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ABSTRACT

Substrate and nanotube polarization are shown to qualitatively change a nanotube bandstructure. The effect is studied in a linear approximation
in an external potential which causes the changes. A work function difference between the nanotube and gold surface is estimated to be large
enough to break the band symmetry and lift a degeneracy of a lowest but one subband of a metallic nanotube. This subband splitting for a
[10,10] nanotube is about 50 meV in absence of other external potential.

1. Introduction. Since the discovery of carbon nanotubes qualitative changes of the nanotube density of states (DOS)
in 1991} a deep physics of these one-dimensional nanoscalenear van Hove singularities. In particular, we predict the
objects has been demonstrated. Fundamental properties o$plitting of a doublet stateto be likely observable as a
the nanotubes have been studied in view of possible function of the injected/induced charge density of the SWNT.
applications in electronics and other deviées. detailed We discuss this in section 2.1. In section 2.2 we calculate
theoretical description of the electronic structure of ideal this injected/induced charge density in a self-consistent way.
single-walled nanotubes (SWNTs) was obtained, as was the The depolarization andntrasubbandsplitting will be
effect of various defects and disorder on the SWNT electronic st died for a typical experimental situation: a single SWNT

properties (see, e.g., ref 3). However, the nanotube systemgies on a conductive substrate or separated from the conductor
under experimental study often deviate from a model picture. by a thin insulating layer representing an oxide on the surface
In this letter we investigate one aspect of a real system: thegf 5 metal. We assume that the nanotube is connected to
modification of the electronic properties of the SWNT ejectron reservoirs, which may be the leads or the conductor
deposited on a substrate. One expects that symmetry of they pstrate itself. A transverse external electric field and/or a
nanotube at the substrate will be lower than the symmetry \york function difference between the SWNT and the
of the nanotube itself in vacuum. substrate/contact induce nonzero electron/hole charge density
A description of the breaking of the symmetry of SWNT in the nanotube. This extra charge density polarizes the
bandstructure due to a charge transfer (or charge injection)substrate, which breaks the axial symmetry of the nanotube.
between the nanotube and the substrate (or contacts) andrhis effect is much larger than an electronic structure
calculation of the polarization of the substrate and the perturbation caused by the lattice distortion which may
nanotube, which follows due to the charge transfer, are the happen due to a van der Waals attraction to the substrate.
goals of our study. Effects of splitting, mixing, and/or \ve will demonstrate that a direct action of th@iform
anticrossing of the nanotube subbands, which are caused byxternal electric field is of minor importance as compared
the depolarization of the electron charge density, have beeng the nonuniformfield of surface charges on the substrate.
almost neglected in the literature to now. We use the term | the |ast section we discuss a modification of our theory

“depolarization” for a number of phenomena, including a of the subband splitting for a case of purely insulating
transverse shift of the electron charge density from its g pstrate.

equilibrium distribution profile (effects due to an axial/
longitudinal depolarization were discussed elsewhéyeWe
will show that thetransverse depolarizationresults in

2. Perturbation Theory for Bandstructure Modifica-
tion. 2.1. Splitting of SWNT Subband due to Traarse
Depolarization.To calculate the splitting and shift of the
. - - — electron energy levels one needs to know matrix elements
ﬁﬁ{&gf&&”g}”ﬂiﬁgfggt' Sr'gﬁ'g_éﬁg‘gg}gﬁ?'ed“ of the perturbation potential between corresponding wave
*loffe Institute. functions. In our case, the perturbation is a self-consistent
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Coulomb potential (operator in Heisenberg representation) _ 87eRy .m-n( R\IM1I

that describes the interaction between the probe electron and ol VInt= Im—n| ! (Zh) ym=n (3)

the extra charge density on the SWNT and the polarization oh

charge density on the substrate surface: (| V |mC= dreRo Iog(ﬁ), m=n 4

A / T ~ . . . .

V=e _sz dz OZ Rdj [6/[(z — 2%+ whereo, the surface charge density, is defined later in a self-

_ 2 D ein 2L consistent way.
(RCOSAOL Rcosf) + (Rsina Rsm,[i)] 1+ Equations 3 and 4 are obtained by a direct Fourier
[0*/I(z— 2)" + (Rcosa — Reosf)” + transformation of eq 1 and describe the energy level shift
(Rsina — 2h — Rsin)3*3 (1) whenm = n and the mixing of different subbandsrat= n.
The most interesting term with = — m is the mixing
Both the probe electron and the nanotube surface charge ar®etween the degenerate electron states within the same
taken on a cylinder of a radiu® Thenz and o are the subband. By solving a secular equation for the intrasubband
electron coordinates in the cylindrical coordinate system. Mixing of the electron doublet, we obtain the splitting of
is the surface charge density. It does not depend on thethe van Hove singularity at the subband edge (Figure 2).
coordinateZ along the nanotube because we assume theThe new subband energy separation reads as
translational invariance of the problem for clarity of deriva-
tion. Although, the theory can be easily extended for the SE. = SﬂGRT(E)Zm 5)
case of slow variation of along the axis. We will show m m \2h
later that one can drop the dependence oh the angles
along the circumferential direction in approximation of a Let us now calculate the injected/induced charge demsity
linear responsdin higher orders of perturbation theory a which will allow us a numerical estimation for th&k,
direct transverse polarization must be taken into acépunt splitting.
o* is an image charge density that is equal-to for the 2.2. Charge Injection due to the Fermi ded Shift.
metallic substrate. Equations 3-5 are written for the given charge density
The first term of eq 1 is the interaction with the charge which is derived in this section. When the SWNT is placed
density on the nanotube, which coincides with the Hartree in a real device, one must consider the work function
term for the SWNT in a vacuum (without charge injection). difference between the nanotube and the contact or the
The second term in eq 1 has also a simple physical conducting substrate and/or the external potential that may
meaning: this is the energy of interaction of the electron be applied to the SWNT. The potential shifts the Fermi level
with the image charge. The separation between the SWNTin the SWNT? As a result of this, the positive/negative
axis and the surface of the conductorhisin case of the charge is injected into the nanotube:
metallic substrate, it is about the nanotube radRisplus
the van der Waals distance for graphite~ R + 0.34 nm.
The matrix element of the Coulomb operator eq 1 is
calculated with the wave functions of a tight-binding (TB)
Hamiltonian. We use envelope wave functions, obtained Herev(E) is a bare one-dimensional DOS (independent of
similarly to ref 10. This approach has been widely used in ¢ in a linear response theory);= AW — ep* — ep'"d(0) is
the literature, so we skip details and give the wave functions the shift of the electrochemical potential of the SWNT (with
in the one-band schemea glectrons only) in the form respect to a charge neutrality levél= 0) which depends
on the work function differenceAW, on the external
potential,¢*, applied between the nanotube and the reservoir
and on the potentiap™ induced by the charge density of
the nanotubeo. This last term is proportional to the

_ . intrasubband ternm§ = n) of the Coulomb interaction given
where indexm labels subbands of the SWNT electronic by eq 4.

structurek is a longitudinal momentum (these two are good

quantum numbers (discrete and continuum, respectively) for ynavtically if the electrochemical potential is below the

an ideal, long enough nanotube), dnet +1 is a pseudospin.  gecong subband edge. We follow ref 4 in derivationsof

(A pseudospinor vector is formed by a two-component wave e induced potential is obtained by direct integration of the
function amplitude deflnepl for two atoms in a graphltg unit charge density along the SWNT as in refs 4 and 5. As it is
cell, A and B). The coordinate along the tubejsanda is shown in Figure 1, for a metallic SWNT, the charge is a

the angle along the nanotube circumference. product of the constant DO%,, and the electrochemical
We assume that our potential is smooth at the scale of thepotential,y. Then the solution of eq 6 is as follows:

single unit cell (0.25 nm). Then, one may neglect transitions
with the pseudospin flip (transitions between sublattices).

_ xt
With use of the orthogonality relation between the spinor Op= AW — ep —
components, it yields 27R €2 log(2V/R) + Cy)
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This self-consistent equation for eq 6, is readily solved
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Figure 1. Schematic density of states (DOS) of a metallic SWNT. 5
The first (massless) subband contributes to a constant D@S-at

0. When the Fermi leveks, is lower than the second (massive)

subband edge (which corresponds to the first peak of DOS), an ~
injected/induced charge is proportional to the shaded area and is a
linear function ofEr. 0.9 1 11

E, eV
and for a semiconductor SWNT, which has the DAS

CoE O(E — A)/«/EZ—AZ, the charge is as follows: Figure 2. Density of states (DOS) of a [10,10] armchair nanotube
in the vicinity of first van Hove singularity (black line). Charge

injection in the NT due to work function difference (see the text)

A 2 ) 2 results in a splitting of a doublet, which is clearly seen as compared
[\/ (—AW_ eth) (4 log’(2h/R) — Cp) + Co” — to bare DOS of neutral NT (light line).

07 = Oy

2 l09(2h/R)] (2 log(2VR) — Cu)|0(AW — ep* — A) (8) for the subband splittindE; ~ 0.15(AW — e@*). Experi-
mental data for the work function of SWNTSs scatters from

] o . ) ) 4.9 to 5.05 e\L314For the SWNT on the gold substrate we
Hered(x) is the Heaviside unit step function aidis 1/2 of use as an estimatAW ~ 0.3 eV. In the absence of the

the energy gap. We introduced a quantum capacitance ofgyiernal potential, this work function difference results in a

the SWNT following ref 4: gap of ~46 meV between two split peaks of the density of
states (Figure 2), which is larger thefiat room temperature.
_ & 9 We also calculated the contribution of all other subbands,
= 3aby () which is negligible in the splitting but it shifts the doublet

as a whole. As a result, two new peaks in Figure 2 appear

which is the one-dimensional analogue of the quantum not symmetrical with respect to the original DOS singularity.
capacitance proposed for a two-dimensional electron gas The splitting of=mdoublet is an analogue of a degenerate
system by Luryi! Hereb = 1.4 A is the interatomic distance, level Stark effect for the nanotube in a multipole potential
y = 2.7 eV is the hopping integral for the graphite-like Of the image charge. The lower subband Kesymmetry
systems. We notice that despite that theas given by eq  and the upper subband hasymmetry (with corresponding
8, comes from a massive subband (in contrasttoas in wave functions |x( = 1/«/§(|+m|] + |-mOand |yO =
eq 7 where the lowest subband is massless, see Figure 1)1/&(|+m|:|— |—m0) because of an attraction energy of the
the linear dependence of; on ¢** preserves as long as electron to its image charge that is lower for the second
the potentialp* is large enough. This reflects the fact that combination.
a classical one-dimensional charge density is a linear function We predict a similar effect for the semiconductor nanotube,
of a classical electrostatic potential. although the total external potential causing the charge

3. Results and Discussiorin the last section we obtained density injection must be larger than one-half of the gap in
the self-consistent expression for the surface charge densitythis case. As we study in this paper only the effect which is
as a function of the external potential and the work function linear in the external potential, all high order terms in eq 8
difference which may be considered as a built-in potential. have to be discarded.
Substituting eq 7 into eq 5 we obtain the splitting of the  3.1. Dipole Polarization CorrectionThe charge injection
degenerate subbangsmof the metallic SWNT (when the  in the nanotube may be readily achieved by applying an

Fermi level is within the first subband) as follows: external electric field. One may naively argue that the
external field itself can break the bandstructure symmetry
HAW — ™) R\2m and result in some level splitting. Although, this is a correct
m= =) (ﬁ) (10) statement in general, the direct splitting of the SWNT orbital
m(2 log(2VR) + Cq ) doublet+m by the uniform electric field is forbidden by

symmetry. These degenerate states do not mix together due
The splitting decreases witm exponentially, hence, the to the selection rules of the problem. The matrix element
effect is likely observable for the lowest degenerate subband.for an intrasubband splitting in the uniform external field
Then, for the parameters: SWNT radiBs= 6.7 A, the Sy equals zero by parityfm| edyy |[—mO= 0.
distance to the metal substrate= 10.1 A, and the quantum To calculate the subband splitting in this case, we have to
capacitance(:a1 = 0.69{ we obtain a numerical estimate compute the charge injection, which is proportional to the
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applied field. The potential is equal to* = &xh, whereh splitting due to a uniform componenti, = fg” o(B) dp, at
is the distance between the axis of the tube and the metalleast, in a weak field regime discussed in the article. This

surface, which has to be substituted into eq 10. proves post factum our assumption@fo be independent

In section 2.1 we assumed that the charge demslias of .
no dependence on the angular coordingtealong the 3.2. Depolarization at the Insulator Substrak@r the sake
nanotube circumference. This is an accurate approximationof completeness we present here also a modification of our
since a dipole (and higher multipole) component of dtie theory to the case of a dielectric substrate. In this case the

small as compared to what is given by egs 7 and 8. Let usscreening of the charge density in the nanotube is weaker.
prove this assumption for the dipole polarization of the |t results from (i) underscreening of the Coulomb interaction
SWNT. between the nanotube carriers and (i) lower charge density
The nonuniform external potential causes a deviation of induced in the substrate. The second factor can be taken into
the surface density from the uniform equilibrium valee,  account by substituting an effective image charge density

which is given by the following expression: o* = o(1 — €)l(e + 1) in the second term of eq 1, whese
is the dielectric function of the substrate (in case of highly
(f. — fj)[[|| V|jO conductive substrate it equalsw), instead of the bare image
oo(B)=e Z —— 0|0 (11) charge density- o. This results in substituting™ in eqs
=] i — 3—8 where appropriate.

Now, the fields of the image charge and the charge in the
wheref; are the occupation numbers, the matrix element SWNT do not cancel each other, in contrast to the case of
[ V |jdis given by eqs 3 and 4 are the energies of the metallic substrate. As a result, underscreening of the
subbands, angp|iCare corresponding wave functions. Coulomb interaction happens. This modifies the equations

We define the nonuniform dipole part of the charge density for the energy level shiftiitrasubbandmatrix elements as
of a SWNT asdo; = f3" sin 8 o(f) dB. Then, the dipole  in eq 4), and thus the electrochemical potential shift. One

component of the surface charge is as follows: must substitute the logf2ZR) term everywhere by log(ZR)
+ 2/(e — 1)log(L/R) wherelL is the length of the nanotube
i (f — £, . )AV]i + 10 (qr dlstanc_e between metal leads to it). T_h|s expression
S0, = (12) diverges with the length of the nanotube which reflects the
! 8RR 4G E—E. one-dimensional character of the Coulomb interaction. These

changes have to be made through eg43.

Let us remind that according to eq @ V |i + 10= The first term of eq 1 does not appear in the calculation
—i87R%e0l(2h). of theintersubbandnatrix elements as in eqs 3 and 5. Hence,

In the case where the electrochemical potential equals zerd!® @dditional correction is required in eqs 11 and 12 of the
(no charge in the nanotube), the transverse polarizationP"€VIOUS section.
includes transitions from the valence to the conduction band We assumed in this paper that the perturbation theory in
only | V |cO(the details of the calculation are presented @ linear approximation inu (or equivalently ino) is
elsewherd. Here, we study an extra component of the applicable. Restrictions which may follow from this assump-
polarization, which is due to the induced charge density. tion are as follows. The external potential has to be small.
Thus, we need to consider only transitions from the levels We neglect here the dipole term in the induced charge density
above the charge neutrality levEl= 0, and below the Fermi ~ (and higher multipoles as well). It is equivalent to a weak

level, E = E¢, (which is the shaded area in Figure 1). Hence, intersubband mixing, which assumption may not hold for
the dipole polarization is proportional to the net charge Wide nanotubes or strong external fields. The effect of the
density o, and the dipole charge density of the metallic Strong field on the bandstructure is discussed elsewfhiere.

SWNT is given by the following expression: this paper we used eq 6 for the equilibrium charge density
in the SWNT. One may consider transport devices on an
/32 5 equal basis, as long as the charge of the nanotube is still

0. = 3Cq (27R0y) Blogz—h 52 (13) given by the quasi-equilibrium charge density. However, for
32 e h R X nonzero current flowing through the nanotube, one must use

an expression for the charge density that differs from eq 6

whereC, = 3.2 is the dimensionless quantum capacitance. (to be discussed elsewh&e

We single out the termsZRoa, which is the specific one- 4. Conclusions. In summary, we have developed a
dimensional charge density of the SWNT and is proportional microscopic quantum mechanical theory for a charge transfer
to the external potential and thus to the external field. between a SWNT and a conductive substrate (and/or metallic

Equation 13 shows that the effect of the transverse leads). This charge injection results from a natural work
polarization on the bandstructure is quadratic in the external function difference between the nanotube and the substrate
field, in good agreement with a plain dielectric response or/and from an external potential applied between those. A
theory? while the effect of the image charge is lineardy. surface charge density of the SWNT is calculated self-
Thus, the degenerate level splitting due to the dipole com- consistently within an envelope function formalism of tight-
ponent of the polarization will be less important than the binding approximation.
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We demonstrated for the first time that the influence of expressions for the van Hove singularity splitting and induced
this charge transfer on the electronic structure of the SWNT charge density are obtained.
is not negligible for typical material parameters of the
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