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Disentanglement of the electronic properties of metallicity-selected single-walled
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The inherent structure of single-walled carbon nanotubes (SWCNTs) provides them tremendous value as
archetypical one-dimensional (1D) solids, which exhibit van Hove singularities in their local density of states,
Tomonaga-Luttinger liquid behavior, ballistic transport properties, and in many other aspects, features of 1D
quantum systems, which allow the study of fundamental problems. Therefore, unraveling the signature of their
peculiar electronic structure as pristine material is a prerequisite for tracing any modification. Here, we show
the disentanglement of the unique 1D features and bonding environments in clean metallicity sorted nanotube
films. The photoemission and x-ray absorption responses unambiguously reveal how the fine structure in the
Cls edge and photoemission valence band separately discerns the SWCNT metallic and semiconducting
nature. This has crucial implications for applications allowing for instance finding the limit of maximum

conductivity in transparent electrodes or the uniformity of power transistors, among others.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) have turned
into a technological and scientific spotlight, propelled to an
unprecedented level after Iijima’s reported observations in
transmission electron microscopy (TEM).! The mechanical
and electronic properties of these structures are mainly given
by their internal arrangement of C atoms with sp? hybridiza-
tion. This geometrical organization gives raise to metallic or
semiconducting SWCNTs with exceptional features. They
are ideal one-dimensional (1D) conductors with unusual
transport properties such as ballistic transport and
Tomonaga-Luttinger liquid (TLL) ground state (in metallic
tubes).? SWCNTs exhibit in many other aspects properties of
1D quantum systems, in which fundamental problems can be
studied. This makes them one of the most promising materi-
als to study tunable correlation effects. However, one of the
imminent problems toward applications has been the produc-
tion of mixtures of semiconducting and metallic species.
Still, experiments with different methods, using bulk samples
of SWCNT (mats) with mixed metallicity, have made pos-
sible the identification of their corresponding van Hove sin-
gularities (vHs). These features, which are characteristic of
the 1D density of states (DOS) of the SWCNTSs, are visible in
the differential conductance,® the loss-function,* the optical
absorption (OAS),> photoemission (PES),®” and Cls x-ray
absorption (XAS) response.® It has also been feasible to con-
firm the 1D Tomonaga-Luttinger power law scaling by va-
lence band PES®’ and nuclear magnetic resonance (NMR).’
In this context, the recent advances toward sorting out
SWCNTs according to metallicity have opened the possibil-
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ity to study experimentally long theoretically predicted phe-
nomena. Nowadays, it is possible to perform separation of
nanotubes with electrophoresis-based as well as ultra-
centrifugation-based techniques. For the material shown
here, we have used nanotubes separated via density gradient
ultracentrifugation (DGU), which is one of the most efficient
and clear ways to attain metallicity sorting.'®

In this work, we have used metallicity sorted samples,
which additionally exhibit a very narrow Gaussian diameter
distribution centered at 1.37 nm. The very small spread of
0.08 nm ensures the availability of SWCNTs in a range of
uniform energy gap distribution, which enables us to access
the bulk electronic properties of metallicity selected mats of
SWCNTs. These properties are here unraveled with a com-
bined high resolution PES and XAS approach. As a result,
the TLL power law scaling in bulk metallic SWCNTs in the
metallic ground state is presented together with a core level
PES study, which reveals a textbook example for metallic
and semiconducting sp? carbon systems owing a narrow Cls
response. The metallic tubes exhibit an asymmetric Doniac-
Sunijic form, while the semiconducting Cls display a sym-
metric Voigtian. Using valence band PES and XAS we show
the individual manifestation of the 1D band structure and
directly probe all vHs in the occupied and unoccupied DOS,
respectively. The observed vHs are in very good agreement
with diameter cumulative tight binding (TB) predictions after
accounting for different work functions in semiconducting
and metallic tubes. These results are a direct assessment of
the 1D electronic structure of SWCNTSs and provide a solid
basis to analyze the influence of doping and chemical inter-
actions on their electronic transport properties.
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FIG. 1. (Color online) Schematics showing the relative abun-
dance of metallicity sorted nanotubes and the corresponding frac-
tion of the DOS. The histograms illustrate the abundance of metallic
(left) and semiconducting (right) SWCNTs within the diameter
range given from Raman spectroscopy and optical absorption mea-
surements. The diameter distribution is a Gaussian centered at 1.37
nm and it has a 0.8 nm spread. The lower figures show the respec-
tive fraction of the TB DOS of the semiconducting and metallic
SWCNTs.

II. EXPERIMENTAL

Films of purified SWCNTs with a characteristic narrow
Gaussian diameter distribution centered at 1.37 nm and a
spread of 0.08 nm have been probed here. The SWCNTs
were produced by arc discharge and DGU was used to
achieve metallicity separation.'' A subsequent filtration was
used to form mats of metallic and semiconducting SWCNTSs.
The mats were then transferred onto sapphire plates,
mounted onto a copper sample holder and annealed at 1000
K in a UHV preparation chamber. The PES and XAS experi-
ments were performed at beamline UE 52 PGM at BESSY II,
which has a resolving power (E/AE) of 4 X 10*.!> For PES,
a hemispherical photoelectron energy analyzer SCIENTA SES
4000, with the energy resolution set to 10 meV, was used.
XAS was conducted with the total electron yield mode at 15
K with an effective energy resolution better than 30 meV.
The excitation energies were calibrated by the Fermi edge of
clean Au films and the XAS response was normalized to
their background absorbance. In all cases, the sample stoichi-
ometry and purity were checked by a PES survey scan up to
1200 eV (as the inset in Fig. 1). No contamination from
oxygen or catalyst particles was detected in any sample
within the experimental limit of 0.5%. For the diameter cu-
mulative first order TB calculations®'3 we used an overlap
integral of I'y=2.95 eV and the above mentioned Gaussian
diameter distribution of 1.37 =0.08 (see Fig. 1).

III. RESULTS AND DISCUSSION

The Cls core level response in PES and XAS is widely
studied feature for various carbon systems. These responses
are indeed very useful because their shape is related to the
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FIG. 2. (Color online) (a) Cls photoemission of metallic
SWCNT (upper curve) and semiconducting SWCNT (lower curve)
as conducted at 400 eV photon energy. The inset shows a PES
survey scan up to 1200 eV. (b) The Cls line of the metallic and
semiconducting SWCNT on an expanded scale. The solid lines are
fits using a line shape analysis with a Doniach-Sunjic (metal) and
Voigtian line shapes (semiconductors).

final state effects of the conduction electrons. As a prerequi-
site for all our measurements, the sample stoichiometry and
purity were checked by a PES survey scan up to 1200 eV in
all cases as mentioned in the experimental section. No con-
tamination from oxygen or catalyst particles was detected in
any sample within the experimental limit of 0.5%. The Cls
responses and nanotube particular features are here nicely
unraveled examining samples that have measured up the
long-expected availability of metallicity selected SWCNTs.
Figure 2 displays the Cls response in PES with unprec-
edented detail. The Cls lines of the metallicity separated
SWCNTs obtained by high resolution PES, using a 400 eV
photon energy, are depicted.

Evaluating the narrow shape of the Cls PES line on Fig.
2(b), peak maxima at binding energies of 284.48 and 284.43
eV are clearly observed, for the metallic and semiconducting
SWCNTs, respectively. A one to two superposition of the
metallic and semiconducting SWCNTs response clearly re-
solves earlier hypotheses for mixed metallicity
SWCNTs. 81415 As observed in Fig. 2(b), there is a 0.05 eV
downshift in the binding energy for the metallic SWCNTs,
which can be related to two effects. First, the possibility of
different core hole screening in metallicity selected
SWCNTs,'® and then, the possibly different chemical poten-
tials in bulk metallicity selected SWCNTs.!” As discussed
later, core hole effects are not visibly affected by metallicity,
which leads us to suggest that the different core level binding
energy in metallicity selected SWCNTs is mainly due to dif-
ferences in the chemical potentials. The line shape analysis
in Fig. 2(b) reveals an asymmetric Doniach-Sunjic line
profile'® convoluted with a Gaussian for the metallic
SWCNTs. We find an asymmetry parameter a«=0.11, which
is in good agreement with previous studies on graphite.!”
The full width at half maximum (FWHM) of the Cls peak of
the metallic SWCNTs is 0.26 eV, which is surprisingly
slightly narrower than the 0.32 eV of graphite.?’ This could
be attributed to the different metallicity and coupling
strength in the metallic SWCNTs and in graphite. In contrast,
a symmetric Cls line with a Voigtian lineshape is observed
in the semiconducting SWCNTs. The line shape analysis re-
veals a FWHM of 0.30 eV, which is comparable to graphite
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FIG. 3. (Color online) (a) Valence band photoemission spectra
of metallic (upper curve) and semiconducting (lower curve) con-
ducted at 150 eV photon energy. (b) High-resolution XAS response
of metallic (upper curve) and semiconducting (lower blue curve).

but lower than, for instance, the 0.35 eV in Cﬁo.zl The in-
creased linewidth in Cgy stems from the molecular band
structure and curvature, yielding slightly different environ-
ments for the individual carbon atoms. Still, for neither type
of metallicity selected SWCNTs an increased broadening in
comparison to graphite is evidenced. The Cls linewidth in
SWCNTs is apparently directly related to the planar
graphene lattice and it can be taken as a text-book example
of the intrinsic Cls response of semiconducting 1D sp? car-
bon systems. Whatever the case may be, the Gaussian spread
of SWCNTs diameters is also not reflected in the SWCNTs
Cls line width.

It is well known that high-resolution valence band PES
and XAS are versatile tools to probe the matrix element
weighted density of occupied and unoccupied states, respec-
tively. In the PES case, we have analyzed on the whole va-
lence band of the metallicity selected SWCNTs employing
an excitation energy of 150 eV (see Fig. 3). As expected
from the Cls response, the overall features of electronic 7
and o states at binding energies above 2.5 eV are reminiscent
of the band structure of graphene. It is also worth noting a
higher spectral weight of the lower shoulder of the o peak at
6.2 eV binding energy for the metallic SWCNTs.

In the case of the XAS response, the signature of the
conduction band in the metallicity separated SWCNTs is also
provided in Fig. 3. The overall shape is again reminiscent for
graphite with the well known 7* resonance at 285.4 eV and
the o* threshold at 291.7 eV,2> which is also in good agree-
ment with core level EELS of the Cls edge of SWCNTs?
and with XAS results on SWCNTs.'#13-24 However, a second
key feature appears in the XAS Cls response of these sepa-
rated nanotubes. This is a clear fine structure in the 7* reso-
nance, which can be related to the distinct vHs in the unoc-
cupied DOS of the SWCNTSs.® The XAS spectra show clearly
resolved fine structure features, which selectively address the
concomitant response of metallicity sorted SWCNTs. This
discerns unambiguously the fine structure that fingerprints
the 1D response of metallic and semiconducting SWCNTs.

To deepen into the analysis of this fine structure, we show
a detailed close up of the valence band response at low-
binding energies of the metallic SWCNTs in Fig. 4(a) and
that of semiconducting SWCNTs in Fig. 4(b). Both the 7
band response at a binding energy of 3 eV, which is related to
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FIG. 4. (Color online) 7 band response in the valence band PES
conducted at 150 eV for the metallic (a) and the semiconducting
SWCNTSs (b). The inset in a shows the expanded region around Ep
on an expanded scale. The black lines in the main panels show the
fraction of the TB DOS of the semiconducting and metallic
SWCNTs probed. The diameter cumulative TB DOS in Figs. 1(b)
and 1(d) are broadened by the experimental resolution and the la-
bels M,..; and S...5 depict the position of the vHs.

the high DOS at the M point in graphene, as well as the
respective diameter cumulative vHs of the metallic and semi-
conducting SWCNTSs are observed. The S| and S, peaks at
0.44 and 0.75 eV are only observed in the semiconducting
SWCNTs, whereas the M, peak at 1.05 eV is only observed
in the metallic SWCNTs. In addition to these peaks, we re-
port here the first observation of the higher order vHs of the
cumulative DOS. Because of their overlapping, these vHs
are not perfectly separated and therefore we have only indi-
cated them as M, 5 at 1.8 and 2 eV and as S5 45 at 1.32, 1.5,
and 1.72 eV, correspondingly. The overlapping higher vHs
peaks are reminiscent of a uniform distribution in chiral
angles in the specimen. Bearing in mind the results of the
diameter cumulative first-order TB calculations, which are
also depicted for the metallic SWCNTs and semiconducting
SWCNTs in Figs. 1(b) and 1(d), the positions and the overall
shape of the vHs simulated and broadened with the experi-
mental resolution [solid black lines in Figs. 4(a) and 4(b)] are
perfectly associated with the recorded signals for both the
metallic and the semiconducting SWCNTs. In order to com-
pare the experiments in the main panels in Fig. 4, a 30 meV
resolution broadening was applied to the spiky diameter cu-
mulative DOS. The direct comparison reveals an additional
energy dependent broadening in the PES spectra, and that is
attributed to the decreasing lifetime of the excited state. The
comparison to the TB calculations is better if the Fermi level
(Er of metallic SWCNTSs is symmetric regarding the occu-
pied and unoccupied DOS. On the other hand, for the semi-
conducting SWCNTs a charge neutrality level about 0.1 eV
above the center of the gap fits best to our calculations, i.e.,
0.1 eV toward the conduction band. This strongly suggests a
different chemical potential in the semiconducting SWCNTs
in agreement with the above mentioned differences in the
Cls binding energy.

Regarding the onset of the PES response at low-binding
energies in the metallic tubes pinpointed in the lower left
inset in Fig. 4(a), we observe the power law dependence of
the photoemission response proportional to E¢ of a TLL with
a=0.37. This is slightly lower than the «=0.42-0.48 previ-
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FIG. 5. (Color online) Close up of the high-resolution XAS Cls

7 absorbtion edges (circles) of metallic (a) and semiconducting

SWCNT (b) together with the results of a line shape analysis

(lines). The lower insets depict the diameter cumulative TB DOS

broadened by the experimental resolution. The labels denote the
VHs (M7..,,5]...5), and the overall conduction band (7*).

ously reported for SWCNT bundles with mixed
metallicity.®” At first glance this observation is quite surpris-
ing, since n-type intercalation of metallicity mixed bundles
of SWCNTs reveals a transition from a TLL to a normal
Fermi liquid as soon as all SWCNTs in a bundle are driven
metallic.” However, in the present case the bulk metallicity
in the all-metallic SWCNT bundles is still a 1D metallic
phase. Apparently, there are insufficient interactions to break
down the isolation of the 1D channels in the individual me-
tallic SWCNTSs within the bundles. This can be directly as-
sociated to the doping effect due to intercallation in bundles
of SWCNTS:. A recent report has proved that the transition to
a three-dimensional Fermi level occurs only at doping levels
which are high enough to occupy the first vHs of the former
conduction band.” Our observation substantially reinforces
this hypothesis suggesting that the interaction between dif-
ferent metallic tubes within a bundle of only metallic tubes is
still small enough to stabilize a 1D TLL ground state. This
has important implications on the maximum conductivity of
mats of only metallic SWCNTs, for instance in their appli-
cation as transparent conducting electrodes.

Contemplating now the 1D DOS in the conduction band
of metallicity selected SWCNTs in high-resolution XAS at
the Cls edge (see Fig. 5), the 77" response of the metallic (c)
and semiconducting (d) SWCNTSs exhibit a unique fine struc-
ture. To unravel the fine structures individually, we per-
formed a line shape analysis using Gaussian components,
which are illustrated by the solid lines (red metallic and blue
semiconducting) for the response of the vHs and a broad
Voigtian for the 77* peak (green solid line). The 7* peak is
observed at 285.26 and at 285.3 eV for the metallic and
semiconducting SWCNTSs, which is in very good agreement
to the values of graphite. For the metallic SWCNTs the ad-
ditional foot at the low-binding energy was fitted using a
cumulative Gaussian folded by a Fermi function. As can be
seen by the thick red and blue solid lines in Figs. 5(a) and
5(b), we resemble our experimental data very closely in the
full line shape analysis. The metallic fine structures are po-
sitioned at 285.10 eV, 285.65 eV and a shoulder at 286.1 eV.
The semiconducting fine structures are observed as peaks at
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284.75, 284.95, and 285.35 eV, and as shoulders at 285.7 and
286.05 eV. The additional foot in metallic SWCNTs is lo-
cated at 284.5 eV. The comparison of the detailed line shape
analysis to the broadened metallicity selected diameter cu-
mulative DOS is shown in the lower insets in Figs. 5(a) and
5(b). The insets have been positioned according to the Cls
binding energy which clearly resemble the respective XAS
onsets. It is worth noting that in analogy to PES, the same
fine structures (S} to St and M} to M}) are observed in high
resolution XAS. For the metallic tubes the additional foot
can be attributed the onset of the constant 1D DOS at the Ep.
The actual positions and widths of the diameter cumulative
vHs peaks are in very good agreement with the TB calcula-
tions without any further scaling, while the broad 7 reso-
nance is known to be strongly affected by the Cls core hole.
Previous studies on SWCNTs samples with mixed metallic-
ity, reported a 7 peak related to the DOS at the M point of
the underlying graphene structure downshifted by about 2 eV
due to the Cls core hole effects,2627 i.e., it is strongly ex-
citonic. On the other hand, in molecules like Cgq, (Ref. 21)
and CsoN (Ref. 28) the bands are associated to the molecular
orbitals and the core hole effects are much less pronounced.
Although the 7* peak is strongly excitonic and downshifted
by core hole effects, our TB calculations allow directly iden-
tifying the individual fine structures in the unoccupied DOS
in a straightforward manner. We find a clear twofold re-
sponse: The core hole effect in the broad Cls 7" resonance
just resembles bulk sp2 carbon, and the diminutive core hole
effects in the resonances due to vHs are typical for molecular
excitations. The observed analogies hint on an intriguing
composition of bulk and molecular features in the electronic
excitation spectrum of SWCNTs. This also highlights some
of the complications in correctly describing the details of the
Cls response of this 1D solids in theory so far. Calculations
such as the ones performed by Wessely et al.?® yield correct
signs and magnitudes of core hole effects when they are
applied to selected chiralities with small unit cells. In con-
trast to TB, these calculations cannot be applied to the whole
set of chiralities. One of the major gains of this XAS result is
that it completes our knowledge on the 1D electronic struc-
ture of SWCNTs on the bulk scale by directly accessing the
details in the conduction band. This represents a model or
base to compare molecular-like conduction band DOS of the
vHs in polarization perpendicular to the tube axis, such as in
the well studied case of other molecular systems like func-
tionalized fullerenes.?

IV. CONCLUSIONS

In summary, this combined high-resolution PES and XAS
study on mats of metallicity selected SWCNTs sets the basis
for understanding the intrinsic electronic properties of
SWCNTs in unprecedented detail. This includes a textbook
example of the intrinsic response of metallic and semicon-
ducting 1D sp? hybridized graphitic systems, which also
forges a pattern to further analyze the influence of doping
and chemical interactions. The experimental electronic struc-
ture of the valence band (PES) and conduction band (XAS)
reveals a very good agreement in the position of the vHs

205427-4



DISENTANGLEMENT OF THE ELECTRONIC PROPERTIES...

determined by diameter cumulative TB calculations. Devia-
tions are related to the different work functions in metallic
and semiconducting SWCNTSs as well as to strong core hole
effects for the bulk XAS response. For the metallic SWCNTs
we observe a TLL power low renormalization close to Ep.
This study also pioneers the understanding of the electronic
properties in 1D solids on the bulk scale and sets the basis
for the future understanding of the complex interplay be-
tween charge transfer and hybridization in functionalized
SWCNTs as perfectly 1D molecular solids. The fundamental
understanding of these processes paves the way toward
chemically functionalized and metallicity selected SWCNTSs,
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which are in turn, a key ingredient in accessing the applica-
tion potential of doped 1D hybrid systems for applications in
nanoelectronics, nanooptics and nanochemistry.
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