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that are provided maternally or expressed
during early embryogenesis but are detri-
mental to later steps in morphogenesis. Cell
shape changes, cell rearrangements, and
fluid dynamics are thought to generate both
extrinsic and intrinsic forces that contribute
to neural tube and ventricle formation, but
the underlying molecular mechanisms are
poorly understood (42). The study of the
miR-430 family and its targets therefore
provides a genetic entry point to dissect the
molecular basis of brain morphogenesis.
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The Optical Resonances in Carbon
Nanotubes Arise from Excitons

Feng Wang,"* Gordana Dukovic,?* Louis E. Brus,” Tony F. Heinz'{

Optical transitions in carbon nanotubes are of central importance for nanotube
characterization. They also provide insight into the nature of excited states in
these one-dimensional systems. Recent work suggests that light absorption
produces strongly correlated electron-hole states in the form of excitons. How-
ever, it has been difficult to rule out a simpler model in which resonances arise
from the van Hove singularities associated with the one-dimensional bond struc-
ture of the nanotubes. Here, two-photon excitation spectroscopy bolsters the
exciton picture. We found binding energies of ~400 millielectron volts for semi-
conducting single-walled nanotubes with 0.8-nanometer diameters. The results
demonstrate the dominant role of many-body interactions in the excited-state

properties of one-dimensional systems.

Coulomb interactions are markedly enhanced in
one-dimensional (1D) systems. Single-walled
carbon nanotubes (SWNTSs) provide an ideal
model system for studying these effects. Strong
electron-electron interactions are associated
with many phenomena in the charge transport
of SWNTs, including Coulomb blockade (/, 2),
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Kondo effects (3, 4), and Luttinger liquid behav-
ior (5, 6). The effect of Coulomb interactions
on nanotube optical properties has remained
unclear, in spite of its central importance both
for a fundamental understanding of these
model 1D systems (7—9) and for applications
(7, 10, 11). Theoretical studies suggest that
optically produced electron-hole pairs should,
under their mutual Coulomb interaction, form
strongly correlated entities known as excitons
(12-18). Although some evidence of excitons
has emerged from studies of nanotube opti-
cal spectra (7, 19) and excited-state dynamics
(20), it is difficult to rule out an alternative

and widely used picture that attributes the
optical resonances to van Hove singularities
in the 1D density of states (2/—23). Here, we
demonstrate experimentally that the optically
excited states of SWNTSs are excitonic in na-
ture. We measured exciton binding energies
that represent a large fraction of the semi-
conducting SWNT band gap. As such, exci-
tonic interactions are not a minor perturbation
as in comparable bulk semiconductors, but ac-
tually define the optical properties of SWNTs.
The importance of many-body effects in nano-
tubes derives from their 1D character; similar
excitonic behavior is also seen in organic poly-
mers with 1D conjugated backbones (24).
We identified excitons in carbon nanotubes
using two-photon excitation spectroscopy.
Two-photon transitions obey selection rules
distinct from those governing linear excitation
processes and thereby provide complementary
insights into the electronic structure of excited
states, as has been demonstrated in studies of
molecular systems (25) and bulk solids (26).
In 1D materials like SWNTSs, the exciton states
show defined symmetry with respect to reflec-
tion through a plane perpendicular to the nano-
tube axis. A Rydberg series of exciton states
describing the relative motion of the electron
and hole, analogous to the hydrogenic states,
is then formed with definite parity with re-
spect to this reflection plane. The even states
are denoted as ls, 2s, 3s, and so on, and the
odd wave functions are labeled as 2p, 3p,
and so on (27). Because of the weak spin-
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orbit coupling in SWNTs, all optically active
excitons are singlet states, with the allowed
transitions being governed by electric-dipole
selection rules. For the dominant transitions
polarized along the nanotube axis, one-photon
(linear) excitation requires the final and initial
states to exhibit opposite symmetry. In con-
trast, a two-photon transition is allowed only
when the final state has the same parity as
the initial state. Given the symmetry of the
underlying atomic-scale wave functions, one-
photon excitation produces only excitons of
s-symmetry, whereas two-photon excitation
leads only to excitons of p-symmetry (28).
Thus, one-photon transitions access the low-
est lying ls exciton; two-photon transitions
access only the excited states of the exciton.

An experimental method to determine the
energies of the ground and excited exciton
states follows immediately from these sym-
metry arguments: We measured the energies
needed for one-photon and two-photon transi-
tions in semiconducting nanotubes (Fig. 1A).
A comparison of these energies yields the
energy difference between the ground and
excited exciton states and thereby directly in-
dicates the exciton binding strength. When
the excitonic interactions were negligible, we
reverted to a simple band picture in which the
onset of two-photon absorption coincides with
the energy of one-photon absorption (Fig. 1B).
The two-photon excitation spectra reflect the
qualitative difference between these two
pictures in an unambiguous fashion. In con-
trast, conventional linear optical measurements,
such as absorption and fluorescence spectros-
copy, access only one-photon transitions, for
which a van Hove singularity and a broadened
excitonic resonance exhibit qualitatively similar
features. Because the one-photon absorption
and emission arise from the same electronic
transition in SWNTs, there is no Stokes shift
between the two, as apparent in comparison of
absorption and fluorescence spectra (8).

In our experiment, we used isolated SWNTs
in a poly(maleic acid/octyl vinyl ether)
(PMAOVE) matrix. SWNTs grown by high-
pressure CO synthesis were dispersed in an
aqueous solution of PMAOVE by a sonica-
tion method (29). In order to minimize infra-
red absorption of water, we formed a film of
SWNTs imbedded in polymer matrix by slow-
ly drying a drop of the solution. The SWNT
samples obtained by this procedure showed
fluorescence emission comparable to that of
the SWNTSs in aqueous solution.

Two-photon excitation is a nonlinear optical
effect that requires the simultaneous absorption
of a pair of photons. Femtosecond laser pulses
provided the high intensities of light necessary
to drive this process. The light source, a
commercial optical parametrical amplifier
(Spectra Physics OPA-800C), pumped by an
amplified mode-locked Ti:sapphire laser,
produced infrared pulses of 130-fs duration at

a 1-kHz repetition rate. Peak powers exceeding
108 W were obtained over a photon energy
range from 0.6 to 1.0 eV. Because these pho-
ton energies were well below the 1-photon
absorption threshold (>1.2 eV) of the relevant
SWNTs, no linear excitation occurred. A laser
fluence of 5 J/m? was typically chosen for the
measurements. At this fluence, we explicitly
verified the expected quadratic dependence of
the excitation process on laser intensity.

To detect the two-photon excitation process
in the SWNTs, we did not directly measure the
depletion of the pump beam. Rather, we used
the more sensitive approach of monitoring the
induced light emission. The scheme can thus
be described as two-photon—induced fluores-
cence excitation spectroscopy. Prior studies
have shown that rapid excited-state relaxa-
tion processes in SWNTs (20) lead to fluores-
cence emission exclusively from the 1s-exciton
state. Measurement of the two-photon—induced
fluorescence thus yielded (Fig. 1A) both two-
photon absorption spectra (from the fluo-
rescence strength as a function of the laser
excitation wavelength) and the one-photon
Ls-exciton spectra (from the fluorescence emis-
sion wavelength). Further, because the fluores-
cence peaks reflect the physical structure of
the emitting nanotubes, we obtained structure-
specific excitation spectroscopy even when
probing an ensemble sample. We detected the
fluorescence emission in a backscattering geom-
etry, using a spectrometer with 8-nm spectral
resolution and a 2D array charge-coupled de-

Fig. 1. Schematic representation of the
density of states for a SWNT, showing
the two-photon excitation (blue arrows)
with photon energy hv and subsequent
fluorescence emission (red arrows) in the
exciton and band pictures. (A) In the ex-
citon picture, the 1s exciton state is for-
bidden under two-photon excitation. The
2p exciton and continuum states are ex-
cited. They relax to the 1s exciton state

REPORTS

vice (CCD) detector. Our data sampled the in-
frared excitation range in 10-meV steps.

The measured two-photon excitation spectra
(Fig. 2) show the strength of fluorescence emis-
sion as a function of both the (two-photon) ex-
citation energy and the (one-photon) emission
energy. From the 2D contour plot, distinct fluo-
rescence emission features emerge at emission
energies of 1.21, 1.26, 1.30, and 1.36 ¢V (Fig. 2,
circles). These emission peaks have been as-
signed, respectively, to SWNTs with chiral in-
dices of (7.5), (6,5), (8,3), and (9,1) (7). It is
apparent that none of the nanotubes were excit-
ed when the two-photon excitation energy was
the same as the emission energy (Fig. 2, solid
line). Only when the excitation energy was sub-
stantially greater than the emission energy did
two-photon absorption occur. This behavior is a
signature of the presence of excitons with sig-
nificant binding energy and is incompatible with
a simple band picture of the optical transitions.

The two-photon excitation spectra for nano-
tubes of given chiral index can be obtained as a
horizontal cut in the contour plot of Fig. 2,
taken at an energy corresponding to ls-exciton
emission of the relevant SWNT. To enhance
the quality of the data, we applied a fitting
procedure (30) to eliminate background con-
tributions from the emission of other nanotube
species. The resulting two-photon excitation
spectra are shown for the (7,5), (6,5), and (8,3)
SWNTs in Fig. 3. For each of the SWNT
structures, the energy of the ls fluorescence
emission is indicated by an arrow.

and fluoresce through a one-photon pro-
cess. (B) In the band picture, the thresh-
old for two-photon excitation lies at the
band edge, where the relaxed fluores-
cence emission also takes place.

Fig. 2. Contour plot of two-photon ex-
citation spectra of SWNTs. The mea-
sured fluorescence intensity is shown
in a false-color representation as a
function of the (two-photon) excita-
tion energy and the (one-photon) fluo-
rescence emission energy. Fluorescence
peaks of different SWNT species [(7,5),
(6,5), (8,3), and (9,1) with increasing
emission energy]| can be identified (black
circles). The two-photon excitation peaks
are shifted substantially above the en-
ergy of the corresponding emission fea-
ture, as is apparent by comparison with
the solid line describing equal excitation
and emission energies. The large shift
arises from the excitonic nature of SWNT
optical transitions.

Emission energy (eV)

1.2

continuum
2p
1s hv
F 3
hv
¥
A B

1.4 1.6 1.8
Two-photon excitation energy (eV)
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The peaks in the two-photon excitation
spectra can be assigned to the energy for
creation of the 2p exciton, the lowest lying
symmetry-allowed state for the nonlinear exci-
tation process. From a comparison of this ener-
gy with that of the 1s-exciton emission feature,
we obtained directly the relevant energy differ-
ences for the ground and excited exciton states:
E, — E,, = 280, 310, and 300 meV, respec-
tively, for the (7.5), (6,5), and (8,3) SWNTs.

To determine the exciton binding energy
and understand the nature of the two-photon
spectra more fully, we considered the two-
photon excitation process in greater detail. In
addition to two-photon transitions to the 2p
state, higher lying bound excitons are also
accessible (such as 3p and 4p). The strength of
these transitions was relatively small, and they
do not account for the main features of the
spectrum. We also, however, have transitions
to the continuum or unbound exciton states.
Including the influence of electron-hole inter-
actions on the continuum transitions, we found
that the expected shape of this contribution
to the two-photon excitation spectrum could
be approximated by a step function near the
band edge (37). The experimental two-photon
excitation spectra can be fit quite satisfacto-
rily to the sum of a Lorentzian 2p exciton
resonance and the continuum transitions with
a broadened onset.

Absorption (arb. units)

1.2 14 16 18 20
Two-Photon Excitation Energy (eV)

Fig. 3. Two-photon excitation spectra of (7,5),
(6,5), and (8,3) SWNTs. The traces, offset for
clarity, show onset energies for two-photon
transitions that are appreciably higher than the
corresponding fluorescence peaks (indicated by
the arrows). The solid lines are the fits to the
excitation spectrum obtained from our exciton
model. For comparison, we show the single-
particle band model prediction for an (8,3) nano-
tube as the dashed line in the lower trace.

A more quantitative description of the two-
photon excitation spectra can be achieved with
a specific model of the effective electron-hole
interaction within a SWNT. In the model, we
consider a truncated 1D Coulomb interaction
given by the potential V(z) = —e?/[e(|z] + z,)]
for electron-hole separation z. The value of
z, = 0.30d is fixed to approximate the Coulomb
interaction between two charges distributed as
rings at a separation z on a cylindrical sur-
face of diameter d (27); the effective dielectric
screening € is the only adjustable parameter
in the analysis. This simple model provides a
good fit to the experimental data for the
different nanotube species examined when
we use an effective dielectric constant of 2.5
(Fig. 3, solid line). The features predicted in
the model have been broadened by 80 meV
(full width at half maximum). This broaden-
ing is in part experimental, reflecting the spec-
tral width of the short laser excitation pulses
(30 meV). The main contribution, however,
is the width of the excitonic transition itself.
This width is ascribed to lifetime broadening
associated with the rapid relaxation of the ex-
cited states to the ls exciton state (20). From
this analysis, we determined the energy of 2p
for the three SWNT species in Fig. 3 to be
E,,=-120 meV with respect to the onset of the
continuum states at the band gap energy E,.

Combining the previously determined E, -
E| energy difference with the position of the
2p exciton relative to the continuum, we
obtained an overall binding energy for the
ground-state (1s) exciton of £_ = (E . E s
420 meV for the investigated SWNTs. This
value is comparable to recent theoretical
predictions of large exciton binding energies
(13, 14). The exciton binding energy thus con-
stitutes a substantial fraction of the gap energy
E, = 13 ¢V for our 0.8-nm SWNTs. To put
this result in context, the exciton binding en-
ergies in bulk semiconductors typically lie in
the range of several meV and represent a slight
correction to the band gap. Furthermore, be-
cause thermal energies at room temperature
exceed typical bulk exciton binding energies,
excitonic effects in bulk materials can be large-
ly neglected under ambient conditions. This sit-
uation clearly does not prevail for SWNTs.

We can understand the strong increase in
excitonic effects in the SWNTs as the conse-
quence of two factors. The first arises from a
general property of reduced dimensionality: In
three dimensions, the probability of having an

Fig. 4. Density of the 1s-exciton en- R=1.2 nm
velope wave function for a (6,5) SWNT.
The wave function has been calculated ."'- e e

using the experimentally determined ag.’r” /“.’"‘*!\ rﬁﬁ?“‘gg{'

exciton binding energy and the truncated !@

Coulomb electron-hole interaction. The

density represents the probability of =

finding the electron and hole composing

the exciton at the indicated relative separation. The half width of the exciton along the nanotube
is R = 1.2 nm, compared to the 0.8-nm diameter of the nanotube.

electron and hole separated by a displacement
of  includes a phase space factor of 72, favor-
ing larger separations over smaller ones. In one
dimension, no such factor exists. Short separa-
tions are thus of greater relative importance, and
the role of the Coulomb interactions is enhanc-
ed. The second factor relates to the decreased
dielectric screening for a quasi-1D SWNT sys-
tem. This effect arises because the electric field
lines generated by the separated electron-hole
pair travel largely outside of the nanotube, where
dielectric screening is decreased. Because these
effects are general features arsing from the 1D
character, they should be widely present in 1D
systems. Indeed, similar excitonic effects have
been extensively studied in a large family of
1D structures of conjugated polymers (24).

To help visualize the strongly bound ex-
citons in SWNTSs, we estimated the exciton’s
spatial extent, i.e., the typical separation be-
tween the electron and the hole in the corre-
lated exciton state. Assuming an exciton kinetic
energy comparable to its binding energy E_,
which applies precisely for 3D excitons, we
obtain the relation £, ~ h?/2mR?, where it
is Planck’s constant h divided by 2z, m is
the reduced electron-hole mass, and R is the
exciton radius. For m = 0.05 m,, (21), we de-
duced from our experimental binding energy
a ground-state exciton radius of R = 1.2 nm.
This value is similar to that obtained by cal-
culation within the truncated Coulomb model
specified above. Figure 4 provides a represen-
tation of the calculated density distribution of
the exciton envelope wave function. The re-
sult is a highly localized entity, with a spatial
extent along the nanotube axis only slightly
exceeding the nanotube radius of 0.8 nm.

The importance of excitonic effects is clear
for the interpretation and assignment of the ob-
served optical spectra, as discussed in the litera-
ture on the relation of the £, and £, transition
energies in SWNTs (7, 15, 17). The excitonic
character of the optically excited state also
has immediate implications for optoelectronic
devices and phenomena. For example, photo-
conductivity in SWNTs should have a strong
dependence on the applied electric field, be-
cause charge transport requires spatial sepa-
ration of the electron-hole pair. The excitonic
character of optically excited SWNTs also
raises the possibility of modifying the SWNT
transitions through external perturbations, thus
facilitating new electro-optical modulators and
sensors. More broadly, the strong electron-hole
interaction demonstrated in our study high-
lights the central role of many-body effects in
1D materials.
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Zircon Thermometer Reveals
Minimum Melting Conditions
on Earliest Earth

E. B. Watson'* and T. M. Harrison?>

Ancient zircons from Western Australia’s Jack Hills preserve a record of con-
ditions that prevailed on Earth not long after its formation. Widely considered
to have been a uniquely violent period geodynamically, the Hadean Eon [4.5
to 4.0 billion years ago (Ga)] has recently been interpreted by some as far
more benign—possibly even characterized by oceans like those of the present
day. Knowledge of the crystallization temperatures of the Hadean zircons is
key to this debate. A thermometer based on titanium content revealed that
these zircons cluster strongly at ~700°C, which is indistinguishable from tem-
peratures of granitoid zircon growth today and strongly suggests a regulated
mechanism producing zircon-bearing rocks during the Hadean. The temperatures
substantiate the existence of wet, minimum-melting conditions within 200
million years of solar system formation. They further suggest that Earth had
settled into a pattern of crust formation, erosion, and sediment recycling as

early as 4.35 Ga.

The first 500 million years of Earth evolu-
tion, a period known as the Hadean Eon, was
the most geodynamically vigorous in our
planet’s history. During this time, it is vari-
ously speculated that the Earth may have expe-
rienced collision with a Mars-sized object (1),
formed a global magma ocean (2), grown the
first continents (3), and seen the emergence
of life (4). It is also entirely possible, and
consistent with the geochemical record, that
none of these events took place. The fun-
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damental problem is that we have no rock
record from this interval to learn about these
processes because the oldest firmly dated rock
is 4.04 Ga (5). How, then, are we to gain fur-
ther insights into the formative stages of Earth
evolution?

Although no Hadean rocks are yet docu-
mented, we are not entirely without a geo-
chemical record of the period between 4.5 and
4.0 Ga. The existence of zircons >4.1 Ga
preserved in Early Archean metasediments at
Mt. Narryer and Jack Hills, Western Australia,
has been known for more than 20 years (6, 7),
and recent measurements have begun to glean
information from them regarding the nature of
the Hadean Earth. For example, Hf isotopic
studies suggest the existence of reworked
continental crust before 4.1 Ga (8). Oxygen
isotope results have been interpreted as indicat-
ing that protoliths of ~4.3-Ga magmas formed
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in the presence of water at the Earth’s surface
(9, 10). Xenon isotopic studies of these ancient
zircons have permitted an estimate of the initial
terrestrial plutonium/uranium ratio, a parame-
ter key to understanding the origin and evo-
lution of the atmosphere (117).

These and other results have challenged the
traditional view that continental formation and
development of a hydrosphere were frustrated
by meteorite bombardment and basaltic igne-
ous activity until ~4 Ga. Instead, they suggest
a surface environment and petrogenetic pro-
cesses much more similar to those of the
present day. Here, we exploit a newly devel-
oped thermometer, based on Ti incorporation
into crystallizing zircon, to assess the nature of
Hadean magmatism. From these analyses, we
conclude that Jack Hills zircons were domi-
nantly sourced from crustal melts that formed
at temperatures ranging from those character-
istic of wet, minimum melting to vapor absent
melting under anatectic conditions.

Titanium content is uniquely suitable as a
potential indicator of zircon crystallization
temperature. As a tetravalent ion under all
relevant geologic conditions, Ti enters the
zircon lattice in homovalent replacement of
Zr4+ or Si*+. Consequently, Ti uptake does
not depend on the availability of other charge-
compensating ions. For the TiO,-saturated
case (i.e., rutile present in the system), the
thermodynamic basis of the thermometer is
the simple reaction

Tioz(ruti]e) = Tioz(zircon) (1)

for which the equilibrium constant is

zircon

_ YT1io,
k= -

arupIe

TiO,

where a,, is the activity of TiO, in rutile or
zircon as indicated by the superscript. Be-
cause rutile is nearly pure TiO,, arT"fgze ~1,s0
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post date 9 September 2005

Reports: “The optical resonances in carbon nanotubes arise from excitons” by
F.Wang et al. (6 May 2005, p. 838). In the sixth line of the abstract, the word
“bond” should instead be "band.”
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