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Shaping of detached image states above suspended nanowires

Dvira Segal, Petr Klaand Moshe Shapiro
Department of Chemical Physics, The Weizmann Institute of Science, Rehovot 76100, Israel
and Departments of Chemistry and Physics, The University of British Columbia, Vancouver, Canada V6T 171
(Received 2 February 2004; published 14 April 2p04

We demonstratshapingof image states above suspended nanowires, such as metallic nanotubes. Homoge-
neous infinitely long nanowires support image statefially detached from their surfaces, as a result of the
interplay between the electrostatic attraction and centrifugal repulsion of the electron, spinning above the
surface. We show that systematic introduction of inhomogeneities in the nanowire, which locally vary its
screening ability, can be used to control radial detachmeniargitudinal confinement of its image states.
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Electron image states are typically formed close to metallinear algebraic equations for th¥ tile chargesqg; and the
lic surfaces. 3 where their lifetimes are short. In contrast, we surface potential/,. Then the potential energy of the exter-
have showf that image states above suspended nanowiresial electron at the point is
such as metallic nanotub2san be highlyradially detached
from their surfaces. This unique feature of such tubular im- q Nk q
age statesTIS) is a result of the interplay between the elec- V(r)= = > °
trostatic attraction of the external electron to the surface and 2 ==y
the centrifugal repulsion, due to its circular motion about the

cylinder’s circumference. TIS for angular momehta6 are wherg 1/2 eliminates double .counting of the energy. .
10-50 nm away from the surfaces. Yet the crucial problem 1 1S @pproach can be easily extended to the case of inho-

of their confinemenalong the nanowires remains open. mogeneous structures made up of s_evé'rsd)lated S€g-

In this work, we find a way ohapingTIS in both radial MeNts- Then we solve the above equations for each segment,
and longitudinal directions, by building inhomogeneities inwrt"le su_mmr:ng ﬁvfr contributions fror_mlll tge |hnduced
the system. In Fig. 1, we see nanostructures that can fulfffnarges in the whole system, so as to include the segment-
this task. They are the result of joining of two or more me-Segment Coulombic interactions. The results of such calcu-

tallic segments, such as th&2,0 and (6,6 C nanotubes. ations are presented in Figs. 2 and 3. .
This heterojunction has a conductance gap at the Fermi en- In Fig. 2, we display the induced surface-charge density
ergy, due to the mismatch in the rotational symmetry of thd©r & nanotube of the length=200 nm, made up of four
two section€ Each joint thuselectrically isolatesadjacent ~€dually long segments. For simplicity, the radius of the seg-
segments by a relatively high tunneling barrier that largelyMents is chosen to be the sanes0.68 nm, as in the
blocks the flow of electric current. The barrier locally modi- (10,10 metallic nanotube, and we ignore the tube’s terminal

fies the ability of the system to screen external electronsc@PS: We can see the accumulation of a positive screening

which results in shaping of the image states above its sur-
face.

In order to derive the electrostatic potential seen by an
electron hovering above such a nanostructure, we assum
that each of its segments is a perfectly conducting metallic
cylinder*” Because of the radial symmetry, we can use cy-
lindrical coordinater =(z,p, ), where the electron’s poten-
tial energyV(z,p) is ¢ independent. It can be evaluated
from the charge distribution induced on the surface. We place
a test chargey at pointr outside asingle metallic segment
and divide its surface intbdl tiles, with their centers residing
on a grid of points;=(z ,a, ¢;), wherea is the radius of the
segment. The potential induced on the tile centereq &
given as

T @

koo Kod;
Vo= [ 2 e .

. . FIG. 1. (Color online@ Scheme of confined ring-shaped image
whereko=1/(4meg) and eachy; is the induced charge on giates, formed above joints of electrically isolated metallic seg-
the jth tile. Use of the charge conservation condition for thements, such aél2,0 and(6,6) metallic C nanotubegsee the insét
segmentX L ,q;=0, together with Eq(1), and the fact that The states coalesce into electron image-state bands above periodic

V, is constantover its entire surface, yields a set Mf+-1 arrays of metallic segments.
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FIG. 3. (8 The induced potential energy(z,p=10nm) for

FIG. 2. (Color onling The induced charge density plotted as a (dashed linga single segment df =400 nm; (solid line) two 200
function of s, the tube’s long axis direction, argl the position of  nhm segmentddashed-dotted linghe last with no interaction of the

the external electron along that axis. The system is made up of folsegments(dotted ling four 100 nm segments; artdircles eight 50

50 nm long tubular segments. The external electron ispat nm segmentsb) The effective potentiaV/;(z=200 nmp) (includ-
=30 nm(main ploy andp=10 nm (inse}. ing the centrifugal repulsigrfor angular momentb=2-6 and sys-
tem with two segmentgc) The same as ifb) for eight segments.

-, . We see that detached local minima exis{l but not in(c).
charge below the external electron position, extending over

a tube’s region comparable in size to the electron separanaping of detached image states above nanowires could be
tion p=30 (10) nm. The induced charge density is the greatontrolled, by inserting inhomogeneities ofdéferent den-
est when the electron is positioned above the junctions, at sty in the system.
=50, 100, or 150 nm. There the flow of the screening We now examine these states in more detail. From the
charge is thdeast blockeddy the junctions. As the electron attractive potential energy(z,p), we can evaluate the wave
position is moved aside, dipolar double layers are formed afunctions ¥ (z,p, $) =i, ,(z,p) ®,(¢) of the image states,
these junctions of the charge that is prevented to screen. Thighere ®,(¢)=¢"'%/\/27, with an integerl. The radial-
in turn makes the strongest electron attraction at the jundongitudinal part can be written in the forng, (z,p)
tions. =x1.,(z.,p)/\Jp, wherey, ,(z,p) is a solution of the Scfiro
In Fig. 3@, we present the attractive potential energydinger equation
V(z,p=10nm) for an electron above a nanotube of the total
length L=400 nm, made up of two, four, and eight seg-
ments. We can see that the average attraction becomes
weakeras we increase the number of segments, since the
screening of the external electron is reduced. We note howFhe effective potentiaV/,(z,p) combines the attractive elec-
ever that as the number of segments is multiplied by 2, th&rostatic potential of Eq(2) and the repulsive centrifugal
potential at the new junctions thus created remains practipotential
cally the same, since no screening charge is needed to flow
here. The localized quantum wells formed in the potential
have the widthAz~p. Vizp) =V(z,p)+ ————, (4)
Figures 3b,0) display theeffectivepotential V(z,p), in- eP
cluding the centrifugal repulsidisee Eq(4)]. Itis calculated wherem, is the electron mass ands the angular momen-
as a function ofp at z=200 nm forl=2—-6 and structures tum. We solve Eq.3), using a multidimensional discrete
with N=2 and N=8 segments. FON=2 and|=5, the variable representatididVR) algorithm? that is also used in
attraction gives rise to bound states, detached from the tubeal the other studied cases.
surface. In theN=8 case, binding is significantly reduced, In Fig. 4 (lower panel, we present eigenenergiés , for
so the effective potential no longer supports any detachedtates withl =5-7, formed above a single segment of the
bound states. Therefore, the existence and, in particulatength L=400 nm[corresponding to the dashed-line poten-
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v Here, ¢,(z,p) are solutions of the one-dimensioraldial

FIG. 4. (Color onling Upper panel: Two typical eigenstates, €dquation inp, with zas a parameter,
with | =5, of the single tube with. =400 nm. (a) »=16, corre-
sponding to f,m)=(0,15) in the adiabatic approximatioth) » —h2 52
=48, i.e., ,m)=(1,7). Lower panel: Comparison between the W—2+V|(Z,p) @L(z,p)=e'n(z)go'n(z,p). (6)
exact (dashegl and adiabatiqdotted eigenenergies. The two sets e dp
essentially coincide. Inset: The parabolic dependence o the
lower-energy eigenvalues for=5 and 6; thd =6 values are shifted
by —2 meV.

The adiabatic eigenvalu&%ﬁ(z), obtained from Eq(6), are
then used as the potentials for thmngitudinal eigenvalue
equation forG,, ,(2),

tial of Fig. 3@]. Thel=5 eigenstates can be grouped into
several clumps, characterized by an increasing number of
radial (p) nodes. The first clump corresponds tes40,
where ther=<10 states are localized at the segment ends,

and the second clump is at #<75. As the energy is . Lo .
) . : This approximation greatly reduces the calculation effort, be-
increased in each clump, the wave functions progress:

ively spread toward the center regions of each segmen?aus’e instead of solving the two-dimensional Sdmger

while acquiring additional longitudinal nodes. In the inset, i?gzggigrgglq.réa}e’mg w;%\;ﬁsthjgl\;gg r{u(as\tiergvvcél 8\'75_
we show thatE, ,—4=Cv? for the first clump of states, P : g

- . o diabatic quantum numbers and m, which measure the
where C=2.33<10"° meV. This behavior is in excellent & . T :
) o umber of radial and longitudinal nodes, respectively. As
ggr:tla_m?grt zvv'kt]?d:hg Iivglygtrlc;ttzrecc:‘ ﬁazg";‘g'ge&”jz‘ ggx Ofl;emonstrated in Fig. dower panel, the adiabatic eigenen-
><10*3’. Eigenstatesvwith a{ higher number oferadial.node ergies obtained from Eqg5)~(7) deviate by less than 1%

follow the same behavior, but this trend is masked by thsrrorn the exact eigenvalues for the presented angular mo

intrusion of stat in lower number frdiE}Inental'
[SIOT) OF S8 POSSessing @ ‘ower number of Tadial | et us now proceed to the case, shown in Fig. 1, of infi-

nodes. Two wave fgnchons posses.smgo andn=1 radial nitely long, periodic linear arrays of isolated metallic seg-
node are depicted in the left and right upper panels, respeGonts. The attractive potential for this system &z

tively. R,p)=V(z,p), whereR=jL, with j being an integer and

th aITr?:eimo;see-rsthig)gTegt?gnb|$1o?/aesslI)r/njr):(r? Iggtee? i?]ytﬁzer;;%signifying the lattice constant. Thus the wave functions of
9 e system are the Bloch states

than in the longitudinal direction. We can thus apply the

2m, E-I—fln(z))Gln’m(Z):Eln’mGln’m(z)_ (7)

adiabatic approximationwhere one solvé8the Schrdinger

equation(3) by factorizingy, ,(z,p) as

X1.(2,p)=en(2,p) Gy, n(2).

Xv(z.p)=e

ik2fl

v,

W(Z,p)=

eikZ.I:I

v,

k(Z+R!p)v

®

with band indexyr, quasimomentunkk, and angular mo-
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FIG. 6. (Color online Band structure of image states with
=5 above an array of =200 nm nanotube segments. Displayed
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In Fig. 5 we display the probability densities for three
=5 states of a periodic system of metallic segments, with the
lattice constant L=200 nm. They belong to k
=0, 2.3L,n/L in the 12th bandsee Fig. 6. We can clearly
see that the excitation changes from being radial to being
longitudinal, due tchybridizationof states of different local-
izations and symmetries. Therefore, features found in finite
systems are naturally incorporated into image states above
periodically modulated nanowires.

In Fig. 6, we present band energie§,’. The lowest
bands are almost flat, since they correspond to states highly
localized above junctions between neighboring segments.
Many of the higher bands can be smoothly connected in the
extended zone into one nearly parabolic band. States belong-
ing to these bands have an increasing number of longitudinal
nodes, but they possess no radial nodes. These steeply vary-
ing bands are hybridized with some flat baridgy., the 12th
band of states with additional radial nodes and fewer longi-
tudinal nodes.

These effects should be observable alsodisordered
nanowires, with a reduced screening ability. In particular, the
averageattractive potential and image-state wave functions
above a periodic system withlong segments could be simi-
lar to those above a disordered nanowire with lihealiza-
tion length L This fact might serve as a measure of
conduction-electron localization. We can even devisgea
netic algorithm which for a chosen profile of the attractive
potential would find an optimal profile of inhomogeneities or
disorder in the system.

Note thatdetachedr'lS can be also prepared above thicker
circularly symmetric metallic nanostructures. We can find

are thev=7-25 bands, with the flat 12th band marked in both theth@t: for a tube of radius<L, the eigenenergies roughly
reduced(vertical dashed lingsand extended zones.
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behave likeE, ,=1/a, while detached wave functions, typi-
cally observable for angular momerita/a, are separated
~10a from the tube. Foa=40 nm detached states with
~50 are formed 400 nm away from the surface. By shaping
image states above such nanostructures, we can control the
motion of electrons and molecules, including protéihs,
around them.
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