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Abstract

We predict ultraslow collapse of “tubular image states” (TIS) on material surfaces. TIS are bound Rydberg-like elec-
tronic states formed at large distances (~30 nm) from the surfaces of suspended circularly-symmetric nanowires, such as
metallic C nanotubes. The states are formed in potential wells, resulting from a combination of the TIS-electron attrac-
tion to image charges in the nanotube and its centrifugal repulsion, caused by spinning around the tube. We demon-
strate that TIS can collapse on the tube surface by passing their angular momentum / to circularly polarized flexural
phonons excited in the tube. Our analysis shows that for highly detached TIS with / > 6 the relaxation lifetimes are
of the order of 10 ns—1 ps, while for / < 6 these lifetimes are reduced by several orders of magnitude.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Many-body and quasi-particle theories; Surface electronic phenomena (work function, surface potential, surface previous

termstates, etc.); Phonons

1. Introduction

Electronic image states formed above flat metal-
lic surfaces [1] could be very attractive for various
potential applications, if their lifetimes were not
too short (typically of the order of a few ps), due
to their overlap with the surface states [2]. There-
fore, we have suggested to study electronic image
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states in the vicinity (but far above) of suspended
linear conductors, such as metallic carbon nano-
tubes. The formed “tubular image states” (TIS)
[3-5] are expected to be much more stable, by
being highly detached from their surfaces [3], as
a result of the interplay between the attraction of
the TIS-electron to its image charge in the nano-
tube and the centrifugal repulsion, due to its circu-
lar motion about the cylinder.

These unique states can be characterized by the
continuous linear momentum k, describing motion
along the tube axis, and the discrete (n,/) radial
and angular momentum numbers. Typically, TIS
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with the angular momentum / > 6 are separated
10-50 nm away from the surface, and their ener-
gies are a few meV below the vacuum level. In re-
cent experiments [6], TIS with low /<3 were
observed to form in the vicinity of suspended
nanotubes. Their lifetimes are about one order of
magnitude longer than image states above flat
metallic surfaces, in agreement with our expecta-
tions.

In this work, we analyze in details the process of
the TIS-electron collapse on the surface of the
nanotube. This process is controlled by the relaxa-
tion of the TIS angular momentum /, and described
by the lifetime 7, In highly detached TIS, the
relaxation can be very slow, since their angular
momentum is only weakly coupled to elementary
excitations in the nanotube. Such a behavior is
analogous to the relaxation of spins in materials,
controlled by the weak spin—orbital coupling
[7,8]. In general, TIS-electron can be relaxed radi-
atively or via collisions with nanotube’s electrons
or phonons. From these, only the last seem to be
crucial in the TIS-collapse: the radiative transitions
are too weak in the meV regime, and the scattering
on the tube electrons mainly causes changes in the
TIS linear momentum k [9-11]. In contrast, the
coupling of the TIS-electron to the nanotube’s pho-
nons can, in addition to relaxing the linear momen-
tum k [12], relax the TIS-electron spinning, that is,
its angular momenta /, and its radial motion, that
is, its principal quantum number .

2. Coupling of the TIS-electron to nanotube
phonons

Nanotubes can perform rich type of motions,
such as “piston-like” oscillations [13], “centri-
fuge-like” ultrafast rotations [14] or various inter-
nal vibrations [15]. Out of these, those that can
carry angular momentum should be of potential
interest for damping of the TIS. The most relevant
seems to be “string-like” vibrations associated
with circularly polarized flexural phonon modes
[16-18], schematically shown in Fig. 1.

We first derive the Hamiltonian for the coupling
of the TIS-electron to these phonon modes. We
consider an electron placed at a distance p from

Fig. 1. The flexural deformation of a nanotube excited by the
spinning TIS-electron.

the center of an ideally conducting, infinitely long,
cylinder of radius a [3,19]. The electron is electro-
statically attracted to the image charge induced on
the surface of the cylinder by a potential of the
approximate form,

Vo)~ 2 S tiale)')
where li(x) = OX % (1)

This potential interpolates well between the far-
from-the-surface —ﬁ;/a) and near-to-the-surface

‘p—la‘ forms. Adding the repulsive centrifugal poten-

tial, we get an effective potential,
202 1
w(E—3)

Ve =V
w(p) =V(p) + g

: 2)
where m, is the electron mass. The wave functions,
associated with the TIS-electron motion in this po-
tential, are separable in the cylindrical coordinates,

an,l,k(P» (P,Z) = l// I(P(rbk /V 27-[ i (3)

where ¢, (z) = e/ \/§ and & is a normalization
length in the longitudinal z direction. The corre-
sponding eigenenergies are E, ;, = E,; + E;, where
E,;is related with the radial electronic motion,
and E;, = ZX is the kinetic energy for the longitudi-
nal motlon along the wire. The radial wave func-
tions ¥, (p) satisfy the Schrodinger equation,
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The wave functions with high /> 5 turn out to
be highly detached from the surface, due to the
presence of the centrifugal barrier, so the TIS-elec-
tron hardly sees the detailed atomic structure of the
surface. It thus only feels the tube like a polarizable
elastic string that vibrates in a direction perpendic-
ular to the axis, as depicted in Fig. 1. For a (10, 10)
carbon nanotube this type of motion is character-
ized either by a linear [15,20] or by a quadratic dis-
persion relation o, = v,aq’, where v, =~ 15 km/s is a
phonon velocity and ¢ = 0.68 nm is the tube radius
[17,18]. In the present problem, the exact character
of the dispersion is less relevant, as it leads to very
similar relaxation times.

The force exerted by the radially directed vibra-
tions of the nanotube on the TIS-electron is de-
rived from the change in the tube’s equilibrium
position, which in turn changes the effective poten-
tial Ver(p,z). For simplicity, we use the screening
potential in the approximate Coulombic form,
l/|p — al. Hence, when the nanotube, oriented
along the z axis, is displaced by the vector
0(z) = (0x(z),9,(z)) from its equilibrium position
Po = (x0,,), the potential energy can be written
as,

V(p,z2)
—e?

- 201/2 ’
+ e =20 +8,(2)°]" —al

(3)

where (X, Ve, Ze) 18 the external electron position,
with p = /x2 4+ y2. In order to evaluate the effec-
tive electron—phonon coupling Hamiltonian, we
expand the potential function of Eq. (5) in a Tay-
lor series about the equilibrium position

V(p.2) = V(P +() - VV ()|
(5(2) : v) (5(2) : v) V(p)LO T
(6)

and keep only the first order contribution. Then
the total Hamiltonian of the system can be written
as,

41 [(xe = %0+ 6.(2))’

(
!
2

—i?
H =

5=V V(P50 + Hon + 3(z) - VV(p)

-
=0

(7)
where the first two terms describe the TIS-electron
energy for a rigid tube, H,, is the free-phonon
Hamiltonian and the last term describes the effec-
tive electron—phonon coupling H, ,j [21].

The tube’s displacement 0(z) = x0,(z) + yd,(z)
can be expanded in the normal-mode coordinates
Upe (.u = x,y),

0(z) =Y (Rug. + Juyy)e”, (8)
q
where ¢ are the phonon wave vectors. Defining the
circular polarization complex directions é. =
X1y, the tube’s displacement can be written as
0(z) = €,04(z) + €-9_(z), where 04+(z) = (0.(2) F
10,(z))/2. Using these variables, we can convert
Eq. (8) to an expansion in circularly polarized pho-
non modes that can carry angular momentum,
3(2) =D (g s + g e )e™;
q
g = (g Flugy)/2. 9)

The x, y partial derivatives of the potential

energy are (omitting the —e*/4 factor)

ov cos @ oV sin @
ol T ol T (10)
X520 (p—a) Vs (p—a)

or in terms of the circular polarization variables,
oV o

ai V = - © 7
eslio  (p—a)

@ =tan" ( = y0> (11)

Xe — X0

Next, we evaluate the first order coupling ele-
ments between the ¥.(p,p,z) (v=(nlk)) and
Y. (p,@,z) electronic states of Eq. (3), given in
terms of the overlap integrals,

Ii:/‘I/’f(éiaiV)?’v/pdpd(pdz

2 7 Zuqi/ i(l'— lqoeiu,pd(p/ (k—k)zeiqzdz
Y

< [ W) b )
= Zuin%i . (12)
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The z and ¢ integrations yield 6(k’ — k + ¢) and
o(I' = 1+ 1), respectively, which gives the longitu-

dinal and angular momentum conservation.
The A ") terms denote the coupling elements for
the (n, l k) — (n',I' k') transitions, induced by the

right and left circularly polarized phonons, respec-
tively, with longitudinal momentum g.

We can now quantize the normal-mode coordi-
nates and write them in terms of the a! and a, pho-
non creation and annihilation operators,

/]
o =\ iy (e 02 )

ag1 = (a,. = iaq‘y)/\/i (13)

where M is the mass of a carbon atom and N de-

notes the number of unit cells along the tube.

Deﬁnmg the new coupling elements as A W)

v \
T Aqi , we can write the free-phonon Ham-
iltonian and the electron—phonon interaction

Hamiltonian as,
Hpy = E :hwq g+ %)

Hom= S Ay ( al, +aq,i)c1c‘,/. (14)
q,tvV

Here, cI and ¢, are the creation and annihilation
operators, respectively, of TIS-electrons in the
,(p) states. In addition to the linear momentum
k' = k — ¢, and angular momentum /' =/ * 1, con-
servation rules, the Hamiltonian (14) yields the en-
ergy conservation condition,

1.3 (10.7)= (6 _ 20
- 3 15[

€ RN
§0-9 <5 \:?‘:-:.._
[ . 0 =
E 0 4 8
~ (10,8)> (M',7) “~.. n
Z 05f - .
<

0.1

2 4 6 8 10

Fig. 2. (Left) Electron—phonon coupling elements for the (10,/) —

[meV]
N

E

h2k2 thIZ

—+E, E,ypth 15

2m, + g = 2me + B @a- (15)
Using the quadratic phonon dispersion relation

Wy = vpaqz, denoting AE = E,; — E, y, and substi-

tuting k' = k — ¢, we obtain a quadratic equation

for g

W W
2y 2y
(Zme e, a> 1 e kg

From Eq. (16), we obtain all the solutions for
the phonon momentum ¢, which correspond to
the emission and absorption processes, where the
electron and phonon can propagate in different
directions. Note that for an electron initially at
rest, k = 0, we have that g VAE.

AE = 0. (16)

3. Numerical results and discussion

We evaluate the 4" . v couphng matrix elements
for different transitions associated with the (10, 10)
carbon nanotube of the radius ¢ =0.7nm. In
Fig. 2 (left), we show these matrix elements for
thev=(m=10,]) —» v/ = (#',] — 1) transitions, with
[=7-9. As expected, the elements are larger for
small /, for which the electron is localized closer
to the tube surface and can more easily excite the
phonons. In addition, as n’ decreases, the small /
coupling elements increase faster, relative to the
large / terms. This behavior is due to the fast
collapse on the surface of the small /, small #, elec-
tronic wave functions. Note also that the strongest

2 4 6 8 10

(n',l — 1) relaxations processes. Full line: /=9; dashed: /=8§;

dashed-dotted: /= 7. The inset shows the corresponding energy differences AE for these transitions. (Right) Excited phonon energies

E,,, for the same processes shown on the left.
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coupling occurs for transitions to the n' =1,2
states, which experience the strongest screening
potential.

In the right panel of Fig. 2, we display the ener-
gies of phonons, E,, = hw,, excited by the pro-
cesses shown in the left panel of this figure. These
energies are computed for a phonon velocity of
v, = 15 km/s and an electron that is initially at rest,
that is, k£ = 0. We see that the phonon energies are
proportional to AE and tend to rapidly fall with »’.
We find that most of the electronic radial energy is
funneled to the electronic longitudinal kinetic
energy, and only ~10% is given to the phonons.

We now use the above coupling elements to
evaluate the relaxation rates v=nLk)— Vv =
(n',l',k"), at T=0K, by using the Fermi’s golden
rule [22],

2

2 ~(vy)
W =2 ‘Aqﬁi 3(Ex + AE — Ep — hoo,)

2n 7 ,
- ﬁ <M) |f| 5/*[":&16/(7/(/#

x 3(Eq + AE — Ep — fi,). (17)

In the last expression, f accounts for the radial
part of the overlap integral in Eq. (12). Summing
over all the final electronic continuum k' states,
leads to

Wty = D Wi
k/

<z
= 7 |f‘25/—1’,¢1

h 1
X Z <4MNCUkk/) | dEk//dkl | ’

g

(18)

where the sum involves only the k&’ values that
fulfill the energy and momentum conservation
requirements. The free-electron dispersion is dE;/
dk = #*k/m., and £/N =2.49 A for the (10,10)
nanotube, where # is the tube length and N the
number of elementary cells.

The computed relaxation rates W,., can be
used to evaluate the angular momentum lifetime
7;, which determines the collapse of the TIS-elec-
tron on the surface of the tube. We define 1; via
the relation,

(L(t)) = Loe™""™, (19)

where L(t) = 3, hlcl(f)e,(t), (v=(n,1k)) is the
angular momentum operator in the Heisenberg
representation. Then, we can calculate 7, from
the second order expansion of the Heisenberg
equation of motion for the expectation value of
L(1),

(L(1)) = —% /Oldr<[H(t), [H(z), L(7)]])
== W= 1YW, (20)

where H(¢) is the system Hamiltonian. Combining
Egs. (19) and (20), yields 7, of the (n,! = Ly/%, k)
state

=Y A=Wy, =D W (20)
Here, we also show the dephasing lifetime 7,
describing relaxation of the v state. These two
relaxation times can be measured in different
experimental setups. It is clear from Eq. (21) that
7, — 00, when the / — [ £ 1 up and down transition
rates are comparable. This situation can occur
when the electron longitudinal momentum is high
enough such that #*%k*/2m, > AE. If the [ — [+ 1
process is absent, we obtain that 7, =/t,. This 1,
can still be very long, in analogy to forward scat-
tering processes [12], since states with large initial
[ can only be relaxed in many scattering events.
In Fig. 3, we display the calculated 7, for differ-
ent initial states v = (n,[,k). As expected, states
with large angular momenta, highly detached from
the surface (see left inset), have very long 7, ~ 10—
500 ns (left panel). On the other hand, states with
[ ~ 1-4 that are separated only ~1 nm from the
surface have much shorter lifetimes. The effect of
the proximity to the surface, causes the low / cou-
plings to be 2-3 orders of magnitude stronger than
the high / couplings, leading to a 4-6 orders of
magnitude increase in the low / angular momen-
tum relaxation rates. This picture is consistent
with the right panel of Fig. 3, where we show that
the lifetimes go up as we increase 7, thereby further
removing the TIS-electron from the surface. The 7,
lifetimes also get longer for high / values when
the initial k£ is increased, allowing for excitation
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Fig. 3. Angular relaxation time for the (n,/,k) state at T=0 K. (Left): n =1,k =0 (full);n=1, k = 10° m~! (dashed). The inset shows
the n = 1 radial states for the /=1, 5, 9 cases. (Right): The n-dependence of z, for / = 6-9.

processes with / — [+ 1 for AE < 0. The accuracy
of the above calculations for low / is not as high
as for high /, because our wave functions do not
represent the states accurately enough close to
the surface. In this region, coupling to other pho-
non modes becomes relevant [17], and additional
effects play a role [23]. The accuracy is also limited
by the simplified Coulomb form used for the
screening potential.

At finite temperatures we need to consider the
emission/absorption processes induced by thermal
phonons. The associated atomic vibration ampli-

fi(ng+i+d) ] 1/2
4AMN o,
where n, = (¢"*/s” — 1)"!, kg is the Boltzmann
constant and the plus (minus) sign is for emission
(absorption) processes. At room temperatures
and for the [/ ~ 7-9 detached states, we find from
Fig. 2 that kg7 /hw, ~ 5-50. Hence, the transition
rates increase relative to the 7'= 0 case by the same
factor. In an analogous fashion, we can evaluate
the two-phonon emission rates, but their values
are expected to be much smaller. The ultraslow
TIS lifetimes can be tuned by changing the con-
ductivity [4] and tension in the nanotubes (stretch-
ing), which might lead to interesting novel
applications.

>

tudes in Eq. (13) are given by 1, = |
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