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CONSPECTUS: In electronic structure theory, electron−
electron repulsion is normally considered only in an average
(or mean field) sense, for example, in a single Hartree−Fock
determinant. This is the simple molecular orbital model, which
is often a good approximation for molecules. In infinite
systems, this averaging treatment leads to delocalized
electronic bands, an excellent description of bulk 3D sp3

semiconductors. However, in reality electrons try to
instantaneously avoid each other; their relative motion is
correlated. Strong electron−electron repulsion and correlation
create new collective states and cause new femtosecond kinetic processes. This is especially true in 1D and 2D systems. The
quantum size effect, a single electron property, is widely known: the band gap increases with decreasing size. This Account
focuses on the experimental consequences of strong correlation. We first describe π−π* excited states in carbon nanotubes
(CNTs). To obtain the spectra of individual CNTs, we developed a white-light, right-angle resonant Rayleigh scattering method.
Discrete exciton transitions dominate the optical absorption spectra of both semiconducting and metallic tubes. Excitons are
bound neutral excited states in which the electron and hole tightly orbit each other due to their mutual Coulomb attraction. We
then describe more generally the independent roles of size and dimensionality in nanoelectronic structure, using additional
examples from graphene, trans-polyacetylene chains, transition metal dichalcogenides, organic/inorganic Pb iodide perovskites,
quantum dots, and pentacene van der Waals crystals. In 1D and 2D chemical systems, the electronic band structure diagram can
be a poor predictor of properties if explicit correlation is not considered. One- and two-dimensional systems show quantum
confinement and especially strong correlation as compared with their 3D parent systems. The Coulomb interaction is enhanced
because the electrons are on the surface. One- and two-dimensional systems can exhibit essentially molecular properties even
though they are infinite in size. Zero-dimensional Qdots show quantum confinement and modest electron correlation.
Correlation is weak in 3D bulk semiconductors. Strongly correlated electronic states can behave as if they have fractional charge
and effectively separate the spin and charge of the electron. This is apparent in the “soliton” state of polyacetylene, the fractional
charge quantum Hall state of graphene, and the Luttinger electrical conductivity of metallic CNTs.

■ SINGLE CARBON NANOTUBES OBSERVED BY
RAYLEIGH SCATTERING

Iijima’s 1991 discovery of sp2 hybridized single wall CNTs was
a seminal event in nanoscience.1 It focused attention on
extended π electron systems in nearly one-dimensional (1D)
CNTs (Figure 1) and eventually in 2D graphene sheets (Figure
2). The CNT family became especially intriguing because it was
quickly realized that some would be metals while others would
be semiconductors.2,3 These extended π systems have no
surface states and show very high carrier mobilities. The
subsequent worldwide research explosion led to the 2004
discovery by Geim, Novoselov, and co-workers4 of an effective
way to exfoliate single graphene sheets.
My colleagues and I began to think about CNT excited

electronic states. There are hundreds of structurally different
CNTs, and thus there is a strong reason to experimentally study
single nanotubes. At this time we were exploring single
molecule and single quantum dot luminescence using far-field
confocal techniques.5,6 Because luminescence is a zero
background method, individual molecules and quantum dots
emitting in the visible with unity quantum yields are relatively
easy to detect. However, metallic CNTs do not luminescence.

Smalley, Weisman, and co-workers discovered that micelle-
solubilized semiconductor CNTs emit,7 but the emission was in
the near-infrared with low quantum yield. They observed good
heterogeneous ensemble emission spectra, but it would be hard
to detect single tubes.
It also seemed daunting to try to directly measure the optical

absorption spectrum of one tube, because this would
necessitate the measurement of light attenuation at perhaps 1
part in 107. We thought about the possibility of elastic Rayleigh
scattering detection. In molecular spectroscopy, one would
never consider Rayleigh scattering, because the Rayleigh cross
section is far smaller than the absorption cross section.
However, Rayleigh scattering is a coherent process that scales
as the square of an object’s size, compared with absorption,
which typically scales linearly with size. As size increases,
Rayleigh scattering increases faster than optical absorption.
Thus, nanoscale objects might have detectible Rayleigh
scattering; indeed, Ag nanoparticle Rayleigh (plasmon)
scattering is easily observed. At this time, we were using
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white light Rayleigh scattering to study single molecule surface
enhanced Raman scattering (SERS) in Ag colloids.8,9

Rayleigh scattering would detect both metallic and semi-
conducting tubes. The Rayleigh spectrum would essentially
mimic the absorption spectrum, because the Rayleigh cross
section has a resonance at optical absorption energies.
Moreover, right angle Rayleigh scattering is a zero background
technique like luminescence. With Zhonghua Yu in 2001, we
set out to measure CNT Rayleigh scattering.10 Matt Sfeir
observed individual tubes using a high brightness, super-
continuum light source, in close collaboration with Feng Wang,
Tony Heinz, Jim Hone, and colleagues.11,12 Combining Raman,

TEM and Rayleigh measurements on single tubes was
especially informative (Figure 3).13−15

The Rayleigh spectra showed discrete, molecule-like excited
states for both metallic and semiconducting tubes. The metallic
tube spectra are far different than the featureless broad spectra
of bulk metals such as Cu or Pt. We focused on trying to
understand CNT excited electronic states and strong
correlation more generally.16

■ CARBON NANOTUBES AND GRAPHENE

In 1997, Ando predicted pronounced exciton effects in
semiconducting CNTs due to strong electron correlation.17

Let us ignore correlation for the moment. CNTs show
quantized, discrete electron motion for π electrons going
around the circumference; such electrons need to interfere
constructively with themselves in order to create a stationary
state. Thus, only discrete values of momentum and wavelength
are allowed. This is analogous to the postulate for quantum
circular motion in the Bohr model of the hydrogen atom.
However, for motion along the infinite nanotube length, there
is translational symmetry, and consequently the electron wave
functions are Bloch running waves in continuous energy bands.
Without correlation, the fundamental π to π* band gap
transition (HOMO−LUMO) is delocalized along the entire
tube length. The HOMO hole and LUMO electron are
eigenfunctions of momentum. The electron moves independ-
ently of the hole.
If one now considers correlation, bound neutral exciton

states can exist at energies below the band gap, at which free
carriers move independently along the entire CNT length.
Correlation creates attractive Coulomb interaction between the
positive hole and negative excited electron. Attraction for the
positive “hole” represents the net effect of repulsion with all the
remaining electrons in the valence band. If the Coulomb
interaction is strong then the exciton lies far below the band
gap. The exciton is a mutually bound electron and hole orbiting
each other in correlated motion at a separation of ca. 2 nm
(Figure 4). This state is similar to a π−π* excited state in an
aromatic molecule.
Gordana Dukovic, working very closely with Feng Wang and

Tony Heinz, measured the strength of the binding by
comparing one-photon and two-photon luminescence excita-
tion spectra.18 The exciton was bound by about 450 meV in the
(6,5) tube. This is about a factor of 50 larger than in bulk 3D

Figure 1. (a) CdSe nanocrystal without ligands: Se atoms red and Cd
atoms blue. (b) Carbon nanotube.

Figure 2. Graphene.

Figure 3. Rayleigh spectra of semiconducing (SC) and metallic (M) SWNTs. Inserts highlight vibronic bands (PSBs) in SC tubes. Reprinted with
permission from ref 16. Copyright 2010 American Chemical Society.
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semiconductors such as silicon and GaAs. CNT excitons have
become an active research area.19

Strong correlation also allows individual electrons to decay
into multielectron species. For example, a “hot” electron with
large kinetic energy, far above the CNT conduction band edge,
could decay:

→ +− −e (hot) e (band edge) an exciton (1)

In this process, one electron becomes two electrons and one
hole, thus conserving charge. The process is allowed if energy
and momentum are also conserved. This nonradiative
electronic transition competes with vibrational cooling of the
hot electron to the band edge. In almost all physical systems,
hot carriers normally decay by vibrational heat production:
indeed this is the process that creates the Shockley−Queisser
limit in photovoltaics. A pioneering 2005 experiment by
Avouris and co-workers showed that process 1 is amazingly fast
in semiconductor CNTs.20 If an electron is injected and
accelerated in a semiconductor CNT with applied source−drain
voltage, very strong exciton luminescence created by process 1
occurs. The rate is near 10+15 s−1,21 corresponding to a lifetime
of only 1 fs. This decay to a multielectron state is as fast as any
dynamical process can be in molecular science. In a related
experiment (Figure 5), McEuen and co-workers22 observed
that absorption of highly energetic photons, in a similar CNT
with applied voltage, led to carrier multiplication with unity
quantum yield in the electrical current at low temperature. Baer
and Rabani calculated that the initial highly excited exciton
decays into a very hot electron in the third transverse
conduction band, plus a hole on the valence band edge.23

Part of the energy to create the very hot electron comes from
the initial photon, and part from electron acceleration caused
by the applied voltage. This hot electron then generates
multiple carriers at a near 10+15 s−1 rate, as in the Avouris
experiment.
These experiments show that correlation is especially strong

in semiconductor CNTs. Indeed even in metallic nanotubes,
strong correlation causes the absorption spectrum to consist of
bound neutral excitons (as we observed by Rayleigh scattering)
rather than continuous bands.24

Why is correlation so strong in nanotubes? In CNTs, the
effective electronic structure is between 2D and 1D, while bulk
silicon and GaAs are 3D. Twenty five years ago, the role of pure
dimensionality in correlation was first considered,25 when
studies of thin 2D semiconductor GaAs sheets, “quantum
wells”, showed that excitons were stronger in 2D GaAs than in
3D GaAs. Exciton binding is related to the magnitude of the
Coulomb interaction averaged over electron kinetic motion. In
3D GaAs, if one mathematically confines electron−hole motion
to a 2D plane, as compared with the natural motion in 3D, the
calculated lowest exciton binding energy is four times as large
as in 3D. Using the Virial Theorem, the electron−hole
Coulomb interaction is also four times as large. If one
mathematically confines motion to a line in GaAs, the exciton
Coulomb energy diverges.26 Moving electrons cannot avoid
each other in 1D. From this point of view, 1D systems should
show maximal electron correlation. (Correlation in 0D
quantum dots is weaker as discussed later.) Note also that as
the overlap of electron and hole increases in 2D and 1D, the
integrated intensity of exciton optical absorption peaks
increases. For strong correlation, discrete exciton peaks
completely dominate the optical spectra, replacing continuous
bands.27

There is a second aspect of dimensionality that increases
correlation in 2D and 1D: decreased dielectric screening.28 In
bulk 3D semiconductors, screening is strong. In a homoge-
neous dielectric, the screened Coulomb potential is e2/(εr);
thus inside a Si crystal with dielectric constant ε = 11.7, the
Coulomb interaction is an order of magnitude weaker than in
vacuum. Screening depends upon the neighborhood; it is
nonlocal. In CNTs, the sp2 π electrons are right on the surface.
Part of the electric field extending from electron to hole fringes
out of the nanotube into the neighborhood. The net screening
depends upon the dielectric constant of the surroundings; in
vacuum, the effective ε for a semiconductor nanotube is about
factor of about four less than that in a 3D silicon crystal.
Theoretically, the Coulomb interaction in a 2D dielectric sheet
of vanishing thickness has both a short-range, partially screened
logarithmic component and a longer unscreened 1/r

Figure 4. (a) Bound exciton on SWNT. (b) Two photon absorption
processes with 1s and 2p excitons. Red fluorescence occurs from the
lowest 1s exciton. (c) Hypothetical two photon process without
correlation. Reprinted with permission from ref 16. Copyright 2010
American Chemical Society.

Figure 5. (A) Schematic of hot carrier vibrational relaxation to the
band edge creating heat. (B) Hot electron relaxation creating an
exciton. Both processes result from absorption of a high energy
photon. (C) Molecular orbitals for singlet fission in a pentacene
crystal.
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component.29 The Coulomb interaction between electron and
hole in a Qdot involves nonlocal image charges that represent
the dielectric interface between Qdot and surroundings.30

The CNT acts very much as a molecule: properties depend
somewhat upon the local environment, and the optical
absorption spectrum consists of tightly bound neutral exciton
states, rather than continuous bands of free carriers.
Even though 2D graphene is a semimetal and shows broad

continuous optical absorption, electron correlation is strong. In
the ultraviolet, a short-lived exciton bound by about 400 meV
forms at the M saddle point.31,32 This exciton is embedded in
the free carrier bands, and interference creates an asymmetric
Fano line shape. Optically excited graphene shows strong
carrier multiplication within 100 fs, on a faster time scale than
vibrational carrier cooling to the Fermi level.33,34 This is
analogous to similarly fast exciton generation in semiconductor
carbon nanotubes. Also, remarkably strong correlation is
observed in the graphene ground electronic state, in the
presence of an intense perpendicular magnetic field, which
causes electrons to orbit in tight circles (Landau levels). This π
electron localization removes the effect of kinetic energy and
allows full correlation, due to an almost unscreened Coulomb
interaction, to form. This coupled π electron ground state
shows a robust fractional charge quantum Hall effect, the classic
signature of a strongly correlated system, at low temper-
ature.35,36

■ TWO-DIMENSIONAL SHEETS OF LEAD IODIDE
PEROVSKITES AND TRANSITION METAL
DICHALCOGENIDES

In 1989, Ishihara, Takahasi, and Goto discovered that organic−
inorganic lead iodide materials show a striking electron
correlation increase in 2D sheets.37 Three-dimensional bulk
CH3NH3PbI3 is a cubic perovskite 1.6 eV direct gap
semiconductor, in which methylammonium ions balance the
charge of [PbI6]

4− octahedra. This material is conveniently
processable and recently has found use in efficient solar
cells.38,39 By using longer hydrocarbon counterions, one can
synthesize layered 2D versions of 1, 2, and 3 unit cell thickness
as van der Waals crystals (Figure 6).40 These materials
luminesce strongly and can be easily exfloliated.41 Figure 7
compares the optical spectra of the one layer thick
(C10H21NH3)2PbI4 2D van der Waals crystal with the cubic
3D parent. While the 3D parent has a very small exciton peak at
1.6 eV with broad continuous bands to high energy, the 2D
material has an intense, dominant exciton peak at 2.58 eV, with
weaker structured absorption to higher energy.42,43 This change
is a dimensionality effect: the Pb and I orbitals for the valence
and conduction bands are similar in 2D and 3D material.44 In
going from 3D to 2D, the band gap increases by about 1 eV due
to quantum confinement in the perpendicular direction. The
exciton binding energy increases from 37 meV in 3D to 320
meV in 2D.45 This near 10-fold increase reflects both the factor
of 4 kinetic effect discussed above for GaAs, and a substantial
decrease in the local dielectric constant in the presence of large
hydrocarbon counterions. Figure 8 schematic compares band
gaps and exciton binding in 3D and 2D.
Very similar effects occur in thin CdSe platelets made by

colloidal chemical synthesis46 and in 2D transition metal
dichalcogenides. Bulk MoS2 (Figure 9) is a van der Waals
crystal of hexagonal sheets exhibiting trigonal prismatic S
coordination around Mo atoms. MoS2 is an indirect gap
semiconductor and luminescences weakly in the IR. However,

exfoliated single MoS2 sheets are direct gap and luminesce
strongly in the visible.47,48 Calculation49 shows that valence
band S orbitals at the indirect gap interact from one layer to the
next, delocalizing the indirect gap in the perpendicular
direction. This delocalization is lost in isolated single sheets,
and thus the indirect gap shifts to higher energy, rising above
the direct gap. This is a quantum size effect as in 2D lead
iodide. States at the direct gap however are formed from
crystal-field-split Mo d orbitals and are delocalized in the 2D
plane. The direct gap energy is thus insensitive to the number
of layers.

Figure 6. (A) Two-dimensional organic−inorganic Pb iodide
perovskites; m is the number of perovskite layers in a 2D structure.
(B) Photograph showing material color change with m. (C)
Luminescence spectra as a function of m. The m = 3 spectra are
similar to the bulk 3D perovskite material. Adapted from ref 41.

Figure 7. Absorption spectra (4.2 K) of 0, 2, and 3D perovskites. (a)
0D, molecular crystal of individual (CH3NH3)4PbI6·2H2O molecules;
(b) 2D, m = 1 layered van der Waals crystal as in Figure 6; (c) 3D,
bulk cubic perovskite crystal. Figure from ref 43, reprinted with
permission from the Journal of the Physical Society of Japan.
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Single MoS2 sheets show a pronounced 1.88 eV exciton in
both absorption and luminescence: this exciton is split into A
and B peaks by the spin−orbit coupling of the valence band.
This exciton is tightly localized spatially with a radius of 1 nm
and shows an unprecedented ca. 25 meV binding to any free
electrons present in the sheet.50 Such strongly bound trions are
another manifestation of strong Coulombic interaction.51 A
recent correlated GW-BSE calculation52 in Figure 10 also
shows several higher excitons, which are lifetime broadened
into an apparent continuum as experimentally observed. In
supported WS2 sheets, the lowest exciton is experimentally
bound by 320 meV.53 WS2 also shows a Rydberg series of
higher excitons whose relative spacing indicates that the
Coulomb attraction deviates from the simple 1/r hydrogenic
potential, as discussed earlier for 2D sheets.

■ QUANTUM DOTS AND MOLECULES
Zero dimensional (0D) quantum dots (Qdots, Figure 1) of sp3

semiconductors have discrete energy levels and essentially are
large molecules.54 Qdot electron and hole wave functions have
nodes on the Qdot surface; the electron and hole are both
“inside”, and thus the Coulomb interaction is strongly screened,

similar to 3D bulk semiconductors. A 4 nm CdSe Qdot is
calculated to have a relative dielectric constant within 10% of
the bulk 6.2 value.55 True excitons, that is, correlated electron−
hole pairs bound solely by their Coulomb attraction, do not
form in 4 nm Qdots. The lowest 1s exciton spatial (quantum
confined) pattern is fixed by the Qdot size and shape; this is
analogous to a molecular orbital spatial pattern being
determined by atom positions. The individual quantum
confinements of electron and hole add to shift the excited
state to higher energy than the bulk band gap. The net
Coulomb interaction between electron and hole stabilizes the
excited state energy by a few tenths of an eV but does not
induce correlated electron−hole relative motion or strongly mix
this lowest 1s excited state with other states. This state is more
like a molecular excited state. Nevertheless, Qdot excited states
are historically labeled “excitons”.
A 4 nm Qdot contains about a thousand atoms;

consequently the density of excited electronic states increases
extremely rapidly with energy. At energies about three times the
band gap, single excitons are always degenerate with two or
more excitons based upon lower energy electrons and holes.
Correlation allows the Qdot single energetic exciton to decay
irreversibly into these two band gap excitons in the multiple
exciton generation (MEG) process.56−58 Modest MEG
efficiencies reaching 30% at energies near three times the
scaled band gap have been observed.59 Stochastic Fermi
Golden Rule calculations suggest that MEG occurs due to
extremely high densities of degenerate multiexciton states,60,61

even though the Coulomb interaction is strongly screened.
Qdot MEG produces two excitons from one high energy

photon. The fact that one Qdot can contain two excited states
is another consequence of large size: this does not occur in
molecules. However, the second exciton is short-lived as two
relaxed excitons, confined in the same Qdot, interact and decay
by Auger recombination, which is essentially the inverse of the
original MEG process. On the other hand, one exciton is stable
in a well-made core/shell Qdot. Such Qdots have near unity
luminescence quantum yields, can survive billions of excitation/
emission cycles, and show vivid emission colors. Red and green

Figure 8. Schematic of increased (a) Coulomb interaction and (b)
exciton binding in 2D compared with 3D materials. Adapted from ref
53.

Figure 9. Schematic diagram of four partial layers of MoS2 van der
Waals crystal. S atoms (yellow) exhibit trigonal prismatic coordination
around Mo atoms (blue). Figure from Michael Steigerwald.

Figure 10. GW-BSE correlated calculation of single sheet MoS2 optical
spectra. Panel a shows spectra with and without correlation creating
excitons. Panel b shows the predicted spectra including calculated fast
vibrational cooling, which makes the discrete structure of the higher
excitons appear to be a continuum. Panel b is close to the experimental
spectrum. Figure from Professor Steven Louie at Berkeley.
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luminescent Qdots have been used for display in Sony TVs and
Kindle tablets.
Strong correlation appears from states that are near

degenerate. In small molecules, states are sparse, and accidental
degeneracies are rare. When two or a few zero-order states are
degenerate, correlation creates coherent mixing, as occurs in
short polyenes to be described below and in short tubular
aromatic molecules based upon the (5,5) metallic carbon
nanotube.62 Polyacene van der Waals crystals show correlation-
induced excited singlet fission into two triplets on neighboring
molecules.63−65 In pentacene, there is close degeneracy
between the triplet pair and the excited singlet (Figure 5);
fission occurs within 70−100 fs. The initial singlet excited state
is delocalized over several molecules, and has partial charge
transfer character. Zhu and co-workers showed that the initial
singlet is coupled to an intermediate multiexciton state.66,67

This occurs indirectly through charge transfer states with an
effective strength of ca. 200 meV.68−70 The intermediate state
quickly decays into two relaxed triplets that are independently
mobile in the crystal.

■ SOLITONS IN POLYACETYLENE
As a final example, we discuss the remarkable, purely 1D π
electron system of linear all-trans polyacetylene (PA). In a
simple Huckel treatment with equal bond lengths, infinite PA is
a metal with a half filled band. Such a 1D metal is unstable
under Jahn−Teller (Peierls) distortion, and thus PA actually is
a semiconductor with alternating short and long bonds. Such a
1D semiconductor should show very strong exciton effects, and
correlated GW calculations do show that the optical spectrum
is completely dominated by one neutral exciton sitting about
400 meV below the band gap, which itself is not apparent in the
spectrum.71

It has long been understood that strong correlation is
important in excited states of short linear conjugated polyene
molecules.72 As chain length increases beyond butadiene,73 a
nonluminescent Ag state drops below the optically allowed Bu
state. In octatetraene, for example, this Ag state is a mixture of
singly and doubly excited configurations and requires a
multideterminant, explicitly correlated wave function.74 This
is the beginning of the strong correlation seen in the infinite PA
chain.
Polyacetylene also exhibits a unique “soliton” correlated state

not seen in the examples above. Su, Schrieffer, and Heeger75

predicted that the vibrational mode that interchanges short and
long bonds would create a “soliton” vibronic state, as shown in
Figure 11, inside the band gap. Consider a PA chain in which a

short section has reversed long/short bonds with respect to the
parent chain. This section (or domain) will have two interfaces
with the main chain, at each of which there will be one carbon
atom with an unpaired p electron. These two interface regions
are solitons. Solitons contain an odd number of sp2 carbons and
thus are neutral yet show spin 1/2. They are an excitation of the
ground state chain showing uniform long/short bond

alternation. When close together, the two solitons interact to
form an excited singlet or triplet state, analogous to a normal
molecular excited state. In fact, Taven and Schulten have
argued that the lowest PA 1Ag covalent excited state could
spontaneous separate into two components.76

Separated solitons are independently mobile along the chain.
Because the long/short bond length difference is not large, the
soliton boundary region moves with an effective mass
calculated to be about 6 times an electron mass. Separated
solitons represent promotion of effectively one-half electron
each.
The exciton, and even relaxed individual electrons and holes

at the band edges, are not stable in PA.77 A valence band hole
decays into a soliton at lower energy. The initial hole has
positive charge and spin 1/2. The ionized soliton produced by
hole decay has positive charge and spin zero. (Charged solitons
are odd alternate hydrocarbon ions in organic chemistry.78)
The spin is zero because the unpaired p electron is gone. The
nearby π electrons are paired up across the short bonds with
opposite phases to the left and right of the junction. In PA
chemically hole doped by adsorbed halogens, mobile charged
solitons (carbonium ions) carry current along the chain. When
PA is optically excited, the initial exciton decays into two
solitons of opposite charge within 250 fs.79 Thus, PA solitons
effectively separate electron spin and charge and show behavior
expected of fractional charge.80

While CNTs and graphene do not show bond alternation,
graphene armchair edges naturally impose some local bond
alternation. A large graphene structure in the shape of a
hexagon with armchair edges is predicted to show fixed solitons
at its six vertices, which effectively act as boundaries between
armchair edges of different bond phases.81 Solitons involve
unpaired single p electrons at mobile zone boundaries. Zigzag
edges on graphene also have localized nonbonding p electrons
that couple together to form biradical-type magnetic edge
states, as studied in the model compound quarteranthene82

■ FINAL COMMENTS ON STRONG ELECTRON
CORRELATION

In 1D and 2D materials, an electronic band structure diagram
by itself can be misleading if one does not consider explicit
correlation. In strictly 1D systems, electrons cannot move in
ways to avoid collisions with each other. Thus, a 1D metal is
very strongly correlated; we have seen above how metallic CNT
spectra are dominated by excitons. In addition, electrical
conductivity does not obey the simple free electron model valid
in 3D metals such as Cu or Pt. McEuen, Smalley, and co-
workers showed that π electrons in metallic CNTs conduct
electricity as predicted by a correlated Luttinger model, in
which charge and spin effectively separate.83,84 This is similar to
the quantum Hall effect and the soliton.
The correlated soliton structure is logical, being rooted in

valence bond ideas about local electron pairing. Local pairing is
at the heart of “electron pushing” reaction mechanisms in
organic chemistry. The valence bond approach is naturally
correlated. Valence bond, Hubbard, and Pariser−Parr−Pople
(PPP) theories all offer increased electron−electron repulsion
over that present in Hartree−Fock molecular orbital wave
functions.85 These simplified models all offer insight, but it is
very hard to do accurate systematic calculations on large
systems.
The correlated exciton in 1D and 2D systems is also logical,

being rooted in the idea of a bound state formed from orbiting

Figure 11. Soliton junction between domains in polyacetylene. The
dot is an unpaired p electron. Note that the double bonds have
opposite phases left and right of the junction.
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charges of opposite sign. This simple model gives nearly
quantitative results. In forming an exciton, the Coulomb
interaction creates a localized Fourier transform of spatially
delocalized band states. As delocalization becomes weaker, a
deeper and tighter bound exciton is formed. The MoS2 family
shows remarkably strong exciton effects. Here the 2D
conduction and valence bands are both composed of crystal-
field-split Mo d orbitals, which typically show weak effective
Mo−Mo bonding and thus modest kinetic delocalization.
When kinetic delocalization is not large, the Coulomb

repulsion is relatively more important and can even dominate
as occurs in Mott insulator solids. Strong correlation can create
exotic electrical and magnetic phase diagrams. Decades of
intense research has led to partial understanding of strongly
correlated solids.86−88 New theoretical approaches are being
implemented.89−91 The GW-BSE approximation often accu-
rately predicts excitonic optical spectra.92

The full complexity of strong correlation is revealed in high-
temperature superconductors containing transition metals.
Complexity is often associated with 2D bonding at the Fermi
level, such as in the copper oxide La2−xSrxCuO4 and iron
pnictide LaFeAsO1−xFx families. Many fundamental questions
remain open, and there is little predictive ability at present.
Superconductivity involves mobile singlet electron pairs
carrying current. Indeed, one early theory of high temperature
superconductivity was inspired by Linus Pauling’s idea of
resonating valence bonds.93
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