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Electronic structure of single-walled carbon nanotubes encapsulating potassium

Satoru Suzuki,* Fumihiko Maeda, Yoshio Watanabe, and Toshio Ogino†

NTT Basic Research Laboratories, NTT Corporation, Atsugi, Kanagawa 243-0198, Japan
~Received 31 October 2002; published 31 March 2003!

Electronic structural change of single-walled carbon nanotubes induced by potassium encapsulation was
studied by photoemission spectroscopy. The potassium encapsulation caused a shift of the overall valence-band
spectrum toward the higher binding-energy side by about 0.5 eV, which is basically understood by the simple
rigid band shift model. However, the spectral intensity increase observed near the Fermi level was much larger
than that expected by assuming the simplep* band filling, indicating that, in addition to thep* band, a part
of the density of states initially located in the unoccupied states dips below the Fermi level by the potassium
encapsulation. The result is qualitatively consistent with a recent band-structure calculation, which predicted
that the nearly free-electron state hybridized with the K 4s state crosses the Fermi level. The potassium
encapsulation also decreased the work function by 1.4 eV.
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I. INTRODUCTION

It has been well demonstrated that the physical proper
of carbon nanotubes, such as their conductivity1–5 and elec-
tron field emission6 can be widely controlled by intercalatio
by guest species. Nanotube intercalation compounds ca
classified according to their structures. In an intercala
multiwalled nanotube~MWNT!, the guest species are in
serted between the adjacent graphene sheets as in gra
intercalation compounds.7 For a single-walled nanotub
~SWNT! bundle, it has been known that the intercalants
inserted into the interstitial space between the adjac
SWNT’s.8–10 More recently, some molecules and elemen
such as fullerenes11–14 and iodine,15 have been found to be
inserted into the interior space inside the individual SWNT
In this case, the intercalants are confined in a o
dimensional space, and novel physical and chemical pro
ties are thus expected.

Previous experiments on alkali-metal-intercalated na
tubes have clearly revealed electron transfer from the al
metal to carbon.1–5,16–19In general, the transferred electron
have been considered to simply fill thep* band of the nano-
tubes. That is, the electronic structural change has been
plained based on the simple rigid band shift model. Howe
most previous studies dealt with intercalated MWNT’s
intercalated SWNT bundles; only a few experimental repo
on SWNT’s encapsulating alkali-metals have been repor

Shimoda et al.20 synthesized SWNT’s encapsulatin
lithium by electrochemical reaction~In this case, lithium was
also intercalated into the interstitial sites between
SWNT’s, and observed an increased density of states a
Fermi level in nuclear-magnetic-resonance measureme
Jeong et al.21 accomplished cesium encapsulation ins
SWNT’s by cesium plasma-ion irradiation. Their transm
sion electron microscopy~TEM! observation revealed sev
eral structural forms of encapsulated cesium, such as lin
and spiral chains and a crystallized form. The electro
structure of SWNT’s encapsulating alkali metals has b
theoretically studied more extensively.22–26 Other than the
simple electron transfer, some authors have paid attentio
the alkali-metal-induced modification of the nearly fre
0163-1829/2003/67~11!/115418~6!/$20.00 67 1154
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electron ~NFE! state, which is located 3;4 eV above the
Fermi level in a pristine SWNT and has a large charge d
sity at the center of the interior space of a SWNT. Miyamo
et al.22 and Miyake and Saito26 calculated the band structur
of SWNT’s encapsulating potassium. They showed that
NFE state is considerably affected by hybridization with t
4s state of the encapsulated potassium.

In this paper, we study valence band and work funct
change induced by potassium encapsulation by mean
photoemission spectroscopy. Attention will mainly be paid
the valence-band spectra near the Fermi level, where a
tinct deviation from the simple rigid band shift model wa
observed. The electronic structure deduced from the spe
change is discussed, and the results are compared to som
the recent band-structure calculations.

II. EXPERIMENT

Purified SWNT’s grown by the high-pressure CO dispr
portionation~HiPco! method27 were commercially obtained
from Carbon Nanotechnology Inc. The average diamete
the SWNT’s is;1 nm. We prepared two types of sampl
for comparison: open-ended SWNT’s, whose caps were
moved by annealing the sample in air at 693 K~in accor-
dance with a previous report14 on SWNT’s encapsulating
metallofullerenes! and close-ended SWNT’s without th
treatment. Potassium was inserted into the SWNT’s
means of the two-zone vapor method. The SWNT flakes
potassium were heated in an evacuated and sealed q
tube at 573 K for 25 h. This is essentially the same as
method that is often used to synthesize potassiu
intercalated~close-ended! SWNT bundles,1–5,16 except for
the removal of the caps for one sample before the reac
and for higher reaction temperature. For the open-en
SWNT’s, the potassium atoms seemed to occupy the inte
spaces of the SWNT’s in addition to the interstitial spa
between the SWNT’s as discussed below. After the react
the samples were removed from the quartz tube in air
photoemission measurements.

Photoemission measurements on the pristine
potassium-doped open-ended SWNT’s were carried out
©2003 The American Physical Society18-1
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beam line BL-IC of the Photon Factory, High Energy Acce
erator Research Institute, Tsukuba, Japan. The photon en
hn and the energy resolution were 100 eV and 50 m
respectively, for valence-band photoemission measurem
A helium discharge lamp (He I:hn521.2 eV) was also used
as a light source for work-function measurements. The b
pressure of the analysis chamber was 131029 Torr. The
potassium-doped close-ended SWNT’s were measured a
beam line ABL-3B of the normal-conducting accelerati
ring, Atsugi R&D Center, NTT Corp., Japan. The phot
energy and the energy resolution were 100 eV and 0.25
respectively. The base pressure of the analysis chamber
8310210 Torr.

After exposure to air, the sample surface was cove
with thick potassium compounds, probably due to deinter
lation in air and excess potassium on the sample surface
remove the potassium compounds on the sample surface
the potassium remaining between the SWNT’s, the sam
were rinsed in water for 1 min. Valence-band photoemiss
spectra showed that the sample surface was still covere
potassium compounds. They were finally eliminated by
nealing at about 873 K in a vacuum for 30 min. All spec
shown below were measured at room temperature after
annealing.

III. RESULTS

The valence-band spectra near the Fermi level of
potassium-doped SWNT’s after exposure to air and wa
were strongly dependent on the structure of the ends of
SWNT’s. Figure 1 shows the spectra near the Fermi leve

FIG. 1. Valence-band photoemission spectra near the Fe
level of the potassium-intercalated open- and close-ended SWN
Note that the measurements were done after exposing the sam
to air and water and annealing in a vacuum at 873 K. The spect
of the pristine SWNT’s is also shown for comparison. The spec
were normalized by the spectral intensity of the valence ban
higher binding energies, which showed similar spectral features
ter appropriate binding-energy shifts. The energy region used
the normalization is 2.5–10 eV for pristine SWNT’s.
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the potassium-doped open- and close-ended SWNT’s.
spectrum of the pristine SWNT’s is also shown for compa
son. The pristine SWNT’s show a little spectral intensity
the Fermi level, as we previously observed for SWNT’s sy
thesized by the laser ablation method.17 The potassium-
doped open-ended SWNT’s show a large density of sta
near the Fermi level and a distinct Fermi edge. This indica
a metallic character, which has been commonly observed
alkali-metal intercalated MWNT’s~Ref. 19! and SWNT
bundles.1–5,18 On the other hand, the spectrum of th
potassium-doped close-ended SWNT’s is very similar to t
of the pristine SWNT’s and shows a much smaller density
states near the Fermi level. This means that potassium
tially intercalated into the interstitial sites between t
SWNT’s almost completely deintercalated when the sam
was exposed to air and rinsed in water. It has been dem
strated by previous TEM,8,9 conductivity,1 and Raman
scattering9 measurements that alkali-metal atoms intercala
into SWNT bundles immediately deintercalte when t
doped samples are exposed to air. A previous conducti
measurement4 also showed that annealing a potassium-dop
SWNT bundle at 400 K in a vacuum leads to deintercalati
In all the previous reports, the experiments were perform
on SWNT’s without any treatment for removal of the ca
and potassium was therefore considered to be located a
interstitial sites between the SWNT’s.

The result for the potassium-doped open-ended SWN
indicates that a considerable amount of potassium rem
even after exposure to air and water and annealing at 87
It is very unlikely that potassium atoms occupy the inters
tial sites because they are unstable in air and water and a
high-annealing temperature, as mentioned above. Actu
the result for the potassium-doped close-ended SWNT’
quite consistent with the previous results. We thus concl
that potassium is encapsulated inside individual SWNT’s
this case. The result also means that the encapsulated p
sium is remarkably stable in air and water and at a h
temperature of 873 K, as has been found in the previ
studies for encapsulated lithium28 and cesium.21 We think
that both the interior space of each SWNT and the interst
sites between the SWNT’s were once occupied by potass
atoms during the reaction with potassium at 573 K. Af
exposure to air and water and annealing at 873 K, potass
atoms inside the SWNT’s seem to remain. The spectral
tensity near the Fermi level of the potassium-doped clo
ended SWNT’s is slightly larger than that of the pristin
SWNT’s. This is probably because the SWNT’s are sligh
filled by potassium due to defects formed during the synt
sis or purification procedure. Hereafter, we will focus on t
potassium-doped open-ended SWNT’s. The K/C ratio of
SWNT’s encapsulating potassium was roughly estimated
be ;0.14 from K 2p and C 1s x-ray photoelectron spectros
copy ~XPS!.

Figure 2 shows valence-band photoemission spectra
the pristine SWNT’s and the SWNT’s encapsulating pot
sium in a wide energy range. The peaks of the prist
SWNT’s observed at binding energy of about 3 and 8 eV
assigned to van Hove singularities of thep and s bands,
respectively. Although the overall spectral shapes are q
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ELECTRONIC STRUCTURE OF SINGLE-WALLED . . . PHYSICAL REVIEW B67, 115418 ~2003!
similar to each other, the spectra of the SWNT’s encapsu
ing potassium shifted to the higher binding-energy side
about 0.5 eV. This indicates an upward Fermi-level sh
caused by electron transfer from potassium to carbon.

The spectral similarity of the overall valence-band spec
shown in Fig. 2 can basically be understood in terms of
rigid band shift model. However, a distinct deviation fro
the rigid band shift model was clearly observed near
Fermi level. Figure 3 shows magnification of the spectra n
the Fermi level in Fig. 2. The spectrum expected from
rigid band shift model is also shown in the figure. Here,
density of states of thep* bands was obtained from th
experimentally obtained density of states of thep bands as-
suming that the Fermi level of the pristine SWNT’s is l
cated at the center between thep andp* bands and that the

FIG. 2. Valence-band photoemission spectra of the pris
SWNT’s and the SWNT’s encapsulating potassium~K@SWNT!.

FIG. 3. Magnification of the spectra near the Fermi level in F
2. The spectrum expected from the rigid band shift model is a
shown. The spectrum of the SWNT’s encapsulating potass
~K@SWNT! and that expected from the rigid band shift mod
shifted toward lower-energy side by 0.5 eV, for comparison. T
origin of the energy was set to the Fermi energy of the prist
SWNT’s.
11541
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density of states of thep andp* bands is symmetric near th
Fermi level. The obtained density of states was multiplied
the Fermi-Dirac distribution function at room temperatu
and then convoluted by the experimental energy resolut
The spectrum of the SWNT’s encapsulating potassium
the spectrum calculated by assuming the rigid band s
model were shifted toward the lower binding-energy side
0.5 eV~the origin of the energy was set to the Fermi level
the pristine SWNT’s in order to clarify the spectral intens
differences. At a glance, it is very clear that the spectra of
SWNT’s encapsulating potassium cannot be explained by
rigid band shift model. The spectral intensity increase cau
by the potassium encapsulation is much larger than that
pected by the rigid band shift model. Moreover, the pot
sium encapsulation seems to also increase the densit
states in a range of 0–1 eV or more, which would be u
changed in the simple rigid band shift picture. Note that
conclusions described above are essentially unchanged
gardless of the exact Fermi-level position of the SWNT
because the spectral shape and intensity change induce
the potassium encapsulation is significantly large. If we
sume that the Fermi level is located at the top of the vale
band, as usually observed in transport property meas
ments, the deviation of the rigid band shift model from t
experimental result will be larger. In the following sectio
we will discuss the electronic structural change dedu
from the spectra in detail.

The potassium encapsulation also considerably chan
the work function of the SWNT’s, which is crucial for con
trolling the field-emission properties of SWNT’s.6 Here, the
work function is defined as the energy difference between
vacuum level and the Fermi level. Figure 4 shows second
electron threshold spectra of the pristine SWNT’s and
SWNT’s encapsulating potassium. The work functions of
pristine and the SWNT’s encapsulating potassium were
termined to be about 4.7 eV and 3.3 eV, respectively. Tha
the potassium encapsulation decreased the work functio
1.4 eV. The value for the SWNT’s encapsulating potassium

e

.
o
m
l
e
e

FIG. 4. Secondary electron threshold spectra of the pris
SWNT’s and the SWNT’s encapsulating potassium~K@SWNT!.
The work-function value can be determined by the difference
tween the photon energy~21.2 eV! and the nominal binding energ
of the secondary electron threshold.
8-3
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SUZUKI, MAEDA, WATANABE, AND OGINO PHYSICAL REVIEW B 67, 115418 ~2003!
rather close to the calculated work-function value~about 3.6
eV, Ref. 25! of a potassium-doped~10,10! tube bundle KC10
~in the calculation, potassium is inserted both between
inside SWNT’s!. The work-function decrease is partly e
plained by the Fermi-level shift toward the vacuum lev
However, it should be noted that the work-function decre
is considerably larger than the observed spectral shift~0.5
eV!. Thus, the large work-function decrease cannot be s
ply understood in terms of the rigid band shift picture, eith

Although the work-function decrease is considera
large, the work-function value for the SWNT’s encapsulati
potassium is still quite larger than that of the Cs-intercala
~close-ended! SWNT’s we previously obtained~2.0–2.4
eV!.17,18 In the previous study, the Cs intercalation w
achieved by depositing Cs onto the sample surface
vacuum at room temperature. We thus think that the wo
function difference is mainly due to Cs ions on the sam
surface in the latter case. It seems that the remaining Cs
on the sample surface form an electric dipole moment at
surface, which would further reduce the work function@even
in this case, the possibility that thick Cs layers were form
on the sample can be excluded because the Cs satur
coverage at room temperature is;1 ML ~Ref. 19!, where
ML is monolayer#.

IV. DISCUSSION

In this section, we will analyze the valence-band spec
near the Fermi level in detail, and discuss a possible rea
for the deviation from the rigid band shift model. We es
mated the spectral intensity change near the Fermi le
caused by the potassium encapsulation, relative to the
spectral intensity of the overall valence bands that spread
to a binding energy of about 25 eV. Before the analysis,
Shirley-type background was subtracted from the raw sp
tra, although the spectra near the Fermi level shown in Fi
were almost unchanged by the background subtraction.
spectral intensity increase was estimated to be about 2.5
the total valence-band intensity of the pristine SWNT’s. O
the other hand, that expected by assuming the rigid b
shift of 0.5 eV was only about 0.24%. That is, the spec
intensity increase observed in the experiment is nearly
order of magnitude larger than that expected from the ri
band shift model.

Next, we estimated the amounts of electron transfer fr
the experimentally obtained and the calculated spectra
suming the rigid band shift model. The valence bands
SWNT’s consist of four electrons of each carbon atom. O
is a 2s electron and the other three are 2p electrons. We
neglect the polarization dependence of the valence-b
spectra because the SWNT’s are considered to be rand
oriented in the sample, and assume that the ratio of C 2s/2p
excitation cross section per electron forhn5100 eV is 2.1
according to the calculated photoionization cross sectio29

~the difference in the cross section has only a minor eff
and the discussion given below is qualitatively unchang
even if the 2s/2p cross-section ratio is assumed to be unit!.
Here, we also assume that the newly occupied states du
the potassium encapsulation are thep* (2pz) bands, or that
11541
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the cross section of the electronic states is the same as th
the p* bands~the validity of the assumption is discusse
later!. Then, we can ascertain from the observed spec
intensity enhancement of 2.5% that 0.12 electrons pe
atom are transferred from potassium. This value is close
the K/C ratio of the sample estimated from the XPS res
and thus indicates a highly ionic character of encapsula
potassium atoms. On the other hand, the amount of elec
transfer estimated from the rigid band shift of 0.5 eV w
evaluated to be only about 0.012 per carbon atom. Our e
mation also showed that a rigid band shift of about 1.8 eV
necessary in order to explain the observed spectral inten
increase. Assuming the calculated density of states
graphite30 instead of that shown in Fig. 3~solid line!, we also
obtained qualitatively similar results.

Up to now, we have not considered the contribution
potassium-derived states to the spectrum. One may think
the large spectral intensity increase is mainly due to the
mation of occupied K 4s states. If we assume that the exc
tation cross section of a K 4s electron is the same as that o
a C 2p electron, this idea leads to an almost neutral chara
in the encapsulated potassium. However, it is very unlik
that potassium having a low ionic potential is encapsulate
SWNT’s in the neutral state. Moreover, according to the t
oretical calculation,29 the cross section of a K 4s electron
seems to be considerably smaller than that of a C 2p electron
for hn of 100 eV~although the cross section of the K 4s state
is not apparently presented in the reference paper, we
roughly estimate it from the value of Ca 4s state!. Thus, even
if the encapsulated potassium is in the neutral state, the
served spectral intensity increase cannot be explained a
Therefore, we conclude that the K 4s state does not largely
contribute to the spectrum and that the spectral intensity n
the Fermi level is dominated by electronic states that or
nate mainly in carbon.

To explain why the large spectral intensity increase w
observed in spite of the rather small spectral shift, we hav
assume that in addition to the simplep* bands filling, a
large amount of initially unoccupied states of a SWNT di
below the Fermi level due to potassium encapsulation. T
means that the electronic structure in the unoccupied st
and near the Fermi level cannot be described by the r
band shift model. The band-structure calculation by Miy
motoet al. 22 on a SWNT encapsulating potassium predict
that hybridization between the NFE state of the SWNT a
K 4s state produces two well-separated bands. This indic
a considerable deviation from the rigid band shift mod
However, their calculation does not explain the observ
spectral intensity increase near the Fermi level because
bands are completely located in the unoccupied states
seems that the band-structure calculation by Miyake
Saito26 is at least qualitatively consistent with our expe
mental results. Their calculation predicts that one of
bands produced by the hybridization between the NFE s
and K 4s state crosses the Fermi level. It also shows that
dispersion of the state is quite small below the Fermi lev
and this will lead to a large density of states. Therefore, if
value of the excitation cross section of the NFE state is co
parable to that of thep* bands, as assumed above, we c
8-4
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ELECTRONIC STRUCTURE OF SINGLE-WALLED . . . PHYSICAL REVIEW B67, 115418 ~2003!
qualitatively understand the spectral intensity increase
the small Fermi-level shift. It seems that the difference in
results of the two band-structure calculations mainly ori
nates in the difference in tube diameters.26 Miyamotoet al.22

dealt with SWNT’s having a diameter of 0.56 nm, Whi
Miyake and Saito26 found the Fermi-level crossing fo
SWNT’s having diameters of 0.78 and 0.94 nm. Thus,
latter calculation is much closer to the situation in our e
periments.

Unfortunately, further detailed comparison of the expe
mental and the calculated results seems to be difficult
cause the K/C ratio assumed in the calculation26 ~0.025 or
less! is much smaller than that of this study. Considering t
the ionic radius of potassium is 0.13 nm, the encapsula
potassium may often form plural chains or a crystal ins
the SWNT’s, as observed by a previous scanni
transmission electron microscopy study on SWNT’s enc
sulating iodine15 and cesium,21 although the calculation26

dealt with a single chain of potassium.
The NFE state in a SWNT corresponds to the interla

state in graphite, which has a large charge density betw
the adjacent sheets.31,32 The interlayer state in graphite ha
been intensively observed by vacuum-ultraviolet inve
photoemission spectroscopy.33–35These results strongly sug
gest that the cross section of the interlayer state, and thus
of the NFE state is comparable to those of thep (p* ) ands
(s* ) bands for a photon energy of vacuum-ultraviolet
gion. Therefore, it is likely that the state below the Fer
level induces a large spectral intensity increase as obse
here.

The above discussion suggests that a considerable am
of the density of states near the Fermi level of the SWN
encapsulating potassium originates in the band derived f
the NFE state. Thus, the physical properties may be do
nated by the NFE state rather than thep* band, although, in
a pristine SWNT, the NFE state should have little direct co
tribution to the physical properties because it is located
above the Fermi level.26,36

Finally, we should mention that the spectral feature n
the Fermi level observed in this study does not seem to
characteristic only of the SWNT’s encapsulating potassiu
Similar features were also observed in our previous stu
on Cs-intercalated MWNT’s~Ref. 19! and Cs-intercalated
~close-ended! SWNT bundles,18 although we did not mention
the deviation from the rigid band shift model in the previo
reports. Previous calculations showed that a NFE~interlayer!
state also exists at the intertube region in a SWNT bund36

*Email address: ssuzuki@will.brl.ntt.co.jp
†Present address: Dept. of Electrical and Computer Enginee
Yokohama National University, Hodogayaku, Yokohama 24
8501, Japan.
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and at the interwall region in an MWNT.37 These results
strongly suggest that the Fermi-level crossing of the hyb
ized state between the NFE~interlayer! state and alkali-meta
s state commonly occurs in alkali-metal-intercalat
SWNT’s, regardless of the alkali-metal occupation sites~be-
tween the SWNT’s and inside individual SWNT!, and in
alkali-metal-intercalated MWNT’s~graphite!. Actually, a re-
cent band-structure calculation on potassium-intercala
graphite KC8 resulted in a Fermi-level crossing of the inte
layer state.38 However, a calculation on a potassium
intercalated SWNT bundle by Saito, in which potassium w
inserted between the SWNT’s, did not result in a Fermi-le
crossing of the NFE state, but in an almost rigid band s
behavior.39 At this stage, the reason for the discrepancy is
clear.

V. CONCLUSION

We measured the valence-band photoemission spectr
both potassium-doped close-and open-ended SWNT’s a
deintercalation in air and water. The results indicated t
potassium remained inside the open-ended SWNT’s.
overall valence-band spectra of the SWNT’s encapsula
potassium is well explained by the simple rigid band sh
model. However, the spectra near the Fermi level showe
much larger spectral intensity increase than that expecte
assuming the simplep* bands filling, indicating that a par
of the unoccupied states dips below the Fermi level by
potassium encapsulation. The band-structure calculation
Miyake and Saito,26 which predicted that one of the hybrid
ized state between the NFE and K 4s state comes downward
and crosses the Fermi level, is qualitatively consistent w
the experimental result. The potassium encapsulation
caused a large decrease of the work function of the SWN
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