stark
effect (QCSE) in quantum wells (QWs)
have proven useful in many optical modu-
lation applications (1). In these devices,
quantum confinement in one dimension
allows the formation of excitonic states
with electric field induced Stark shifts many
times greater than the electron-hole bind-
ing energy (1). As a result, the Stark effect
in QWs is significantly enhanced relative to
that in bulk materials. Quantum dots
(QDs), the zero-dimensional analog of
QWs, represent the ultimate in semicon-
ductor-based quantum-confined systems
(2). Narrow transition linewidths inherent
in QDs (3-5), coupled with large Stark
shifts, should result in electro-optic modu-
lation devices with even greater efficiency.

Nanocrystallite QDs synthesized as col-
loids are a particularly flexible material for
such QD heterostructures. In particular,
CdSe nanocrystallite QDs, with a band gap
tunable throughout the visible range, have
been extensively studied as a prototypical
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QD system. These dots can be synthesized
in macroscopic. quantities with diameters
that are tunable during synthesis (6). They
are easily incorporated into a variety of
insulating and conducting polymers as well
as thin films of bulk semiconductors (7).
They can also be manipulated into close-
packed glassy thin films (8) and ordered
three-dimensional arrays (9).

In addition to possible device applica-
tions, the QCSE can be used to probe the
nature of the excited states in QDs. Delo-
calized exciton states within the QD core
should be highly polarizable, whereas local-
ized surface trap states should have a strong
dipole character. Spectral broadening, due
to structural and environmental inhomoge-
neities, has generally complicated the inter-
pretation of ensemble optical studies, in-
cluding Stark measurements. For example,
although the presence of an excited-state
dipole has been suggested in ensemble Stark
absorption studies (10), nearly identical
Stark data have also been interpreted with-
out the need for a polar state (11).

The elimination of inhomogeneous
broadening through single QD spectroscopy
has allowed many fundamental observa-
tions in recent years (3-5, 12-14). In this
report, we use fluorescence microscopy to

study the QCSE in single CdSe nanocrys-
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tallite QDs of varying sizes.

Five sample sizes were studied. The QDs
were synthesized as in (6), with average
radii of 22, 24, 26, 29, and 37.5 A. The 37.5
A sample was further divided, and half of
the sample was overcoated with a ~6 A
layer of ZnS (15). The 24 A sample was also
overcoated with ZnS. We applied electric
fields by using photolithographically pat-
terned Ti-Au electrodes on a crystalline
quartz substrate. The electrodes were pat-
terned in an interdigitated design with an
interelectrode spacing of 5 um and a height
of 1200 A. A dilute solution of QDs in
hexane was placed over the electrodes and
was immediately wicked from the surface,
leaving only a small number of dots ad-
sorbed to the substrate. Spectra were taken
from dots located midway between adjacent
electrodes to ensure a uniform electric field
(16). We took single dot spectra at 10 K
using a far-field epifluorescence microscope
[described elsewhere (3)] with 514-nm ex-
citation from an Ar™ laser.

In a series of emission spectra taken from
the same single dot with the applied electric
field either on or off (Fig. 1A), a single peak
corresponding to the zero phonon line
(ZPL) can be observed shifting between two
distinct energies in response to the field.
This shift is highly reproducible and results
in a change in energy that is 15 times
greater than the observed, resolution-limit-
ed linewidth and more than two orders of
magnitude greater than the linewidths pre-
viously reported for the emitting state (3).
Although the first absorbing state has not
yet been characterized for single CdSe QDs,
even conservative estimates based on en-
semble measurements suggest that this shift
is approximately an order of magnitude
greater than the width of this state (17).

Under a range of electric fields, the peak
shifts continuously over more than 60 meV
(Fig. 1B). The slight change in zero-field
energy over the series is due to spontaneous
spectral diffusion (3, 12, 13). Shifts as large
as 75 meV were observed in dots from this
sample. These shifts are comparable to room-
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