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Image-potential states of single- and multiwalled carbon nanotubes
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The existence of low angular momentum image-potential states is predicted both for single- and multiwalled
nanotubes. The states are confined between the self-induced potential on the vacuum side and the surface
barrier, created by the central ascent in the transverse nanotube potential. Effective interactions near the surface
of the nanotube are modeled with a cylindrical jelliumlike surface barrier, parameterized to ensure the correct
transition into the long-range image potential. Binding energies and wave functions are calculafetjGor
(10,10, (9,0 single-walled andd=9.48 nm multiwalled nanotubes for different values of electron angular
momenta. In addition, the expected relative lifetimes were calculated for the case of zero—angular momentum
states of a10,10 SWNT. The possible formation of image-potential states in nanotube bundles is briefly
discussed.
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I. INTRODUCTION In this paper, it is demonstrated that both SWNTs and

The studies of image-potential states at surfaces and ifhuitiwalled nanotubes(MWNTs) can support image-
terfaces provided a tool for probing the electronic structurdPotential states directly in front of_ the surface. These states
and dynamics on a nanometer scattThese states are &€ confined between the self-induced potential on the
formed when an excess electron induces an image charg@cuum side and the potential barrier inside the nanotube.
and becomes trapped in the attractive potential of the locallj3inding energies of the investigated states are located sig-
polarized surface. For some years, the investigation of imageificantly lower below the vacuum level than those of tubular
states was mainly performed on clean metal surfaces anthage states, resulting in substantially smaller radii of local-
surfaces with overlayers. Recently, advances in the fabricdzation. This makes them far less susceptible to external per-
tion of nanostructured materials enabled an exploration ofurbations caused, for example, by interactions with the sub-
these states in a variety of nanoscopic settings including mestrate or impurities.
lecular nanowires® and liquid He’:8 We model effective short-range interactions between the

In the work of Grangeet al.® a class of image-potential surface of the nanotube and an image electron by introducing
states has been predicted to exist around the surfaces afcylindrical jelliumlike potential barrier, parameterized to
freely suspended linear molecular conductors or dielectricggnsure the correct behavior at the bulk—vacuum interface.
such as carbon nanotubes. In contrast to the confinemeRtreviously, the jellium barrier model has been employed for
nature of image states above metal surfaces, where the elegharacterization of one or several monolayer systems, such
tron’s motion is localized between the attractive image po-as fullerene¥*3and thin films!* Its success in predicting the
tential and a band gap along the surface normaliubelar  correct positions of weakly bound electronic states, promotes
image states in Ref. 9, are produced with a nonzero-anguldhe use of the cylindrical jellium for modeling the electron—
momentum(l = 6), so that the resulting positive centrifugal surface interactions in nanotubes.
barrier keeps the electronic wave functions away from the Binding energies and wave functions were calculated for
tube. Binding energies and wave functions of these imagél2,0), (10,10, (9,00 SWNTs and &d=9.48 nm MWNT for
states were calculated for the case ¢18,10 single-walled an electron angular momentum in the rangeleD-10.
nanotubg(SWNT). It was concluded that due to a weak in- Present results indicate that variations in the nanotube diam-
teraction of “over-the-barrier” states with the surface of aeter have a unique effect on energies of the calculated image-
nanotube, their lifetimes are expected to be much longer thapotential states, which is primarily attributed to the differ-
those of surface image-potential states in metals. ence in the long-range behavior of the induced and

The experimental observation of tubular image statesgentrifugal parts of the total effective potential for the sys-
however, poses tremendous challenges. Since these states t&m. Values of the minimal angular momentum required for
formed at distances of at least 10 nm from the nanotube, théde formation of the repulsive centrifugal barrier are com-
latter needs to be isolated from any source of interactionpared for different SWNTs and MWNTSs. Analysis using the
such as a substrate or other SWNTs. Synthesis of the aavave function’s penetration into the bulk is found to provide
equate size sample with described characteristics is not zn approximate estimate of the lifetime. In addition, the pos-
easy task and is complicated even more by the tendency ofsible formation of image-potential states in nanotube bundles
SWNTs to form bundlegrope9. The excitation of tubular is investigated.
image states in suspended SWNT netwérkgems to be the
future prospective. At the present time, however, the amount
of nanotubes in these samples is still insufficient for the ob- In this section, we describe a one-electron potential for a
servation of the described feature. nanotube of radiua. Owing to the cylindrical symmetry of a

Il. THEORETICAL MODEL
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: o [1-eMA] 7>
rated: 4(|2 - z) %
v@=y (5)
1 i i _~Yo
Vaislp. 6.2 = U9, ® A1 1 4=z,
\2mp

where z=0 corresponds to the midpoint of the film and
=z, is identified with the location of the image plane for
tatic charge$’ The constantsA and 8 are determined by

wherel is the angular momentum of an electron with respec
to the axis of a nanotube. The resulting one-dimension

problem is solved to obtain the binding energigs,, and the matchingV(z) and its derivative az=z, and the adjustable

wave fu_nct|(_3ns<//n,|(p) for the electron r_’notlon in the trans- parametet), defines the depth of the jellium potential well.
verse direction. In Eq(l), the electron is assumed t0 MOVe The remaining quantity), determines the transition range
freely along the nanotube, such that the endgggssociated (1/N\) over which the barrier saturates. This simple barrier

\_:_V;lth the T)?t'on in thez T_rectloq' IS a Cdonft'n?ot'hs Q/anable. model was shown to reproduce well the effective electron

' N€ possi ! € presence of impurities or detects that may resuE)totential at different surfaces obtained from density func-

in electron’s localization causing the quantizatiorEQf(Ref. : L4418

9) is not taken int " tional calculationsg?

) Bno tla'e? mto ?c;ﬁoun 'f ¢ tube the f ¢ For a SWNT, thefull effective surface potential is con-
rectly in front of the surface of a nanotube the Torm ot gy, c1aq jn a similar way on both sides of the infinitely long

the potential will be dominated by the repulsive surface bar—C lindri ; .

. S > cylindrical shell of thicknesaR:

rier that keeps an electron from decaying into bulk. This

short-range interaction vanishes at large distances, where the

- i i ; +H\[1 — @ Np = pol” < o
electron primarily experiences the long-range image poten- Vir(p')1-e o1 P=Ppo

tial, modified by the presence of the centrifugal force. - Up

The form of the three-dimensional image potentigly, Veit(p) = NI lp—a <AR2 (6)
induced by an electron approaching a nanotube, is given by o
Ref. 15: Vir(p)[1—eNe=rol"] p>pg,

ME+ wherep*=p+AR/2, andp;=a+AR/2 define the location of
2e . . . \
Vim(p' ,2)=—— > f dk cogkz)exp(lm ¢) the image reference plane on either side of the tube’s wall.
T m=—< J 0 Since A and B, are determined via the matching at these
1. (ka) planes, they depend on the angular momentukiVe adopt
m Kn(kp)Km(kp'), (2) the same shell thicknesAR, of 0.296 nm as in the case of a
Km(ka) spherical carbon cage used for constructingGggjellium.13
_ ) _ The parameted,, defining the depth of the potential well
where t_h_e electron is located outside the tube of radias  \yas obtained by requiring that bound state energies of the
the position(p,0,0), andl,(x) andK(x) are the regular and  model system are appropriate for the highest occupied states
irregular Bessel functions. The long-range character as welh carbon nanotubes, located well below the energies of im-
as the correct limiting behavior of this potential can be re-age state electrons. The density of states for the valence
produced with the sufficient accuracy by introducing the fol-pands has been well established both theoretically and
lowing approximate forn¥: experimentally®22and is used here as a reference of nano-
tube electronic properties. Since each level of the one-
dimensional jellium well can be populated by two electrons,
the four valence electrons of the carbon atorsf, 2nd 2?
will fully occupy the availablen=1 andn=2 levels. In this
where li(x) = [§dt/In(t). Note thatV,,(p) is singular atp ~ ¢@S€ the jellium Fermi level should be located close to the
energy ofn=2 stateEr=E,_,. The value olU,, therefore, is
adjusted to match the=2 level with the Fermi energy of a
carbon nanotube. Fddy=-15.24 eV, the energies af=1
and n=2 levels become -12.41 eV and -5.7 eV, respec-
tively, where the latter is consistent with the Fermi energy,

2

Vinl) = 253 (el 3

n=1,3,5...

=a.

The total long-range potential/, g, is then obtained by
combining the image potential of E(B) and the centrifugal
interaction in the following manner:

52 (I2 _ 1) averaged over different geometries of metallic carbon nano-
ViR(p) = —— > li[(a/p)™] + 42 , (4) tubes. In principle, small variations of the Fermi level within
T &n=135... 2mep different nanotube chiralitiés can be accounted for in the

jellium potential by varyingJ,. However, since positions of
wherel is the angular momentum of the state angdis the  the image-potential states relative to the vacuum level are
reduced mass of an electron. essentially unaffected by slight changesBp,?® the same
In order to describe the short-range potential near the sujellium depth is used for all carbon nanotubes investigated in
face of the tube, we adopt the jellium barrier model for thethis work.
metallic film in the analytic form of Jennings al.** modi- The singularities inV,, [Eq. (3)] at p=a+AR/2 are
fied to describe the interfaces on both sides of the fim:  avoided in a manner similar to that of azlpotential in
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FIG. 2. Binding energies of image-potential states calculated for
FIG. 1. The total effective potential for dr 1 image electron in e (10,10 SWNT (a=0.68 nm. Series of states with angular mo-
the vicinity of a SWNT(a) and MWNT (b). The inset in(a) displays mentum in the range of 0_—10 are considered. Numbers next to the

the effective potential for different values of electron angular®N€rgy bars indicate principal qguantum numbers,
momenta.
of the two parts iV [see Eq(6)] relatesh to bothUy and

metallic films. We assume that the divergence/jn can be A F(_)lr the potential shown in Fig. I is found to be
represented as some powernf 1/[p-pol, (v>0). Hence, 0.44a,~, whereay is the atomic unit of the length. The inset

the limiting value ofVey(p) for p— pi+0 is given by the in Fig. 1 displays the dependence of a centrifugal barrier on
L'Hospital’s rule: the electron’s angular momentum

For a MWNT, considered as a collection of concentric
1—gMe—rd” SWNTs with different diameters, the potential on the vacuum
lim ——————= (7)  side will have the same analytic form as for a SWisEe
p=r0t0 [P~ pol Eq. (6)]. Clearly, in this case, the nanotube radaishould
The parametew, which, in the case of the film potential be associated with the radius of a SWNT located in the outer
equals 1, was determined numerically by requiring that theshell. The effective potential inside a MWNT is constructed
saturated potentiaV/, g(p)[1—eMr=rd"] is continuous in the as @ superpositipnlof individgal contributions from 'inner
vicinity of p,. In the present work, the value efwas found nanotubes. In principle, for this arrangement, formation of
to be 0.94. energy bands in the direction perpendicular to the nanotube
Note that the image potential inside the nanot(itep axis becomgs possible. For an average s_ize MWNT, how-
panel in Eq.(6)] is obtained through a variable transforma- €Ver, the typical n_umber of coaxial SWNTs is 5 to 2(_) and the
tion, p— 2a—p, in the potential on the vacuum sigieottom effect of perpendlculgr bands can be neglected. Figdng 1
pane). According to self-consistent calculations of the radialShows the total effective potential for a three-walled carbon
potential for the G, molecule!3 the long-range “wings” are nanotube Wlt_h the outer diameter of 2.72 nm and the inter-
symmetric with respect to the fullerene shell. This encour{ube separation of 0.34 nm.
ages the use of the same functional form on both sides of the

nanotube wall. However, since the penetration of an image . RESULTS AND DISCUSSION

state electron beyond the jellium barrigfy < p=< pp) is ex- _

pected to be weak, the small differences of the inner poten- A. Single-walled nanotubes

tial from the outer should have very little effect on binding  Binding energies of an electron in the presence of a nano-

energies of image states. tube, calculated for the case of tf0,10 SWNT are shown
The effective potentiaVeu(p), calculated for ai=1 im-  in Fig. 2. Image-potential states with angular momenta in the

age electron in the presence of 0,10 SWNT (a range from O to 10 are considered.

=0.68 nm is shown in Fig. 1a). The associated matching Classification of the states is similar to the scheme
parameters in this case akg=1.6 andB;=3.1. The quantity adopted for the image states above metal surfaces, such that
\, which defines the value of the saturated potential at théhe lowest state localized outside of bulk is labelechad.
bulk—vacuum interfacép— py+0) is obtained by requiring Since the effective potential inside the nanotulpg=<p

that Veg(p) is continuous neap=p,. We note that matching <p,) also supports a number of low-lying valence states
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. . . FIG. 4. Binding energies ai=1,1=0-10 inage-potential states
FIG_. 3. Squares of the wave functions for the first fOl_Jr image- ., culated for the10,10, (12,0, and(9,0) SWNTSs with associated
potential states of @10, 10 SWNT (1=2). The lower panel displays  jiameters of 1.36, 0.94, and 0.70 nm, respectively. The shaded area
the associated potential in the radial direction. represents the location of the positive centrifugal barrier.

with wave functions confined inside the well, image-image states of a SWNT are located closer to the vacuum
potential state wave functions will have a number of nodedevel. This difference is determined by the fact that image
extending inside, beyond the nanotube surféioe, p<a  states above metal surfaces have a relatively large overlap
+AR/2). This penetration, however, is wegsee discussion with bulk states, such that their wave functions extend inside
at the end of the sectignand the dominant part of the image the bulk for up to 3 nnt# In the case of a SWNT, the pres-
electron wave function is concentrated outside of the potenence of the inner wall in the nanotube jellium potential ob-
tial well, as shown in Fig. 3. As a result, over the regionstructs penetrations of an image electron beyond the surface
outside the image reference plafig>a+AR/2) the n=1  to less than 1 nm.
state has only one transverse node. Its surface penetration is The diameter distribution of SWNTs produced by arc dis-
represented with a few low-amplitude nodes that are keptharge or laser ablation techniques is still poorly controlled.
from extending to the nanotube center by a potential barrieAlthough the latter method yields more uniform nanotubes,
at p=a—AR/2 (also see Fig. b the typical diameter range can still be 1.0-2.0%nThe
High angular momentunil = 6) states that localize be- presence of SWNTs with different diameters in a sample
hind the centrifugal barrier are marked as tubular imageesults in a superposition of spectral features, such as Van
states in Fig. 2. Their binding energies are essentially insertHove singularitie$® In view of that, the knowledge of diam-
sitive to the potential at the nanotube surface and fully agreeter dependent changes in a nanotube spectrum could be-
with the ones calculated in Ref. 9. It should be emphasize¢ome critical in the interpretation of experimental results.
that even the group of most deeply bound tubular imageévoreover, it can be expected that binding energies will vary
states(n=1) is located within only 12 meV away from the significantly with changes in the nanotube diameter since
vacuum level, which is determined by a relatively low rise ofthe effective long-range potential consists of the diameter
the positive trapping potentigsee the inset in Fig.(&)]. independent centrifugal, and the diameter dependent
In contrast to tubular image states, that are isolated front1/[(p/a)In(p/a)]) image potential parts.
the surface of the nanotube, states with small values of an- In Fig. 4, binding energies for three different types of
gular momentum experience the negative effective potentid WNTs (10,10, (12,0, and(9,0) with associated diameters
for any value ofp, and, as a result, localize closer to the of 1.36, 0.94, and 0.70 nm, respectively, are compared. En-
nanotube’s surface, as can be seen in Fig. 3. Their bindingrgies ofn=1 image-potential states for each value of the
energies are significantly deeper than those of high angulalectron angular momentuin(l=0-10 are displayed. The
momentum stateésee Fig. 2 due to much further penetra- shaded area represents the location of tubular image states
tion of the corresponding wave functions into the nanotubeseparated from the nanotube surface by a positive centrifugal
In comparison with image states above metal surfacebarrier. In the case qfL0,10 SWNT (a=0.68 nm the mini-
having typical binding energies in the range of 0.0—0.5%eV, mal angular momentum needed for the presence of this bar-
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rier, lparien €quals 6, as in Ref. 9. As the nanotube diameter TABLE I. Calculated penetrations of tHe=0, n=1-5 inage-
decreases, more states fall behind the centrifugal barriepotential state wave functions into(20,10 SWNT nanotube. The
which is consistent with &?/p? scaling of the centrifugal second row shows the expected ratio of lifetimeg.r;.
potential. In the case ofl2,00 SWNT (a=0.47 nm) lyrier
=5, and in the case a®,0) SWNT (a=0.35 nm lparie=4 D 1 2 3 4 S
(see Fig. 4 The movement of the centrifugal be}rrler toward Penetration(%) 0592 0264 0151 0055 0.038
the nanotube surface caused by the decrease in the nanotLLbfe . .

. o . ifetime ratio, 7,/ 7 1.00 2.24 3.92 10.76 15.58
diameter rules out the possibility of scaling the correspond:
ing binding energies. In fact, the major trends in the diameter

d_ependence of the SWN.T energy §pectrum, evident from The absence of the band structure in the transverse direc-
Fig. 4, are rather interesting. Energies of low angular mo-,

. tion of a nanotube favors the assumption that the dominant
mentum states,E; | (0<I<lpaie), for nanotubes with X L . ; .
. : ecay channel in SWNTSs is inelastic. Hence, image-potential
smaller diameters are located closer to the vacuum leve

however, their interlevel separations increase. This is primaf tate lifetimes are predominantly influenced by their wave
: - . : : function penetration nd the tube’s surface. Th netra-
rily attributed to the different radial dependence of the two unction penetrations beyond the tube’s surface. The penetra

i tering E6) for the effective | tion depth, Eq«(8), in this case, provides a measure of the
feonrzglonen s entering E¢#) for the effective long-range po- coupling of the statey, to bulk electronic states. This cou-

In contrast to the decav mechanism of tubular ima ling, weighted by the screened interaction, is responsible
. ) y me . . 9%or the decay of image-potential states through electron—hole
states, which are shielded from interactions with the surfac

. . air excitations. Within this heuristic approximation, the
by means of a centrifugal barrle(, the low-angular MOMEN{inewidth of a state can be related to its penetration depth by
tum states can enter the bulk region of a nanotube acquiring
finite decay widths owing to their coupling with bulk elec-
tronic states. In principle, the quantum-mechanical calcula-
tion of image-potential state linewidthis, and the associated
lifetimes, 7, requires a separate treatment of different nano-
tube geometries through modeling their bulk electronic struc- ) o
ture, and invokes a many body treatment of the decay dywherelnu(Eq)) is the linewidth of a bulk state correspond-
namics, which is beyond the scope of this study. Moreovering to the energy, . For metal surfaces an empirical energy
results from such an elaborate calculation, can only be usegfaling for the quantity’y, as a linear power of the image
as a qualitative guide, since the experimental disentanglestate energy with respect to the Fermi energy has been
ment of contributions from different types of nanotubes isobtained? for the free electron gas this scaling is found to
still out of reach. be quadratié® Considering for a nanotube an energy scaling

As a viable alternative, in the present work, the lifetime ofto be some power ofE, | -Er), we note that the value of
an image-potential state,; is evaluated by studying the I'huk is largely independent of image state energies of the
wave function penetration tube sinceEg is much larger than a typical value & ).

Therefore, a good estimate of the ratio of the lifetimes can be
atAR/2 obtained from the ratio of the penetration depths.
Pni = f dpl//;J(p)(ﬁnJ(p) (8) Table | shows the probabilities for a zero-angular momen-

0 tum image electron to be inside @0,10 SWNT (p<a

+AR/2). As expected, the increase in the principal quantum
into the bulk. Previously, this approach was employed forumber of an image-potential state results in smaller penetra-
studying lifetimes of image-potential states above surfaces afons of its wave function into the nanotube, increasing the
noble metals. In particular, it was shown that the linewidth ofjifetime of the state. Noticeably, the typical penetration depth
the first image-potential state at tihepoint of Cu111) is  for a nanotube state is found to be less than 1%, which is
proportional to the penetration deptiof its wave function.  substantially smaller than the average penetration depths of
Subsequent measurements utilizing the femtosecond timénage-potential states above metal surfaces. The latter can
resolved photoemission have confirmed that the lifetime ofxtend up to 35—40% into the crysfér n=1 of Cu111)],
n=1 state strongly depends on the penetration of an imageorresponding to lifetimes of 8—10 &It should be empha-
electron into the crystal and is not very sensitive to the desized that following the above discussion, the calculated pen-
tailed form of the wave functioff* It should be noted, how- etration probabilities can be used only for predicting the rela-
ever, that the above conclusion is valid only for image-tive lifetimes of image-potential states within a certain
potential states that are located within an energy gap in theanotube geometry. Thus, scaling of linewidths according to
projected band structure along the surface normal and, theréhe difference in the penetration depths between the image-
fore, decay dominantly through inelastic effects associateghotential states above a (11) surface and a(10,10
with electron—hole pair excitations. For states that are locateBWNT is not likely to yield accurate lifetimes. Qualitatively,
outside the gap and, thus, degenerate with the continuum dfowever, the comparison of penetration probabilities indi-
energy in the conduction band, the dominant contribution taates that electron—pair excitation cross sections for image-
the linewidth will be elastic, in which case, their lifetimes potential states in SWNTs are smaller than in surfaces, and,
cannot be deduced from wave function penetrations. as a result, their lifetimes are expected to be longer.

I‘(En,l) o F)n,ll_‘bulk(En,I)r (9)
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FIG. 5. Wave functions for the lowest three image-potential 600t

states calculated for 19-wallgd=14.2 nm) MWNT (I=1). Wave
function for the highest bound state forming within the jellium shell 700+
is also shown. The lower panel displays the total effective potential
in radial direction.

800+ 1 1

B. Multiwalled nanotubes

Similar to SWNTs, MWNTs offer numerous potential ap- FIG. 6. Binding energies of image-potential _states are calculated
or the case of a MWNT that has an outer diameter of 9.48 nm.

plications. Their synthesis, on the other hand, is relativel Series of states with angular momenta in the range of 0-2 are con-

inexpensive and yields large quantltlas of |soIa_ted tUbeS'idered. Numbers next to the energy bars indicate a state’s principle
Thus, at least for the moment, probing the existence o Lantum numbem

image-potential states in a MWNT could be more accessible
experimentally, especially since the appearance of MWNTs ) )
in the sample is more suitable for the formation of thesgP€ndent of the nanotube diameter, whereas the image poten-
states. tial interaction scales ap/a. Clearly, for large diameter
The investigated nanotubes are constructed from 12_18anotubes the angular dependent c_ont_ri_bution into the total
coaxial single-walled shells, separated from each other b%png-range_ potennal becomes less significant. It is also clear
0.34 nm3®-32which is the spacing of a turbostratic graphite. hat th_e minimal valua_ of angL_JIar momentum neeqeq for the
For this arrangement, the diameter of the outer SWNT idormation of the positive barrietpsrie, in MWNT will in-
9.48-14.21 nm. The total effective potential, calculated actréase. For instance, in the case of the 12-walled MWNT
cording to the discussion in Sec. Il is shown in the inset ofibarie 14. The influence of nanotube parameters on the cen-
Fig. 5. The penetration depth of an image electron beyonH'fugal barrier is analyzed in Fig. 7, where the barrier height
the surface planép=a) of a MWNT can be seen in Fig. 5, 1S plotted versus the eIec'Fron angular momentur_n and t_he
where the wave functions for the first three image-potentia a”‘_’tube diameter. According to Fig. 7,.the formation of ihis
states are shown. For comparison, the wave function for thBa/mer in MWNTS not only requires relatively large values of
highest bound electronic state forming inside the nanotube i but also has a very slow growth W|th.|ncreasmg angular
also displayed. Even in the case of tirel cluster of image- momentum. For instance, the barrier height for the 9.48 nm
potential states, the probability for an electron to be found/WNT is only 0.3 eV, wheri=25. The corresponding bind-
inside the outermost jellium well is negligible. Thus, at least"d €nergies of over-the-barrier image states in MWNTs are
for image-potential interactions, a MWNT can be effectively estimated to be less thanll meV away from the vacuum level.
replaced with a SWNT located in the outer shell. In this CaseCoasequently, even a minor fluctuation in the effective po-
arguments concerning the diameter dependent properties ofgtial @long the tube, for example due to electron-phonon
SWNT spectrum should be also applicable to MWNTs. Thisinteraction, will result in the ionization of these states.
claim is clearly supported by the spectrum calculated for a
MWNT, which is shown in Fig. 6. In comparison witf,-
binding energies of a SWNT displayed in Fig. 4, the energy It is well known that SWNTSs tend to stick into bundles or
levels of a MWNT are located further away from the vacuumropes during their synthes&ln this case, the effective po-
level. tential for an electron moving in the vicinity of a nanotube
According to Fig. 6, binding energies of image states inbundle is no longer cylindrically symmetric and, therefore, is
MWNTs are almost insensitive to electron angular momentainseparable with respect to two coordinates in the plane per-
As was mentioned above, the centrifugal interaction is independicular to the axis of a bundle.

C. Nanotube bundles
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. . . . FIG. 8. Effective potentialV(x,y), for the two adjacen{12,0
FIG. 7. The height of the positive centrifugal barrier as afunC'SWNTs. The XY plane is perpendicular to the axis of both

tion of the electron angular momentuin,and the nanotube diam- nanotubes.

eter. The results are valid both for SWNTs and MWN3ee text

The curve, indicated as=lp,ier IS formed by the crossing of the

potential surface with th&Y plane, and displays the marginal com-

bination of the nanotube parametéasandl) needed for the forma-
tion of the positive barrier.

The resulting potential for the two SWNT¥(X,Y), is
shown in Fig. 8, where th¥Y Cartesian plane is perpendicu-

lar to nanotubes’ axes and its origin is located symmetrically
between SWNTSs.

In this subsection, an effective long-range potential for 1he form of the potential along the axis at 0.0-0.6 nm
nanotube bundle is derived for a simplified case when a@Way from the nanotube’s surfade’<1.1nm has two
electron interacts with only two adjacent SWNTs at a time Wells atX; ,=+(a+AL/2), corresponding to the minima of
This scenario can be realized when nanotube bundles contaifi€ jelliumlike potential for each nanotube. The height of the
just a few SWNTs or when an electron is located close to th@otential barrier, separating these wells in Kedirection
surface of the bundle. In this study, the ti2,00 SWNTs decreases as t_he electron moves away from the nanotubes
are considered in a hexagonal close-packed bundle, whicHong theY axis. WhenY=1.1 individual wells can no
has a characteristic van der Waals separation between adj@nger be distinguished, instead, the projectionWkK,Y)
cent nanotubesiL, of approximately 0.3 ni The poten- ~along theX axis reveals only one potential well centered at
tial is calculated for the plane perpendicular to axes of bothX=0 (between nanotubgsElectronic states supported in this
SWNTs. With these considerations, the effective electron-Potential can no longer be associated with a single nanotube
bundle potential can be approximately given in Cartesiarand should be considered as image-potential states of a
coordinates as a superposition of contributions from indibundle. Since the merging of the two individual potential
vidual nanotubes, wells into one occurs at distances less than 1.1 nm away

from axes of each tube, the full range of image-potential
V(X,Y) = ViZy(pa) + ViZ(p2), states(y o~ . o) associated with an isolated nanotulsee
Fig. 2) will be altered by the presence of the second SWNT.
p?P=Y?+(X+(-1)Ya+AL/2))?> (i=1,2, (10) The nature of the change in the individual nanotube spectra
, L . is defined by the form of the intertube well, which is slightly
where g are the nanotubes’ radip; is the position of an  jeener and approximately twice as wide as the potential well
electron in the Cartesian frame of reference, Nﬁf_é(p) IS of a single nanotube. Thus, in the present approximation,
the total effective potential given by E¢6) excluding the  pinging energies of image-potential states in bundles will be
centrifugal part. In prmmple, both the interaction of n:?motubemore deeply bound than those of isolated SWNTSs.
electrons with core ions of the other nanotube and intertube
electron—electron interaction will affect the distribution of
the_induced image_charge. The effective range for poth inter- IV. CONCLUSIONS
actions, however, is comparable to the atomic radius of car-

bon, which is substantially smaller than the diameter of a The formation of image-potential states near surfaces of
nanotube. Therefore, in the present analysis, aimed to prdoth SWNTs and MWNTs was investigated theoretically.

vide a qualitative illustration of the long-range character ofThe states are confined between the self-induced potential on
the potential, intertube interactions are neglected. the vacuum side and the surface barrier, created by the cen-
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tral ascent in the transverse nanotube potential. Binding erphotoemissior. This technique was developed from two-
ergies and wave functions were calculated by modeling th@hoton photoemission and has proven to be the most versa-
interactions inside the nanotube with a cylindrical jelliumlike tile in studying unoccupied electronic states on a femtosec-
short-range potential, parameterized to ensure the correct bend scale. Its typical energy resolution for photoionized
havior at the bulk—vacuum interface. Calculations were perelectrons is about 10 me&f,which would allow for the ob-
formed for (12,0, (10,10, (9,00 SWNTs and(d=9.48 nm servation of individual image-potential states. In addition,
MWNT utilizing a wide range of electron angular momenta. time-resolved photoemission can map out the temporal evo-
In addition, the expected relative lifetimes were calculatedution of photoexcited electrons, providing an ideal tool for
for the case of zero-angular momentum states ¢f10  studying the lifetimes of image-potential states in carbon
SWNT. Present results indicate a unique dependence afanotubes.
image-potential state properties on the nanotube diameter,

which is primarily determined by the different radial behav-

ior of the induced and centrifugal parts in the effective

potential for the system. According to the present study, the This work was supported by Chemical Sciences, Geo-
experimental investigation of image-potential states in nanosciences and Biosciences Division, Office of Basic Energy
tubes could be realized by using time-resolvedSciences, Office of Science, U. S. Department of Energy.
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