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Electronic structure of single-walled carbon nanotubes encapsulating potassium
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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 simpfeband filling, indicating that, in addition to the* 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 SKstate crosses the Fermi level. The potassium
encapsulation also decreased the work function by 1.4 eV.
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I. INTRODUCTION electron (NFE) state, which is located 34 eV above the
Fermi level in a pristine SWNT and has a large charge den-

It has been well demonstrated that the physical propertiesity at the center of the interior space of a SWNT. Miyamoto
of carbon nanotubes, such as their conductivityand elec- et al?? and Miyake and Sait8 calculated the band structure
tron field emissiofican be widely controlled by intercalation of SWNT’s encapsulating potassium. They showed that the
by guest species. Nanotube intercalation compounds can IFE state is considerably affected by hybridization with the
classified according to their structures. In an intercalated!s state of the encapsulated potassium.
multiwalled nanotubelMWNT), the guest species are in- In this paper, we study valence band and work function
serted between the adjacent graphene sheets as in graphiteange induced by potassium encapsulation by means of
intercalation compounds.For a single-walled nanotube photoemission spectroscopy. Attention will mainly be paid to
(SWNT) bundle, it has been known that the intercalants arg¢he valence-band spectra near the Fermi level, where a dis-
inserted into the interstitial space between the adjacertinct deviation from the simple rigid band shift model was
SWNT’s8-1% More recently, some molecules and elementsobserved. The electronic structure deduced from the spectral
such as fullerenés** and iodine'® have been found to be change is discussed, and the results are compared to some of
inserted into the interior space inside the individual SWNT’s.the recent band-structure calculations.

In this case, the intercalants are confined in a one-
dimensional space, and novel physical and chemical proper-
ties are thus expected.

Previous experiments on alkali-metal-intercalated nano- Purified SWNT'’s grown by the high-pressure CO dispro-
tubes have clearly revealed electron transfer from the alkalortionation(HiPco) method’ were commercially obtained
metal to carbort=>1~1°In general, the transferred electrons from Carbon Nanotechnology Inc. The average diameter of
have been considered to simply fill ta& band of the nano- the SWNT's is~1 nm. We prepared two types of samples
tubes. That is, the electronic structural change has been efer comparison: open-ended SWNT's, whose caps were re-
plained based on the simple rigid band shift model. Howevennoved by annealing the sample in air at 693(iK accor-
most previous studies dealt with intercalated MWNT’s ordance with a previous repdfton SWNT's encapsulating
intercalated SWNT bundles; only a few experimental reportsnetallofullerenes and close-ended SWNT’s without the
on SWNT's encapsulating alkali-metals have been reportedreatment. Potassium was inserted into the SWNT's by

Shimoda et al?® synthesized SWNT'’s encapsulating means of the two-zone vapor method. The SWNT flakes and
lithium by electrochemical reactiofin this case, lithium was potassium were heated in an evacuated and sealed quartz
also intercalated into the interstitial sites between theube at 573 K for 25 h. This is essentially the same as the
SWNT’s, and observed an increased density of states at thraethod that is often used to synthesize potassium-
Fermi level in nuclear-magnetic-resonance measurementsitercalated(close-ended SWNT bundles;>16 except for
Jeong et al?! accomplished cesium encapsulation insidethe removal of the caps for one sample before the reaction
SWNT's by cesium plasma-ion irradiation. Their transmis-and for higher reaction temperature. For the open-ended
sion electron microscopyTEM) observation revealed sev- SWNT's, the potassium atoms seemed to occupy the interior
eral structural forms of encapsulated cesium, such as lineapaces of the SWNT’s in addition to the interstitial space
and spiral chains and a crystallized form. The electronidoetween the SWNT'’s as discussed below. After the reaction,
structure of SWNT’s encapsulating alkali metals has beenhe samples were removed from the quartz tube in air for
theoretically studied more extensivéfz.?® Other than the photoemission measurements.
simple electron transfer, some authors have paid attention to Photoemission measurements on the pristine and
the alkali-metal-induced modification of the nearly free-potassium-doped open-ended SWNT's were carried out at a

Il. EXPERIMENT
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/LA RS BLELELELE BLELELELEN BN BN the potassium-doped open- and close-ended SWNT's. The
spectrum of the pristine SWNT'’s is also shown for compari-
o K-doped (open-end) son. The pristine SWNT’s show a little spectral intensity at
A K-doped (close-end) the Fermi level, as we previously observed for SWNT'’s syn-
o pristine thesized by the laser ablation methddThe potassium-
doped open-ended SWNT's show a large density of states
near the Fermi level and a distinct Fermi edge. This indicates
a metallic character, which has been commonly observed for
alkali-metal intercalated MWNT's(Ref. 19 and SWNT
bundlest=>!® On the other hand, the spectrum of the
potassium-doped close-ended SWNT's is very similar to that
of the pristine SWNT's and shows a much smaller density of
states near the Fermi level. This means that potassium ini-
tially intercalated into the interstitial sites between the
SWNT’s almost completely deintercalated when the sample
was exposed to air and rinsed in water. It has been demon-
strated by previous TENM? conductivity’ and Raman
scattering measurements that alkali-metal atoms intercalated

FIG. 1. Valence-band photoemission spectra near the Fernilt0 SWNT bundles immediately deintercalte when the
level of the potassium-intercalated open- and close-ended SWNT'§loped samples are exposed to air. A previous conductivity
Note that the measurements were done after exposing the samplBteasuremefialso showed that annealing a potassium-doped
to air and water and annealing in a vacuum at 873 K. The spectru®WNT bundle at 400 K in a vacuum leads to deintercalation.
of the pristine SWNT's is also shown for comparison. The spectrdn all the previous reports, the experiments were performed
were normalized by the spectral intensity of the valence band a@n SWNT's without any treatment for removal of the caps
higher binding energies, which showed similar spectral features afand potassium was therefore considered to be located at the
ter appropriate binding-energy shifts. The energy region used fointerstitial sites between the SWNT's.
the normalization is 2.5-10 eV for pristine SWNT's. The result for the potassium-doped open-ended SWNT's

indicates that a considerable amount of potassium remains
beam line BL-IC of the Photon Factory, High Energy Accel- even after exposure to air and water and annealing at 873 K.
erator Research Institute, Tsukuba, Japan. The photon energlyis very unlikely that potassium atoms occupy the intersti-
hv and the energy resolution were 100 eV and 50 meViial sites because they are unstable in air and water and at the
respectively, for valence-band photoemission measurementsigh-annealing temperature, as mentioned above. Actually,
A helium discharge lamp (Hehw=21.2 eV) was also used the result for the potassium-doped close-ended SWNT's is
as a light source for work-function measurements. The basguite consistent with the previous results. We thus conclude
pressure of the analysis chamber was 1D ° Torr. The that potassium is encapsulated inside individual SWNT’s in
potassium-doped close-ended SWNT’s were measured at tlileis case. The result also means that the encapsulated potas-
beam line ABL-3B of the normal-conducting acceleratingsium is remarkably stable in air and water and at a high
ring, Atsugi R&D Center, NTT Corp., Japan. The photontemperature of 873 K, as has been found in the previous
energy and the energy resolution were 100 eV and 0.25 e\4tudies for encapsulated lithidfhand cesiunf! We think
respectively. The base pressure of the analysis chamber wésat both the interior space of each SWNT and the interstitial
8x 10 1° Torr. sites between the SWNT's were once occupied by potassium

After exposure to air, the sample surface was coveredtoms during the reaction with potassium at 573 K. After
with thick potassium compounds, probably due to deintercaexposure to air and water and annealing at 873 K, potassium
lation in air and excess potassium on the sample surface. Tatoms inside the SWNT’s seem to remain. The spectral in-
remove the potassium compounds on the sample surface atehsity near the Fermi level of the potassium-doped close-
the potassium remaining between the SWNT's, the samplesnded SWNT's is slightly larger than that of the pristine
were rinsed in water for 1 min. Valence-band photoemissiotBWNT's. This is probably because the SWNT's are slightly
spectra showed that the sample surface was still covered Hifled by potassium due to defects formed during the synthe-
potassium compounds. They were finally eliminated by ansis or purification procedure. Hereafter, we will focus on the
nealing at about 873 K in a vacuum for 30 min. All spectrapotassium-doped open-ended SWNT's. The K/C ratio of the
shown below were measured at room temperature after thSWNT’s encapsulating potassium was roughly estimated to
annealing. be ~0.14 from K2p and C Is x-ray photoelectron spectros-

copy (XPS).
Il RESULTS Figure 2 shows valence-band photoemission spectra of
the pristine SWNT’s and the SWNT’s encapsulating potas-

The valence-band spectra near the Fermi level of theium in a wide energy range. The peaks of the pristine
potassium-doped SWNT's after exposure to air and wateSWNT’s observed at binding energy of about 3 and 8 eV are
were strongly dependent on the structure of the ends of thassigned to van Hove singularities of theand o bands,
SWNT’s. Figure 1 shows the spectra near the Fermi level ofespectively. Although the overall spectral shapes are quite
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FIG. 4. Secondary electron threshold spectra of the pristine
SWNT'’s and the SWNT'’s encapsulating potassi(f@SWNT).

FIG. 2. Valence-band photoemission spectra of the pristineThe work-function value can be determined by the difference be-
SWNT'’s and the SWNT'’s encapsulating potassitf@SWNT). tween the photon energ?1.2 eV} and the nominal binding energy
of the secondary electron threshold.

similar to each other, the spectra of the SWNT’s encapsulat-
ing potassium shifted to the higher binding-energy side byyensity of states of the and#* bands is symmetric near the
about 0.5 eV. This indicates an upward Fermi-level shiftce mijevel. The obtained density of states was multiplied by
caused by electron transfer from potassium to carbon. yhe Fermi-Dirac distribution function at room temperature
The spectral similarity of the overall valence-band SPectra, g then convoluted by the experimental energy resolution.
shown in Fig. 2 can basically be understood in terms of thel_he spectrum of the SWNT's encapsulating potassium and
rihgid .b"flgdbShgt mhf;del. I(—j|o|wever, ?diISthbt devie(ljtion fronp] the spectrum calculated by assuming the rigid band shift
the rigid band shift model was clearly observed near the . 2 .
Fhermi IeveII. Figlure 3 shows rr}nagnification of the sgefctra nﬁa gdee\l/gﬁereo?izli:egf iﬁ\gaer:etrgi i,(\)/\;vsers Stlr:gl?hgée;;rrg?llzl\?eel gfy
the Fermi level in Fig. 2. The spectrum expected from the "
rigid band shift modeglj is also shgwn in the f?gure. Here, thethe pristine SWNT's in ord.er to clarify the spectral intensity
density of states of ther* bands was obtained from the differences. Atagla_nce, itis very clear that the spectra of the
experimentally obtained density of states of théands as- S.WNT,S enca}psulatlng potassium cr?mnot pe gxplamed by the
suming that the Fermi level of the pristine SWNT's is lo- rigid band shn‘_t model. The sp_ectr_al intensity increase caused
cated at the center between thend 7* bands and that the Eggtr(]ee(j pb?iiiurzgignﬁﬁu;ﬁﬂ?m drglumolggs(rarthﬁé tg?;[aesx-
sium encapsulation seems to also increase the density of
states in a range of 0—1 eV or more, which would be un-
changed in the simple rigid band shift picture. Note that the
conclusions described above are essentially unchanged re-
gardless of the exact Fermi-level position of the SWNT's
because the spectral shape and intensity change induced by
the potassium encapsulation is significantly large. If we as-
sume that the Fermi level is located at the top of the valence
band, as usually observed in transport property measure-
ments, the deviation of the rigid band shift model from the
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experimental result will be larger. In the following section,
we will discuss the electronic structural change deduced
from the spectra in detail.

The potassium encapsulation also considerably changes
the work function of the SWNT'’s, which is crucial for con-
trolling the field-emission properties of SWNPdere, the
work function is defined as the energy difference between the

FIG. 3. Magnification of the spectra near the Fermi level in Fig. Vacuum level and the Fermi level. Figure 4 shows secondary
2. The spectrum expected from the rigid band shift model is als¢!€ctron threshold spectra of the pristine SWNT's and the
shown. The spectrum of the SWNT’s encapsulating potassiun®WNT’s encapsulating potassium. The work functions of the
(K@SWNT) and that expected from the rigid band shift model Pristine and the SWNT’s encapsulating potassium were de-
shifted toward lower-energy side by 0.5 eV, for comparison. Thetermined to be about 4.7 eV and 3.3 eV, respectively. That is,

origin of the energy was set to the Fermi energy of the pristinethe potassium encapsulation decreased the work function by
SWNT's. 1.4 eV. The value for the SWNT's encapsulating potassium is
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rather close to the calculated work-function valabout 3.6  the cross section of the electronic states is the same as that of
eV, Ref. 25 of a potassium-dope.0,10 tube bundle K&  the #* bands(the validity of the assumption is discussed
(in the calculation, potassium is inserted both between anthter. Then, we can ascertain from the observed spectral
inside SWNT'9. The work-function decrease is partly ex- intensity enhancement of 2.5% that 0.12 electrons per C
plained by the Fermi-level shift toward the vacuum level.atom are transferred from potassium. This value is close to
However, it should be noted that the work-function decreaseéhe K/C ratio of the sample estimated from the XPS resuilt,
is considerably larger than the observed spectral $0ii  and thus indicates a highly ionic character of encapsulated
eV). Thus, the large work-function decrease cannot be simpotassium atoms. On the other hand, the amount of electron
ply understood in terms of the rigid band shift picture, either.transfer estimated from the rigid band shift of 0.5 eV was

Although the work-function decrease is considerablyevaluated to be only about 0.012 per carbon atom. Our esti-
large, the work-function value for the SWNT's encapsulatingmation also showed that a rigid band shift of about 1.8 eV is
potassium is still quite larger than that of the Cs-intercalatechecessary in order to explain the observed spectral intensity
(close-ended SWNT's we previously obtained2.0-2.4  increase. Assuming the calculated density of states of
eV).""!8 In the previous study, the Cs intercalation wasgraphité®instead of that shown in Fig. @olid line), we also
achieved by depositing Cs onto the sample surface imbtained qualitatively similar results.
vacuum at room temperature. We thus think that the work- Up to now, we have not considered the contribution of
function difference is mainly due to Cs ions on the samplepotassium-derived states to the spectrum. One may think that
surface in the latter case. It seems that the remaining Cs ionge large spectral intensity increase is mainly due to the for-
on the sample surface form an electric dipole moment at thenation of occupied K 4 states. If we assume that the exci-
surface, which would further reduce the work functf@ven  tation cross section of a Ksfelectron is the same as that of
in this case, the possibility that thick Cs layers were formedy C 2p electron, this idea leads to an almost neutral character
on the sample can be excluded because the Cs saturatigithe encapsulated potassium. However, it is very unlikely
coverage at room temperature sl ML (Ref. 19, where  that potassium having a low ionic potential is encapsulated in
ML is monolayet. SWNT'’s in the neutral state. Moreover, according to the the-
oretical calculatiorf® the cross section of a Ks4electron
seems to be considerably smaller than that of gp@[2ctron
for hv of 100 eV(although the cross section of the KK dtate

In this section, we will analyze the valence-band spectras not apparently presented in the reference paper, we can
near the Fermi level in detail, and discuss a possible reasawughly estimate it from the value of Ca4tatg. Thus, even
for the deviation from the rigid band shift model. We esti- if the encapsulated potassium is in the neutral state, the ob-
mated the spectral intensity change near the Fermi levederved spectral intensity increase cannot be explained at all.
caused by the potassium encapsulation, relative to the totdlherefore, we conclude that the I 4tate does not largely
spectral intensity of the overall valence bands that spread ugontribute to the spectrum and that the spectral intensity near
to a binding energy of about 25 eV. Before the analysis, théhe Fermi level is dominated by electronic states that origi-
Shirley-type background was subtracted from the raw speaiate mainly in carbon.
tra, although the spectra near the Fermi level shown in Fig. 3 To explain why the large spectral intensity increase was
were almost unchanged by the background subtraction. Thebserved in spite of the rather small spectral shift, we have to
spectral intensity increase was estimated to be about 2.5% afsume that in addition to the simpte® bands filling, a
the total valence-band intensity of the pristine SWNT’s. Onlarge amount of initially unoccupied states of a SWNT dips
the other hand, that expected by assuming the rigid banbelow the Fermi level due to potassium encapsulation. This
shift of 0.5 eV was only about 0.24%. That is, the spectralmeans that the electronic structure in the unoccupied states
intensity increase observed in the experiment is nearly onand near the Fermi level cannot be described by the rigid
order of magnitude larger than that expected from the rigicdband shift model. The band-structure calculation by Miya-
band shift model. motoet al. > on a SWNT encapsulating potassium predicted

Next, we estimated the amounts of electron transfer fronthat hybridization between the NFE state of the SWNT and
the experimentally obtained and the calculated spectra a% 4s state produces two well-separated bands. This indicates
suming the rigid band shift model. The valence bands of considerable deviation from the rigid band shift model.
SWNT’s consist of four electrons of each carbon atom. OnéHowever, their calculation does not explain the observed
is a 2 electron and the other three ar@ 2lectrons. We spectral intensity increase near the Fermi level because both
neglect the polarization dependence of the valence-bandands are completely located in the unoccupied states. It
spectra because the SWNT's are considered to be random$eems that the band-structure calculation by Miyake and
oriented in the sample, and assume that the ratio o§/@2  Saitd®® is at least qualitatively consistent with our experi-
excitation cross section per electron for=100¢eV is 2.1 mental results. Their calculation predicts that one of the
according to the calculated photoionization cross settion bands produced by the hybridization between the NFE state
(the difference in the cross section has only a minor effecand K 4s state crosses the Fermi level. It also shows that the
and the discussion given below is qualitatively unchangedlispersion of the state is quite small below the Fermi level,
even if the &/2p cross-section ratio is assumed to be unity and this will lead to a large density of states. Therefore, if the
Here, we also assume that the newly occupied states due w@lue of the excitation cross section of the NFE state is com-
the potassium encapsulation are the (2p,) bands, or that parable to that of ther* bands, as assumed above, we can

IV. DISCUSSION
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qualitatively understand the spectral intensity increase andnd at the interwall region in an MWNY. These results
the small Fermi-level shift. It seems that the difference in thestrongly suggest that the Fermi-level crossing of the hybrid-
results of the two band-structure calculations mainly origi-ized state between the NKiterlaye) state and alkali-metal
nates in the difference in tube diamet&t#liyamotoet al.?> s state commonly occurs in alkali-metal-intercalated
dealt with SWNT's having a diameter of 0.56 nm, While SWNT's, regardless of the alkali-metal occupation sites
Miyake and Saitt® found the Fermi-level crossing for tween the SWNT’s and inside individual SWNTand in
SWNT’s having diameters of 0.78 and 0.94 nm. Thus, thealkali-metal-intercalated MWNT$graphitg. Actually, a re-
latter calculation is much closer to the situation in our ex-cent band-structure calculation on potassium-intercalated
periments. graphite KG resulted in a Fermi-level crossing of the inter-
Unfortunately, further detailed comparison of the experi-layer state®® However, a calculation on a potassium-
mental and the calculated results seems to be difficult beintercalated SWNT bundle by Saito, in which potassium was
cause the K/C ratio assumed in the calculdfioi0.025 or inserted between the SWNT's, did not result in a Fermi-level
less is much smaller than that of this study. Considering thatcrossing of the NFE state, but in an almost rigid band shift
the ionic radius of potassium is 0.13 nm, the encapsulatebehavior® At this stage, the reason for the discrepancy is not
potassium may often form plural chains or a crystal insideclear.
the SWNT’s, as observed by a previous scanning-
transmission electron microscopy study on SWNT's encap-
sulating iodiné® and cesiunf! although the calculatich
dealt with a single chain of potassium. We measured the valence-band photoemission spectra of
The NFE state in a SWNT corresponds to the interlayeiboth potassium-doped close-and open-ended SWNT's after
state in graphite, which has a large charge density betweetteintercalation in air and water. The results indicated that
the adjacent sheets? The interlayer state in graphite has potassium remained inside the open-ended SWNT's. The
been intensively observed by vacuum-ultraviolet inverseoverall valence-band spectra of the SWNT's encapsulating
photoemission spectroscopy.° These results strongly sug- potassium is well explained by the simple rigid band shift
gest that the cross section of the interlayer state, and thus thatodel. However, the spectra near the Fermi level showed a
of the NFE state is comparable to those of thén*) ande  much larger spectral intensity increase than that expected by
(o*) bands for a photon energy of vacuum-ultraviolet re-assuming the simpler* bands filling, indicating that a part
gion. Therefore, it is likely that the state below the Fermiof the unoccupied states dips below the Fermi level by the
level induces a large spectral intensity increase as observgmbtassium encapsulation. The band-structure calculation by
here. Miyake and Saitd® which predicted that one of the hybrid-
The above discussion suggests that a considerable amouned state between the NFE and K gtate comes downward
of the density of states near the Fermi level of the SWNT'sand crosses the Fermi level, is qualitatively consistent with
encapsulating potassium originates in the band derived frorthe experimental result. The potassium encapsulation also
the NFE state. Thus, the physical properties may be domieaused a large decrease of the work function of the SWNT's.
nated by the NFE state rather than th band, although, in
a pristine SWNT, the NFE state should have little direct con-
tribution to the physical properties because it is located far
above the Fermi levéf3® The authors thank Dr. M. Nakatake and Professor A. Yag-
Finally, we should mention that the spectral feature nearshita for their support in the photoemission measurements at
the Fermi level observed in this study does not seem to bthe Photon Factory. S.S. is grateful to Dr. K. Furukawa and
characteristic only of the SWNT's encapsulating potassiumDr. K. Ueda for their help on the syntheses of the potassium-
Similar features were also observed in our previous studieiitercalated SWNT samples. He also thanks Dr. S. Sasaki
on Cs-intercalated MWNT'{Ref. 19 and Cs-intercalated and Dr. H. Yamamoto for their help on some preliminary
(close-endedSWNT bundles? although we did not mention experiments. This work was partly supported by the NEDO
the deviation from the rigid band shift model in the previousinternational Joint Research Grant and by Special Coordina-
reports. Previous calculations showed that a NiREerlaye)  tion Funds of the Science and Technology Agency of the
state also exists at the intertube region in a SWNT bufidle Japanese Government.

V. CONCLUSION
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