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Electronic and optical properties of alkali-metal-intercalated single-wall carbon nanotubes
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We present recent studies of the structural and electronic properties of alkali-metal intercalated single-wall
carbon nanotubes using high-resolution electron energy-loss spectroscopy~EELS! in transmission. Changes in
the nanotube structure and electronic properties due to intercalation were monitored byin situ EELS measure-
ment. The modulation of the nanotube bundle structure is reflected by the variations of the diffraction patterns.
The core-level excitations show that there is no hybridization between nanotubep! states and metal valence
states. The intensity of the interband transitions is dramatically affected, demonstrating the possibility of tuning
the Fermi level to specific bands upon intercalation. The charge carrier plasmon depends on both the interca-
lation level and the alkali metal. The loss function was analyzed using a Drude-Lorentz model to obtain more
information about the optical properties.
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I. INTRODUCTION

Since the discovery of carbon nanotubes,1 a lot of atten-
tion has been focused on this new class of nanoscale m
rials, which are found as multiwall or single-wall carbo
nanotubes~SWCNT’s!. Due to their unusual geometry, the
structural and electronic properties, these carbon nanos
tures are regarded as promising building blocks for mole
lar electronics.2 Multiwall carbon nanotubes consist of se
eral cylinders of bent graphite layers with a variety
electronic properties. In contrast, SWCNT’s consist of
single graphene sheet rolled into a cylinder with diameter
the range of 1–2 nm and lengths of several hundred
crometers. Many studies have focused on the intriguing e
tronic properties of those novel quasi-one-dimensional st
tures. Calculations show that their electronic properties
be either semiconducting or metallic depending on their g
metrical structure defined by the chirality.3,4 These properties
were experimentally proven by the combination of scann
tunneling microscopy and scanning tunneling spectrosco5

The existence of semiconducting SWCNT’s opens up
wide opportunity for nanoscale device applications.6 Since in
all semiconductor applications the properties of a device
pend on the electronic states in the valence and the con
tion bands, the control of the states in these bands is cru
to design and to optimize those devices. So, the future ap
cation of SWCNT’s will depend upon the ability to modif
their intrinsic properties by manipulation of their electron
structure.

One route for modifying the solid state properties
SWCNT’s is the addition of electron acceptors or donors7–10

or by electrochemical doping.11–13 Both methods change th
solid state properties drastically. It was shown that the Fe
level can be shifted by electron or hole doping. The dop
can result in a significantly reduced electrical resistivity a
work function. Furthermore, the electrochemical reactiv
and the porosity make SWCNT bundles attractive host m
terial for energy storage. The experiment shows that lithi
intercalated SWCNT’s have a remarkably high reversi
0163-1829/2003/67~12!/125403~8!/$20.00 67 1254
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lithium storage capacity.14 The maximal intercalation for po
tassium doping has been found to be a C/K ratio of'7.9

This value is similar to highest doping in graphite interca
tion compounds~GIC KC8)15,16 and fullerenes intercalation
compounds~FIC! (K6C60).

17

In a bulk sample, most of the SWCNT’s form long cry
talline bundles, these bundles normally consist of a few tu
to thousands of tubes packed in a hexagonal lattice.18,19 The
nanotubes are kept together by van der Waals interact
with a typical interlayer spacing similar to that of graphit
The interstitial space of the tube bundles and the inte
cavity can harbor intercalants through physisorption
chemisorption. In contrast to GIC and FIC this interstit
space is not as well defined because of the disorder of
SWCNT bundle lattice and the different chirality of the in
dividual SWCNT’s. Nevertheless the structural analysis
those intercalated SWCNT material can help to clarify so
theoretical predictions. The issue of the structures of po
sium intercalated SWCNT bundles has been approache
different theoretical arguments. For example, it has been
dicted that the intercalated atoms are located at the inters
sites of the tube bundles, but with the same tube spacin
be maintained after the intercalation, whereas the tube w
are severely distorted at an intercalation level of KC10.20

However, other results indicate that the intercalation can
pand the lattice of the bundle, and predicted no distortion
the nanotube wall up to an intercalation level of KC4.21 In
summary, the addition of intercalants to SWCNT’s can
regarded as an important method to engineer the SWCN
properties, and intercalation provides one way to mod
their properties in a controlled way.

In this contribution, we present studies of the electro
structure of alkali-metal intercalated SWCNT’s, i.e., sodiu
potassium, rubidium, and cesium intercalation. The structu
changes and the variation of the electronic properties w
characterized by electron energy-loss spectroscopy~EELS!
in transmission. The intercalation causes an expansion o
intertube distance. The analysis of the C 1s core-level exci-
tations shows that there is no hybridization betwe
©2003 The American Physical Society03-1



n
er
a

T’
c

tiv
e

se
7
a

an
op
gl
he
le
ur
i

gh
m
ra

20
rc
ro
m
y
ap
er

S
e

r

r
r-

als
ch
n
a

ro
he
en
th
n
et
6
gh

NT
the
n-
nts
hys-
of
is
in-
so

dle
ter-
irst,
ion
ero,
on

f

in-
c-

nly

m
s a
ith
ac-

the
the

be-
ple,

the

m,

h

he

X. LIU, T. PICHLER, M. KNUPFER, AND J. FINK PHYSICAL REVIEW B67, 125403 ~2003!
SWCNT’s and the intercalants. The electrons that are tra
ferred from the alkali metals to SWCNT’s can fill the low
energy bands of the SWCNT’s and give rise to the appe
ance of a free carrier plasmon in the intercalated SWCN
which shows intercalation level and intercalant dependen
Furthermore, the loss function was analyzed by an effec
Drude-Lorentz model, and the optical conductivity has be
derived from this model.

II. EXPERIMENTAL

SWCNT’s used for our studies were produced by la
ablation.22,23 The diameter of the SWCNT’s is about 1.3
60.05 nm as determined by electron and x-ray diffraction
well as optical absorption spectroscopy. Thin films with
effective thickness of about 100 nm were prepared by dr
ping an acetone suspension of SWCNT’s onto KBr sin
crystals. After the KBr was dissolved in distilled water, t
films were transferred to a standard 200 mesh platinum e
tron microscopy grid and heated to 770 K for several ho
in ultrahigh vacuum to remove the organic contaminations
the films. The intercalation was carried out in an ultrahi
vacuum chamber by evaporation of alkali metals from co
mercial SAES getter sources. During alkali metal evapo
tion, the SWCNT film was kept at 420 K, together with a
min post anneal at the same temperature to improve inte
ant homogeneity and remove excessive alkali metals f
the film surface. This process was repeated several ti
until maximal intercalation was reached as revealed b
saturation in all characteristic changes discussed in this p
below. Subsequently, the intercalated SWCNT films w
transferred into the measurement chamber~base pressure 1
310210 mbar) of the purpose-built 170 keV EEL
spectrometer24 with the energy and momentum resolution b
ing 180 meV and 0.03 Å21 for the low energy-loss function
and electron diffraction, respectively. For the C 1s excitation
measurements the same energy resolution but a slightly
duced momentum resolution of 0.1 Å21 was chosen. The
loss function Im@21/e(q,v)#, which is proportional to the
dynamic structure factorS(q,v), has been measured fo
various momentum transfersq. All measurements are pe
formed at room temperature.

III. RESULTS AND DISCUSSION

A. Electron diffraction

During the SWCNT formation process van der Wa
forces lead to the creation of bundles of SWCNT’s in whi
the individual nanotubes are arranged within a hexago
lattice. These bundles usually consist of SWCNT’s with
finite diameter distribution.25 X ray and electron diffraction
are effective tools to investigate this lattice structure and p
vide information upon the mean diameter of t
SWCNT’s,25–27as the intertube distance is mainly depend
on the nanotube diameter. Within the SWCNT bundles,
interstitial channels between the tubes provide additio
sites for intercalation. For nanotubes with a mean diam
of about 1.37 nm, the space in the bundle lattice is about
without including van der Waals radius, which is big enou
12540
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as compared to the ion radii to harbor alkali metals. SWC
bundles can be intercalated, though the exact position of
intercalated atoms in the bulk SWCNT bundles is still u
known. For an isolated SWCNT, binding sites of intercala
are located at the external surface of the tube through p
isorption or chemisorption, and presumably in the interior
the tube if its ends are open. In the SWCNT’s bundle, it
considered that the intercalated atoms are located at the
terstitial channel sites and have a symmetric configuration
as to maximize the interatomic distance.21 It is a natural idea
that the insertion of the intercalated atoms into the bun
will enlarge the intertube distance, and the bigger the in
calated atoms are, the stronger this expansion effect is. F
we carried out a structural analysis using electron diffract
in the EELS spectrometer by setting the energy loss to z
which gave results consistent with those of x-ray diffracti
studies.18

In the inset of Fig. 1~a! the electron diffraction pattern o
pristine SWCNT’s is shown. The lowerq part corresponds to
bundle diffraction and the higherq part is ascribed to the
contribution of the roll-up graphene sheet. The effect of
tercalation will be reflected by changes of the bundle diffra
tion pattern. Here we focus on the first bundle peak o
which appears with highest intensity. Figure 1~a! shows the
raw electron diffraction data of the first bundle peak fro
pristine and potassium-intercalated SWCNT’s samples a
function of the potassium content. It is clearly seen that w
the increase of potassium concentration, the bundle diffr
tion peak shifts to lowerq and the intensity decreases.9 The
downshift of the bundle peak stands for an increase of
intertube distance. This is consistent with an expansion of
internanotube spacing concomitant with intercalation in
tween the SWNCT’s in the bundles. In the present sam
the downshift is from 0.426 to about 0.4 Å21 for the fully
potassium intercalated material, which corresponds to
variation of the intertube distance from about 1.7 nm~pris-
tine! to 1.81 nm~fully intercalated!. The extent of bundle
expansion is a little smaller than the ion radius of potassiu
which is about 1.38 Å.

FIG. 1. ~a! The variation of the first bundle diffraction peak wit
increasing potassium intercalation levels~from top to bottom!, the
inset shows the diffraction pattern of pristine SWCNT’s in a wideq
region. ~b! The relation between the momentum transfer of t
bundle diffraction peak position (qBDP) and the relative atom ratio
between potassium and carbon.
3-2
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The intensity decrease of the bundle peak mostly res
from the insertion of intercalants into the bundle which a
will cause more disorder and thus a decrease of the res
tive Bragg peak intensity. Furthermore, Fig. 1~b! depicts the
relation between bundle peak and the K concentration qu
titatively, where the potassium concentrations can be e
mated from C 1s and K 2p core-level excitations~see be-
low!. An almost linear decrease of the peak position
observed.

Next we turn to the electron diffraction of SWCNT film
intercalated with other alkali metals, such as sodium,
bidium and cesium, as shown in Fig. 2. It is clearly sho
that the intensity of the first Bragg peak becomes weaker
weaker from sodium to cesium intercalation. The bigger
size of the intercalant, the lower the intensity in the Bra
peak. Furthermore, the position of the first Bragg peak sh
to lower q with increasing alkali ionic radius. For sodium
intercalation, the position change of the first bundle pea
very weak as compared to pristine SWCNT’s. This can
ascribed to the smaller diameter of sodium ions and the r
tively large space within SWCNT bundles in the prese
sample with a mean diameter of about 1.37 nm, where
intertube space is big enough to incorporate sodium i
with a radius of about 0.95 Å without any significant expa
sion effect of the nanotube bundles. As a test, SWCNT fi
with a smaller diameter~about 1.07 nm! were intercalated
with sodium and a clear downshift of the first Bragg pe
occurred, which corresponds to the increase of the intert
distance from about 1.42 to 1.54 nm~data not shown here!.
In the inset of Fig. 2, the diffraction pattern of the fir
bundle peak of the fully intercalated SWCNT films is plott
in an enlarged range for different intercalants. The intertu
distance can be estimated assuming the triangular la
structure of bundles still kept, for rubidium and cesium

FIG. 2. The electron diffraction patterns of pristine SWCNT
and fully sodium, potassium, rubidium, and cesium-intercala
SWCNT’s. The inset shows the first bundle peak, the dashed
indicates the downshift of bundle peak due to different intercala
12540
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tercalation, the increase of the intertube distance is 1.7
2.7 Å, respectively, which is consistent with the larger ion
radii of rubidium and cesium of 1.48 and 1.69 Å, respe
tively. Furthermore, additional diffraction intensity for K
Rb, and Cs intercalation is observed below 2.2 Å21. The
center of this additional intensity shifts downward going
the heavier alkalis. This observation can probably be att
uted to electron diffraction by the intercalants which for
quasi-one-dimensional chains inbetween the nanotubes.
downshift might be ascribed to the increase of the ionic ra
which gives rise to a growing alkali-alkali distance goin
from K to Cs.

B. Core-level excitations

Information on the electronic structure of intercalat
SWCNT’s can be extracted from the analysis of the co
level excitations from the C 1s level. The electron excita-
tions of carbon C 1s core electrons into emptyp* orbitals
are probed. C 1s core-level EELS spectra are measured
smallq and in this high-energy region Im(21/e)'e2; hence
the measured core edge structure corresponds directl
electronic C 1s transitions into unoccupied states with
2p-related~unoccupied! p! ands! character. The former is
characterized by a nearly symmetric peak centered at aro
285.4 eV, while the latter starts at around 292 eV. The
energies closely resemble those observed for the analo
excitations in graphite,28 while the SWCNT spectrum is
similar to an average of the in-plane and out-of-plane gra
ite spectra.29 For intercalation, the C 1s spectra of the inter-
calated SWCNT’s are shown in Fig. 3, where the differe
alkali-metal intercalations at the maximal intercalation lev
are depicted together. For comparison, C 1s core-level exci-
tations of the pristine SWCNT’s and the GIC KC8 are also
shown in Fig. 3. From the figure it can be seen that the sh

d
e

s.

FIG. 3. Core-level excitations of pristine and fully sodium, p
tassium, rubidium, and cesium-intercalated SWCNT’s, respectiv
The C 1s of graphite intercalated compounds KC8 is shown at the
top for comparison. The inset shows the C 1s spectrum of
potassium-intercalated SWCNT’s in wide range.
3-3
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of all spectra of the intercalated SWCNT’s is virtually ide
tical in the energy range between 280 and 295 eV. In
higher energy range as shown in the inset of Fig. 3, Kp
excitations are present in potassium intercalated SWCN
The potassium concentration can be obtained from the r
tive intensity ratio of K 2p/C 1s core-level excitations
signals.9 For the K/C calibration, we first normalize to th
inflection point of thes! onset. The spectral weight from th
K 2p core level excitations is then determined by subtract
of the pristine spectrum in each case, whereby, the K/C ra
for the GIC KC8 is well known from structural measureme
and taken as reference. For K intercalation, a maximal C
ratio of about 6.5 is observed. The two excitonic transitio
~into p! and s! states! in pristine SWCNT’s~Ref. 29! are
only little affected by the alkali-metal intercalation, their lin
shape and their positions remain unchanged.

It is interesting to compare the C 1s spectra of the inter-
calated SWCNT’s with those of alkali-metal GIC,30 as
shown in Fig. 3. It can be clearly seen that the spectral sh
above the excitation onset is identical for all dop
SWCNT’s exhibiting only a single narrow peak at 285.4 e
very similar to GIC KC24.30 However, in the alkali-meta
GIC KC8 the C 1s spectrum shows a double-peaked stru
ture. This can be ascribed to hybridization of thep! and
metal states above the Fermi level.30 On the other hand, the
identical structure of pristine and alkali-metal intercalat
SWCNT’s suggests that there is no hybridization betwe
SWCNT p! states and metal valence states, which may
related to the curvature of the graphene sheets in SWCN

The predicted singularities in the unoccupied
2p-derived electronic density of states of the SWCNT’s a
conspicuous by their absence in the C 1s excitation spectra
due to the effect of the C 1s core hole in the final state. In th
case of C 1s excitations of graphite, both thep! and s!

onsets are dominated by spectral weight resulting from
influence of the core hole.31,32 Thus, assuming a similar in
teraction between the excited electron and the core hol
SWCNT’s, we can expect that thep! resonances related t
the density of states singularities of the different types
SWCNT’s are washed out, resulting in the broad peak c
tered at 285.4 eV. Although there is a shift of the Fermi le
to the conduction band in intercalated SWCNT’s, this stro
excitonic effect renders it invisible in the C 1s core-level
excitation spectrum. The amount of charge transfer from
alkali metal ions to the SWCNT conduction band can
estimated from an analysis of the spectral weight of thep!

feature. For all fully intercalated SWCNT’s, it reveals a d
crease of about 10% as compared to pristine nanotubes.
decrease is in good agreement with a complete charge tr
fer from the outer alkalis electrons to the nanotubes.
yields an intercalation ratio for maximally intercalate
SWCNT’s of aroundC/A'10 (A5alkali metal! for all al-
kali metals which is in good agreement with the above m
tioned structural observations.

C. Optical response

Calculations show that SWCNT’s can be either semic
ducting or metallic depending on the chirality, and their ba
12540
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gap is inversely proportional to their diameter. The inves
gated films contain a distribution of tube diameters a
chiralities such that the experimental signal is in fact av
aged and hence broadened in energy. For example, in
optical absorption spectra of the pristine films several f
tures are visible.22,23 The strongest peaks correspond to e
citation energies around 0.7, 1.2 and 1.8 eV for nanotu
with a mean diameter of about 1.4 nm. All these features
superimposed to a broad absorption band located at rou
4.5 eV ~related to thep-p! interband transitions!. The first
two absorption bands can be assigned to the first two in
band transitions between the van Hove singularities in
electronic density of states of the semiconducting SWCNT
The transition at around 1.8 eV corresponds to the first se
singularities in the density of states of the metallic nan
tubes. Experimentally, it has been demonstrated that, sim
to optical absorption spectroscopy,22,23EELS in transmission
is a very powerful tool to study the optical properties of bu
samples of SWCNT’s, also as a function of momentu
transfer.33 EELS in transmission using low momentum tran
fers probes the optical limit, thus the low-energy peaks in
loss function are due to collective excitations caused by
optically allowed transitions.33 From the spectra due to thes
optically allowed transitions in EELS measurement, t
changes of the related electronic states due to intercala
can be studied. The disappearance of structures in the sp
can thus be interpreted as due to a filling of unoccup
states with electrons from the alkali metals.10 Additional
features might also arise during the intercalation proce
which then can be assigned to new, intercalation-induced
terband excitations or a charge carrier~Drude! plasmon,
respectively.9

1. Doping dependence of the electronic excitations of potassiu
intercalated SWCNT’s

We now turn our attention to the modulation of the inte
band transitions of SWCNT’s by intercalation with pota
sium. As discussed above, for each K donor the outers
electrons will be transferred to the SWCNT’s. The tran
ferred charge will fill states of the conduction band
SWCNT’s and result in a Fermi level shift to higher energie
This is revealed by low energy loss function measureme
Figure 4~a! shows the raw data of the evolution of the lo
function upon potassium intercalation starting with pristi
SWCNT’s from the bottom in a energy range between
and 9 eV atq50.1 Å21. The wide peak at around 6 eV i
the p plasmon related to a collective excitation ofp elec-
trons in SWCNT’s,33 while the three loss function peaks i
the pristine nanotubes below 3.0 eV stem from the abo
mentioned optically allowed interband transitions. The ev
lution of the loss function shows an intensity decrease of
lowest interband transitions with increasing potassium c
centration. It can be clearly seen that the change in inten
of these interband transition peaks in EELS depends se
tively on the amount of the intercalant. With increase of p
tassium concentration, it is shown that the three interb
transitions finally disappear@see the spectrum for C/K526 in
Fig. 4~a!# in good agreement with optical observations10

This can be straightforwardly interpreted via a charge tra
3-4
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fer within the framework of a rigid-band model. In the ca
of alkali-metal intercalation the conduction bands are po
lated with electrons. Consequently, some previously allow
optical transitions are suppressed as their final states bec
occupied. Gradual filling of the empty states within the de
sity of the states first quenches the lowest energy transiti
while the higher energy transitions are not affected initia
For higher intercalation levels, electronic final states of
second transition of semiconductiong SWCNT’s are fill
such that the transition at the second lowest energy vanis
In the present study, the intercalation for this stage roughl
C/K '26. Up to this intercalation stage, the shape of the l
function at higher energies is kept unchanged in compar
with that of pristine nanotubes.

With further increase of the potassium intercalation le
an additional peak occurs in the loss function in the ene
range between 1 and 2 eV. Its energy position shifts to hig
values with increasing intercalation. Therefore, an origin
this peak due to interband transitions can be ruled out
cause its energy position then would be roughly independ
upon intercalation. The new feature in contrast can be a
ciated with the collective excitation of the introduced co
duction electrons, the so-called charge carrier or Dru
plasmon.9 As can be seen in Fig. 4~a!, it reaches about 1.4 eV
at maximal doping. The upshift of this plasmon with increa
ing intercalation level is consistent with the increase of
density of charge carriers. In Fig. 4~b!, the square of the
charge carrier plasmon energy dependence on the potas
concentration which was estimated from the relative int
sity ratio of K 2p and C 1s core-level excitations is shown
Within the simplest approximation, the Drude plasmon e
ergy Ep,D should have a square root dependence upon
charge carrier densityn. From Fig. 4~b!, it is obvious that
there is such a linear dependence ofEp,D

2 on the K
concentration. However, it is not possible to model t
observed plasmon positions using the relationEp,D

2

FIG. 4. ~a! The loss function of pristine SWCNT’s an
potassium-intercalated SWCNT’s with different intercalation lev
at q50.1 Å21, the potassium concentration increases from bott
to top as marked on the right side. The dashed line indicates
shift of the position of the charge carrier plasmons with increas
potassium concentration.~b! The quantitative relation between th
square of the energy position of the charge carrier plasmon and
relative potassium concentration.
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5\2ne2/(m!e`e0) (m!5charge carrier effective mass,e`

5background dielectric constant!.34 Since the results of the
C 1s core level studies above indicate a full charge trans
i.e., a charge carrier densityn, which is proportional to the
intercalation level, Fig. 4~b! indicates that the productm!e`

in the denominator is not constant as a function of interca
tion.

In order to obtain more detailed information we analy
the measured loss function using a Drude-Lorentz mo
The dielectric function of the intercalated SWCNT’s can
expressed within a straightforward Drude-Lorentz mo
which was successfully applied to describe graphite
SWCNT intercalated compounds, and can be written as

e~E!512
Ep,0

2

E22 iG0E
1(

Ep,i
2

~ET,i
2 2E2!1 iG iE

, ~1!

where the first term is the contribution of the Drude plasm
with plasmon energyEp,0 and its dampingG0, the second
term is ascribed to the different Lorentz harmonic oscil
tors with the energy of the oscillatorsET,i , and the strength
of the oscillatorEp,i which can be expressed asEp,ibf5\
•Anie

2/(e0m!) with ni being the density of electrons tha
contribute to the oscillator andm! being their effective mass
G i describes the damping of the oscillator. In the case
intercalated SWCNT’s, the fit will include a charge carri
plasmon, one interband oscillator giving rise to thep plas-
mon and another oscillator for thep1s plasmon. Further-
more, since thep andp1s plasmon screen the Drude pla
mon which leads to a shift to lower energies, the
contribution at low energies can be expressed using a c
stant dielectric backgrounde` . In order to determinee` , the
loss function is modelled with the abovementioned two L
entz oscillators and their contribution to the real part of t
dielectric function at the Drude plasmon energy is taken
e` . Subsequently, the Drude plasmon is fitted using this
electric background. The fit parameters are presented
Table I while the fitted curves are shown together with t
data in Fig. 5. It turns out that the dielectric backgrounde` is
about 6.1 and almost independent of the intercalation le
We attribute this to the fact that intercalation does not res
in a significant rearrangement of the majority of thep and

s

he
g

he

TABLE I. Parameters for the Drude~D! plasmon in eV from the
simulation of the loss function of GIC KC8, and the K intercalated
SWCNT’s with stoichiometry as indicated.

Drude
Ep,0 G0 e` m!

m0

s0 (S cm-1)

GIC KC8 5.8 0.2 6.7 0.4 22625
C/K520 3.4 0.7 6 0.4 2330
C/K518 3.4 0.6 6.1 0.4 2450
C/K516 3.5 0.6 6.1 0.5 2730
C/K59 3.6 0.6 6.1 0.7 2780
C/K57.2 3.8 0.7 6.1 0.8 2900
C/K56.5 3.9 0.7 6.1 0.8 2940
3-5
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p1s electronic states. Thus, consideringe`56.1 and
change in the charge carrier density which is proportiona
the intercalation level one arrives at an effective mass of
charge carriersm! in the range of 0.37–0.82 times that of th
free electron massm0, whereasm! is increasing upon in-
creasing intercalation.35 The corresponding values are al
shown in Table I. The obtained optical effective mass
GIC KC8 in our experiment is consistent with the effectiv
mass from the optical measurement16,36 but it is a littler
lower compared with the value from de Hass–van Alph
experiments.37 For the intercalated SWCNT’s, the increa
of the effective mass with intercalation might be related
the upshift of the Fermi level to an energy region where
conduction bands become flatter.

Finally, the prominent feature at 6 eV in Fig. 4~a! which is
assigned to the plasmon oscillation of allp electrons be-
comes broader and broader with growing intercalation le
while its energy position shifts only very little to lower en
ergies. This is in contrast to GIC KC8 where a downshift of
the p plasmon from about 7 to 6.3 eV is observed.30,38,39It
should be mentioned that the little downshift in the case
SWCNT’s is diameter dependent, the smaller diameter of
SWCNT’s the larger the downshift of thep plasmon upon
alkali metal intercalation, but it is always very small com
pared to the downshift in intercalated graphite KC8 which
shows that, in general, the electronic levels of SWCNT’s
little affected by the intercalation process.

2. Charge carrier plasmon dependence upon the intercalant

The appearance of a charge carrier plasmon at highe
tercalation levels of SWCNT’s is common to all alkali-met

FIG. 5. Analysis of the loss function of potassium-intercala
SWCNT’s after removing the quasielastic scattering backgro
and compared with GIC KC8. The solid line is fitted curve, and th
open circle represents experimental data. The potassium stoich
etry is indicated.
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intercalants. Figure 6~a! shows the loss function of fully so
dium, potassium, rubidium, and cesium-intercalat
SWCNT’s compared with that of pristine nanotubes at a m
mentum transferq50.1 Å21. It is clearly seen that the
charge carrier plasmon shifts to higher energies going fr
Na to Cs@as shown in Fig. 6~b!#. This is in contrast to GIC
where for the alkali metals~Na, K, Rb, and Cs! the Drude
plasmon is found at about 2.4 eV.38 To shed more light on
this behavior we again modeled the loss function as
scribed above. The results are included in Table II. Up
increasing ion radius, there is a tendency to smaller val
for the dielectric background. This might be related to t
larger distance between the tubes as a results of intercala
~see discussion above!. However, we note that alkali meta
caused electronic excitations~e.g., excitations from K 3p
into K 3d electronic levels! also contribute to the dielectric
background, i.e., the screening of the charge carrier plasm
and their contribution is not related to the ion radius as
sensitively depends upon the energy position and the spe
weight of the corresponding excitation. The unscreen
plasma energyEp,0 is about 3.4–3.8 eV almost independe
of the alkali metals level which suggests that the bun
lattice expansion affects the plasma energy only little. As c
be also seen from Table II, the effective mass of the cha

d

m-

FIG. 6. ~a! The loss function of pristine, fully sodium, potas
sium, rubidium, and cesium-intercalated SWCNT’s at the ene
range between 0 to 9 eV after background subtraction.~b! The
dependence of the Drude plasmon position on the ion radius a
different alkali-metal intercalations.

TABLE II. Parameters for the Drude~D! plasmon in eV from
the simulation of the loss function of GIC KC8, fully Na, Rb, K,
and Cs intercalated SWCNT’s.

Drude
Ep,0 G0 e` m!

m0

s0 (S cm21)

GIC KC8 5.8 0.2 6.7 0.4 22625
Cs-NT 3.6 0.9 4 0.8 1890
Rb-NT 3.8 1.0 4.7 0.7 1980
K-NT 3.9 0.7 6.1 0.8 2940
Na-NT 3.4 0.6 5.5 1.1 2470
3-6
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carriers is about 0.74–1.11 times that of the free elect
mass for the fully intercalated SWCNT’s. The scatter b
tween the different intercalants might be related to the un
tainties concerning the exact intercalation level which is
sumed to be the same for saturated intercalation indepen
of the intercalant.

There is again no clear shift of the position ofp plasmon
near 6 eV in all alkali-metal intercalated samples. Suc
behavior is consistent with GIC with different intercalants30

However, as mentioned earlier, there is an obvious downs
of the p plasmon in GIC as compared to pristin
graphite30,38,39 which is not observed in the case
SWCNT’s.

3. Drude plasmon dispersion

We have additionally studied the dispersion of the cha
carrier plasmon. Since we observed no difference betw
the plasmon dispersions as a function of the intercalant,
show in Fig. 7 one representative example, the plasmon
persion of the fully intercalated Rb sample in a moment
range of 0.04 to 0.6 Å21. The background due to the elast
line has been removed from the spectra in Fig. 7. As i
seen from the figure, there are two features in the loss fu
tion, the charge carrier plasmon and thep plasmon whose
dispersion is radically different. Thep plasmon disperses t
higher energies with increasing momentum and the dis
sion is very similar to that found for thep plasmon in pris-
tine SWCNT’s.33 This again indicates that the electron
states of SWCNT are to a large extent only slightly affec
by the intercalation process.

In contrast to thep plasmon, the charge carrier plasmo
does not show a dispersion. Since the plasmon dispersio

FIG. 7. The momentum dependence of the loss function in
fully rubidium-intercalated SWCNT’s after subtracting the qua
elastic scattering background. The dashed line indicates the D
plasmon dispersion, the solid line depicts thep plasmon dispersion
12540
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proportional to the mean Fermi velocity, this indicates th
the Fermi velocity of intercalated SWCNT is rather small
conclusion which is consistent with the arguments above
in fully intercalated SWCNT’s the Fermi level lies in a fla
band region. Furthermore, with increasing momentum tra
fer the intensity of the charge carrier plasmon decreases
rapidly which renders it difficult to follow its energy positio
at higher momentum. The drastic decrease in intensity ca
ascribed to a damping of the plasmon as a result of interb
excitations between valence and conduction bands in in
calated SWCNT’s~Landau damping!.

4. Optical conductivity

From the Drude-Lorentz model analysis of the interc
lated SWCNT’s, additional information, e.g., about the op
cal conductivity can be extracted. Experimental and theo
ical studies have shown that intercalation increases
conductivity of SWCNT mats significantly.7 From the pa-
rameters in Tables I and II, the optical conductivity at ze
energy can be obtained from the expressions0

5Ep
2e0 /(G\). The results show that the optical conductivi

increases with higher intercalation level and its value is
tercalant dependent. In particular, the larger intercalants,
and Cs, results in a lower conductivity which is directly r
lated to the larger width of the charge carrier plasmon. T
most probably is caused by a bigger structural disor
within the nanotube bundles as a consequence of the in
duction of big ions and the corresponding expansion of
bundle lattice.

IV. SUMMARY

In summary, we have presented studies of the unoccu
electronic structure and the optical properties of alkali-me
intercalated SWCNT bundles using EELS in transmissi
The intercalation can modify the bundle structure
SWCNT’s. Compared with the spectra of the alkali-me
GIC, the core-level excitations of intercalated SWCNT
show that there is no hybridization between nanotubep!

states and metals valence states, and that states abov
nanotube Fermi level remain rather unperturbed by the in
calant. Furthermore, the intercalation systematically mo
lates the optical response of SWCNT’s. The measurem
of the doping dependence show an intensity variation of
optical excitations due to the variation of the Fermi lev
position, indicating the possibility of tuning the Fermi lev
into conduction bands upon different electron donor inter
lation. Upon intercalation the energy of the charge carr
plasmon increases at higher intercalation level and with
ion radius of the alkali metals. The density response funct
can be described within an effective Drude-Lorentz mod
which allows the derivation of the optical conductivity
zero frequencys0 of sodium, potassium, rubidium, an
cesium-intercalated SWCNT bundles. The results have b
used to derive the dielectric background and the effec
~optical! charge carrier mass of the intercalated SWCN
which is found to be about two or three times bigger than
the corresponding GIC.
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