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An analytical study of discrete and resonant impurity quasi-Coulomb states in a narrow gapped armchair
graphene nanoribbon (GNR) is performed. We employ the adiabatic approximation assuming that the motions
parallel (“slow”) and perpendicular (“fast”) to the boundaries of the ribbon are separated adiabatically. The
energy spectrum comprises a sequence of series of quasi-Rydberg levels relevant to the slow motion adjacent
from the low energies to the size-quantized levels associated with the fast motion. Only the series attributed to
the ground size-quantized subband is really discrete, while others corresponding to the excited subbands consist
of quasidiscrete (Fano resonant) levels of nonzero energetic widths, caused by the coupling with the states of the
continuous spectrum branching from the low lying subbands. In the two- and three-subband approximation the
spectrum of the complex energies of the impurity electron is derived in an explicit form. Narrowing the GNR
leads to an increase of the binding energy and the resonant width both induced by the finite width of the ribbon.
Displacing the impurity center from the midpoint of the GNR causes the binding energy to decrease, while the
resonant width of the first excited Rydberg series increases. As for the second excited series, their widths become
narrower with the shift of the impurity. A successful comparison of our analytical results with those obtained
by other theoretical and experimental methods is presented. Estimates of the binding energies and the resonant
widths taken for the parameters of typical GNRs show that not only the strictly discrete but also some resonant

states are quite stable and could be studied experimentally in doped GNRs.
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I. INTRODUCTION

The electron properties of two-dimensional (2D) graphene,
a single-layer carbon sheet, has attracted much attention
by both theoreticians and experimentalists (see Ref. 1 and
references therein). Along with this, related structures, namely
graphene nanoribbons, are also under intensive investigation.”
One of the reasons for this is that the long electron mean
free path in graphene up to 1 um opens a field of carbon-
based nanoelectronics, where GNRs are used as interconnects
in nanodevices. The unique electron mobility in graphene
structures is caused by the strong bonding between the carbon
atoms in the honeycomb lattice of graphene. This in turn
prevents the replacing of the carbon atoms by alien ones.
Nevertheless, graphene is not immune to extrinsic disorder
and its transport properties® are very sensitive to impurities
and defects.*

The theoretical problem of an impurity in 2D graphene
was considered originally in Refs. 5-9. In the vicinity of the
Dirac points in k space, which are peaks of the double cones
of the Fermi surface, the low-energy electronic excitations
in gapless graphene are described by the equation of the
effective mass approximation, which is formally identical to
the 2D Dirac equation for a massless neutrino, having the
Fermi speed vy = 10° m/c. In the presence of an attractive
impurity center of charge Z screened by a medium of
the effective dielectric constant €.¢ the electron states are
drastically different for the subcritical J. < J and supercritical
J. > J regions of the strength of the Coulomb interaction,
where J = ||k, |j| = 1,2, ..., and J, = Ze?/4mepecivr are
the 2D momentum of the impurity electron and that have

1098-0121/2012/86(24)/245404(14)

245404-1

PACS number(s): 81.05.ue, 73.22.Pr, 72.80.Vp, 73.20.Hb

the speed vg, respectively. Clearly the super-/subcritical
regime can be reached for the dimensionless Coulomb
potential strength ¢ = Ze?/4megecihvr at ¢ > j or g < j.
The difference of the subcritical and supercritical electron
states is caused by their different behavior in the vicinity of
the impurity center 7 —> 0. The subcritical regime admits
regular solutions to the Dirac equations, while the wave
functions corresponding to the supercritical case oscillate and
do not have any definite limit. The physical reason for this
is that at the subcritical strengths g < |j| the centrifugal
potential barrier prevents the electron “fall to the center,”!”
while the supercritical strengths ¢ > | j| provide the collapse.
Clearly the continuum approach based on the Dirac formalism
becomes inapplicable. The lattice-scale physics dominates
which in turn requires a regularization procedure, namely the
cutoff of the Coulomb potential at short distances ry =~ a,
where a ~ 1.42 A is the C-C distance in graphene. The
physics of the supercritical impurity electron in graphene®
closely resembles that of the relativistic electron in an
atom having the nuclear charge Z > 137.'""'% Since, as it
follows from below, only the supercritical regime is relevant
to the impurity state in GNR, we focus on this case.
Numerical and analytical approaches developed on the
tight-binding model of the graphene lattice and of the Dirac
equation, subject to the regularization procedure, respectively,
undertaken originally by Pereira et al.” have revealed the infi-
nite number of the quasibound states, having the finite width,
arising, as it was shown quasiclassically,’ from the collapsed
states. If the requirement of the regularity of the wave functions
in the vicinity of the power center is to be replaced by the less
rigorous condition of its square integrability, an infinite number
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of the strictly discrete energy levels were found to occur. The
Coulomb potential cutoff in the gapped!® and no cutoff in
the gapless graphene'® induce the energy series bounded and
unbounded from below, respectively.

In the GNR, which in principle can be treated as a quasi-1D
structure, we can expect completely different results. The
strictly discrete bound states, regular at the impurity center
(¥ = 0), are realized without the regularization procedure,
in particular cutoff of the Coulomb potential, preventing
the collapse. Consequential concerns lie in the well known
fact that the reduction of the dimension of the structure
increases the stability of the impurity electron. In units of
the impurity Rydberg constant Ry the binding energy E; of
the impurity electron in 3D bulk material is E, = 1, in the
narrow 2D quantum well E, = 4,7 and in the thin quantum
wire of radius R much less than the impurity Bohr radius
ao, Ep ~ In*(R /ao).18 Besides, an extremely weak 3D atomic
potential not providing bound electron states, transforms in the
presence of a magnetic field into a quasi-1D system binding
the electron.!” It is relevant to note that these atomic states
arise under as weak as one likes magnetic fields, that is, the
as large as one likes magnetic lengths playing the same role
as the width of the GNR. Note that the confinement attributed
to the semiconductor thin films* replaces the 3D Coulomb
potential (~r~!) by the effective 2D potential of the weaker
singularity of the logarithmic character. It seems that in the
quasi-1D GNR the effect of the attenuation of the potential
singularity preventing the fall to the center exceeds that of the
vanishing of the 2D centrifugal potential barrier promoting the
collapse.

Clearly a study of the impurity electron state in graphene
structures is important for two reasons. First, these structures
provide arealization in solid state physics of remarkable effects
of quantum electrodynamics caused by a large “fine structure
constant” e?/hvy ~ 2.5.3921.22 Second, we expect a strong
impact of impurities on the electronic systems not only for
2D graphene layers possessing an outstanding high electron
mobility® but in particular for impurity GNRs whose properties
are not widely addressed in the literature yet.

Brey and Fertig?® have shown that the energy spectrum of
the electron in an armchair GNR bounded in the x direction
is the sequence of the subbands formed by the branches
of the continuous energies of the longitudinal unbounded y
motion emanating from the size-quantized energy levels ey
(N is the discrete label), reflecting the ribbons x confinement.
The equation for the components u 4 p(y) of the Dirac spinor
relevant to the A and B sublattices of the graphene for the
electron positioned far away from the impurity center has the
form

EZ _ a2

uy p(y) + W%N

showing that the armchair GNR manifests itself as gapped

structure entailing the bound/unbound impurity states of the
energies (E? < &3)/(E* > &3).

Of special interest is the narrow GNR of width d for which
d <K ry, where rg(d) o~ hzva(E2 - 512\,)’1 is the radius of the
bound electron state, being induced by the ribbon confinement
d. Such a GNR provides the expected electron binding energy
E, ~ ey f(g), where f(q) is some function vanishing at

ua,p(y) =0,
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FIG. 1. (Color online) A schematic form of the potentials Vy y(y)
provided in Egs. (2), (11), and (14) atxy = 0, quasidiscrete n (23), and
continuous ky (24) spectra adjacent to the ground N = 0 (discrete
states) and first N = 1 and second N = —1 size-quantized levels ey
(7) in the GNR of width d.

g = 0, which is of interest and attractive because of two
aspects. On the one hand, the ribbon provides a considerable
impurity binding energy which could be measured experi-
mentally and, on the other hand, the impurity potential can
be treated perturbatively and an analytical approach to the
problem becomes feasible.

A comment concerning the form of the energy spectrum is
in order. In the zeroth approximation of isolated size-quantized
N subbands, that is, in the single-subband approximation
the slow longitudinal motion parallel to the boundaries is
governed by the 2D Coulomb potential averaged with respect
to the fast transverse N states. The energy spectrum consists
of a sequence of series of quasi-Coulomb discrete Nn
levels and continuous subbands positioned below and above,
respectively, relative to the size-quantized energy levels ey
(see Fig. 1). Only the series of the impurity energy levels
Eon < &0 adjacent to the ground size-quantized energy level
go is strictly discrete. The Nn series adjacent to the excited
levels N > 0 come into resonance with the states of the
continuous spectra of lower subbands and in fact in the next
multisubband approximation turn into quasidiscrete resonant
states (Fano resonances).>* The corresponding resonant widths
I'y, determine the autoionization rate and lifetime Ty, =
h/ Ty, of the resonant impurity states being of relevance to
an experimental study. Also, to our knowledge, an analytical
approach to the problem of impurities in GNR providing
the explicit dependencies of both discrete and especially
quasidiscrete electron states on the width of the GNR (d)
and the position of the impurity center within the GNR are not
comprehensively available in the literature.

In order to fill the above mentioned gap we perform
an analytical study of the strictly discrete and resonant
impurity states in a narrow armchair GNR. The impurity
center is positioned anywhere within the ribbon bound by the
impenetrable boundaries. The width of the GNR is assumed
to be much less than the radius of the impurity state. The
complete 2D envelope wave function satisfying the massless
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Dirac equation is expanded with respect to the basis formed by
the 1D size-quantized subband wave functions describing the
fast transverse motion bound by the boundaries of the GNR.
The generated set of equations for the 1D quasi-Coulomb wave
functions relevant to the longitudinal slow motion is solved in
the single-, two-, and three-subband approximations, in which
the ground, first, and second excited subbands are involved.
The mathematical method is based on the matching of the
Coulomb wave functions with those obtained by an iteration
procedure at any point within the intermediate region bound
by the ribbon width and the radius of the created Coulomb
state. Both the real and imaginary parts of the complex energy
levels are calculated in a single procedure. The dependencies
of the binding energy and resonant energy shift and width on
the width of the GNR and the position of the impurity center
are obtained in an explicit form. Numerical estimates show that
for a narrow GNR the binding energy and the resonant width
are quite reasonable to render the impurity electron states in
GNR experimentally observable. Our analytical results are
in line with those calculated numerically and revealed in
an experiment. We remark that our aim is to elucidate the
physics of the impurity states in GNR by deriving closed form
analytical expressions for their properties. We do not intend to
compete with the results of computational studies.

The paper is organized as follows. In Sec. II the analytical
approach based on the multisubband approximation is de-
scribed. The real quasi-Coulomb functions of the discrete and
continuous spectrum and the real energy levels determining
the binding energies are calculated in the single-subband
approximation in Sec. III. The complex energies including
the resonant shift and width associated to the first and second
excited subbands are found in the double and three-subband
approximation, respectively, in Sec. IV. In Sec. V we discuss
the obtained results, concentrating mostly on Egs. (23), (33),
(34), (41), and (42). Section VI contains the conclusions.

According to the above, an analytical description of the
stable and metastable impurity electron states in the narrow
armchair GNR is of significant interest. It elucidates the
underlying basic physics of the carbon-based nanodevices,
in which the highly mobile electrons remain unbound in the
2D graphene monolayers, while in their interconnects, namely
in quasi-1D armchair GNRs, these electrons are trapped by
impurity centers. The latter could modify the overall transport
properties.

II. GENERAL APPROACH

We consider a ribbon of width d located in the x-y plane
and bounded by the lines x = +d /2. The impurity center of
charge Z is displaced from the midpoint of the ribbon x = 0 by
the distance —d /2 < x¢ < d/2. The equation describing the
impurity electron at a position p = (x,y) possesses the form
of a Dirac equation

- S > S =
H(k,p)¥(p) = E¥(p), k=—iV, ey
where the Hamiltonian H is given by

H = plHolky) + Hi(k)1 + V(p)I, p=hv, v=10°m/c,
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with
nor (—ode O noa [ —ok, 0
Hy(ky) = ( 0 6}(,;}() . Hi(ky) = ( 0 —aylgy) ,

composed by the Hamiltonians relevant to the inequivalent
Dirac points K (—k) and K(—5%k) [6 = (0y,0y) are
the Pauli matrices] presented originally in Ref. 23. The matrix
[in (1) is the unit matrix and

B Ze?

Vx —x0)?+ y2

is the 2D Coulomb impurity potential, €. is the effective
dielectric constant related to the static dielectric constant € of
the substrate by®?

V(p) = 6)

A epeast

62

1
Eoff = z(l +e€+7mq), 4o ~22.

T dmweghvg
_ The envelope wave four-vector U consists of two vectors
W, p describing the motion of the electron in sublattices A
and B of graphene

U(5) = Wa(p) + Ui (p). 3)
each determined by the wave functions ¥,
) 0
- 0 : )
Ya=q.0( Ys=10
0 -)
B
(+.-)

The total A, B state implies the multiplication of the ¥,

functions with the factors exp{i K )5}, respectively. The
boundary conditions for the armchair ribbon require the total
wave function to vanish at both edges x = +d /2 for both A, B
superlattices!

i - —iKx (=) = d
elewX‘i‘;(p)_i_e K w;’;(p)zo atXZiE, (€]

where K(+7) = (£K,0), K = 47 /3ag,a9 = 2.46 A is the
graphene superlattice constant. _

The basis wave vectors ®y(x) and the energies ey
describing the transverse size-quantized x states are derived
from equation

Aok )®y(x) = ey ®(x) )
to obtain
(+)
PNA
D) = —[Byale) + Bys@)].  Bual) 0
NX) = —=[Pnvalx NBX)], NAWX) = (>
V2 O
0
0
(+)
Hon— YNB
NB o [
(=)
¢NB
where
_‘ﬂﬁvtz = 905\7/4)* = 905\/2 = —wﬁg)* = ¢nNo, (6)

245404-3



B. S. MONOZON AND P. SCHMELCHER

with
Kd
onolx) = Hx (N - (zv+[ ])“
) T
ey =|N —6& 7’7 N=0 +1, +2,..., %)
. Kd |:Kd:|
6=——|—1.
T T

We consider transverse states with positive energies ey > 0
in the armchair ribbon of width d providing the gapped
(insulator) structure & # 0. It follows from Eq. (7) that the
energy levels ¢y as a function of width d are the oscillations
described by parameter 6(d) imposed on the decreasing

curve ~d~!'. Below we ignore these oscillations, keeping
0 = const.
The boundary conditions (4) after substitution of ¢(+ -)

by gofV+A 1;, respectively, are satisfied. The wave vectors ) NA.B

form orthonormal subsets, for which

(&)N/A(B)|®NB(A)> =0,

I:IO(IEX)&)NA(B) = SN&)NB(A)a '8

(Pn|Pw) = Snw.

The boundary conditions (4) imposed on the wave vector
\IJ(p) (3) force us to expand the wave vectors \IJA g in
series

(Pyra)| Prnas)) = v,

‘i‘A,B(ﬁ) = EN“NA,B(y)i)NA,B(x), ie.,
Vs () =

with respect to the basis functions (pﬁ'/;_;(x) taking for the

coefficients u(;,;)‘ B(y) = uNA 5(¥) = una p(y). Substituting

(+.,-) (9)
Enuna sy p(x),

the wave vector W (3) with the wave vectors \IJA p and the
wave functions 1,0 AB () into Eq. (1) and subsequently using
the properties (8) we obtain by the standard method the set of
equations for the wave functions

1)

vy = L(MNB +una), Y
V2

1
vy = E(MNB —UNA),

Py 1
—= = —E ey = Vi ()
y p
1
+= Y VwOug(y) =0,
N'#N
o (10)
dvy ' (y) 1 )
g + —[E —en — Van(M]vy' (»)
y p
1 )
—— > VawOwyl () =0,
N'£EN
V(>—1/+V<) =N (E-1)a
N'N\Y) = d _% pP)Cos d 2 X
(11)
where the potential V(p) is given by Eq. (2). At |y| > d,
B d?
Van(y) = b |:8NN +0 (; SN =N|@2s+1) | »
s=0,1,2,.... (12)
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As expected in the limiting case d — 0 Eqgs. (10) de-
compose into the sets describing the 1D Coulomb states,
while in the absence of the impurity center (Vyny = 0) we
arrive at the wave functions una,p ~ exp(£iky,y) and the
energies Ey (ky) = ey + p*k; of free electrons in the armchair
nanoribbon. >3

Below we solve the set (10) in the adiabatic approxima-
tion implying the longitudinal y motion governed by the
quasi-Coulomb potentials Vy/n(y) to be much slower than
the transverse x motion affected by the boundaries of the
narrow ribbon. The Coulomb potential (2) is assumed to
be small compared to the ribbon confinement. This implies
the condition imposed on the dimensionless strength of the
Coulomb potential g,

P Amepecshvr

q <1,

In the case of 6 < 0.5 the lowest three subbands are speci-

fied by indices N = 0, 1, — 1. The set (10) corresponding to
these subbands becomes

ay

1 1
v - ;(E + 20 — Vool + ;[V10”(12) + Vo] =0,

| 1
U(()z) + ;(E — &) — V()())U(()l) — ;[Vlovﬁl) + V,mv(_ll)] = 0,

, 1 1
Uil) —;(E+£| Vll)v(2) p[V v(())-i-V— (2)] 0,

| !
viz) + ;(E —& — V11)Uil) - ;[VOIU(()I) + V,Hv(_li] =0,
(13)

|
v — —(E 4oy — Voo w?
p
1
Ve 4 vi®] <o,
p
1
v+ (B — ey — Vo)
P
1
- ;[VO—IU(()I) + Vi’ =o0.

We solve the sets (10) and (13) in the single- (isolated N sub-
band), double- (N,N’ =0,1,), and three-subband (N,N’ =
0,1, — 1) approximation in Secs. III, IV, and V, respectively.
Only an outlook of the cumbersome calculations will be given
in the main body, while their details can be found in the
Appendix.

III. SINGLE-SUBBAND APPROXIMATION

At the first stage we neglect the coupling between the
states corresponding to the subbands with different N. The
reason for this is that in the narrow ribbon of small width
d the diagonal potentials Vyy dominate the off-diagonal
terms Vy n (N’ # N) almost everywhere but for a small region
|y] < d [see Eq. (12)]. In this case Vyy = Vyndyn and the
set (10) decomposes into independent subsets each specified
by an index N. The 1D impurity states are then governed by
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the potential

4y2
Vn(y) = hdy
1+\/1+4>’ (1+ /1+%
B 2 Iyl
_{Elnﬁ’ ﬁ<<l (14)
- B Iyl
_l)_"l’ %’2 >> 1’
d
d1’2=d:|:2)C0, —5<XQ<+§.

The set (10) for y > 0 with Vyyx = 0 is solved by match-
ing in the intermediate region the corresponding solutions
{UE\P’UN)} one of which is valid in the inner region close
to the impurity center and the other represents a solution
of the outer region distant from the center. This method
was originally developed by Hasegava and Howard®® in
studies of excitons subject to strong magnetic fields and then
successfully employed for the investigation of the impurity and

exciton states in quantum wells,?’ superlattices,?® and quantum
wires.!®
A. Inner region
In the inner region O0<y<Kry(rp= p|€12V —

E?|~1/2is the effective size of the Coulomb state) an iteration
procedure is performed. The subsequent integration of the set
(10), in which we neglect the terms consisting of the energies
ey and E, with the trial functions v% = ag\}), vj\% (2)

gives (see Appendix Al)

vy (v) = Rysin(Q +¢n). vy (y) = Ry cos(Q + m()l,s)
o) = (ln Al + 1) ,
|y| D
where
did; exp |:i(d1 —d)In d—]:| (16)
4d d>

and where Ry and ¢y are the arbitrary magnitude and
phase, respectively. Since the potentials (11) satisfy Vyy/(y) =
Vyn(—y) the wave two-vectors ﬁN{vgv),vN)} are classified
with respect to parity. Furthermore, we focus on the even
wave vectors for which 13y = Uy, where I1 = #o, with
fv(y) = v(—y) (o, is the Pauli matrix). The condition of
the even parity imposed on the wave vector vy, formed by
the components (15), implies that the phases ¢y are equal
to the half integer of 7.

B. Outer region
1. Discrete states

The exact solutions to Egs. (10) at Vy.y = 0 for N # N’ in
the region y > d; » with Vyy(y) = —By~! are calculated by
the same method employed in studies of a relativistic electron
in hydrogen® and super-heavy atoms with the nuclear charge

number Z > 137,'1-14

v;})(t) A cosh %t—%[ en(T) + ‘a"h‘” W, +1,H(t)]
= AN . 1 an
UE\%)(T) sinh %T ; [ K,/L(f) =t ;1// WK-‘rl,/}.(T)]v

A7)
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where
2 2 2 PVN
T = Vyy, VUn=—4/ey—E* tanhyy = _—
281\/
1 . 2gE
K =77—§7 nw=1iq, nNN=-—,
PVN
VN
A?v = (14 8yne),

2I'(ny)? cosh (1 + :’I—%X tanh y2)

no < 1is the quantum number labeling the ground state,

and where W, ,(t) is the Whittaker function.’® The functions
(17) are normalized to eroo(v(l)2 + 0Py =1

In the region 7 < 1 Egs. (17), (A2), and (A3) lead to the
expressions

()] 2

Uy, = Py sinwy, N = = Py coswy,

(13)
on(T) =qlnt + Oy,

where

Oy = arg ['(~2iq) + arg T(—ny + iq)

2
—arctan X[ 1+ (19)
q 771\/

and Py are constants.
Matching Egs. (18) and (15) in the overlapping intermediate
region d < y < ro we impose the condition

vﬁvlfn(y) “fm(y) 20)

O]

Nou

which leads for a small parameter ¢ < 1 and for the quantum
numbers ny =n 4+ 8y, 1 =0,1,2,...,8y, < 130 (see also
Refs. 11 and 13 for details) and for {y = 7/2 to equations for
the corrections 8y, (A6). The correction dy¢ = ¢q/zo satisfies
the transcendental equation

I[N —6|nD
2d
+C—-1=0, 21)

1 20
Inzg + — [arctan Zo — arctan E] + In
q

while the corrections 8y, for the excited states n = 1,2, ...
can be calculated in an explicit form

1
SNn :qcot{q[—lnq—l—lnn—i—z——w(l+n)
n

L Yo (22)
—In— — .
2d

In Egs. (21) and (22) ¥ (1 + n) is the ¥ function (logarith-
mic derivative of the I" function) and C = 0.577 is the Euler
constant. The corrections dy, calculated from Eqgs. (21) and
(22) determine the Rydberg series of the discrete energy levels
Ey, adjacent to the size-quantized energy level ey,

2

enf1 - —mfwl n=12...
Eyn, = en n=0, (23)
1+ Z

NO
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which allow us to estimate the size of the Coulomb state in
Eq. (A4)ro ~d/|N —&|nqg forn =1,2,...and
d
ro = for
IN —6&|r [1——

Clearly from equations for r, the existence of the intermediate

matching region d; » < y < rp is provided for excited states

n =1,2,... by the employed above small parameter ¢ < 1
and for the ground state n = 0 by the condition

2xg . : q

1+ — | IN—-¢Flnzo K1, ie,z0=—<K1.

d Sno

2. Continuous states

Since our approach to determine the wave function of the
continuous states closely resembles that applied above for the
wave functions of the discrete states only the basic points will
be given below. Setting in Egs. (17) vy = —2ik we obtain

v (1) cos §172 [ Wi u(t) = i 58 Wiy, (1)]
2 Lo ] = e g e 1 w0,

(24)
where
1 7/
= —ZikNy, kN =—,/E?2— 82 ,
p

k 1
tan<p_p—, k=1 el - =, u=iq, (25)

EN sing 2

2
T
BlzV = +exp(— ,q )
27 p tan” @ sin ¢ sin ¢
The wave vectors (24) are normalized to §(E — E').

At large distances ky > 1 the wave functions (24) have the
asymptotic form of the outgoing waves

. . q
v%?m ~ exp {lkNy +i Sin

ln2kNy}.
¢

Furthermore, we introduce the real wave functions associ-
ated with the standing waves

v 2(1) = Dy[e ol + e P(0)],  (26)

where the functions v( 2)(t) =i 2)*(t) have the asymptotic
form of the ingoing waves Nexp{—zky - iﬁ In2ky} and Dy
and Q are the arbitrary magnitude and phase respectively.

Similar to the case of the discrete states on equating the
ratios vN)(y)/ v(z)(y) taken for the iteration (15) and outer
functions (26) setting |f| < 1,q < 1,9 < 1 [see Egs. (A7),
(A8), and (A9)] we obtain Eqs. (A10) and then (27) for the
phase Qy,

Z(1 + coth ﬂ)

cotQy =
ln%—%[l//(l+tm)+lﬁ(l—zm)]

—2C+1

27
As expected, setting in the functions v;}o’i) (26) ky = %
and then matching these functions taken at |f| < 1 with the
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iteration functions v(1 2) (15) we obtain the equation for the
phase Q. Substltutlng this result into equation cotQy =i
determining the poles of the S matrix with § = exp(2i Qy)'**
we arrive at Eqs. (23), (21), and (22) for the discrete energy
levels.

IV. DOUBLE-SUBBAND APPROXIMATION

Below we consider the coupling between the ground
N =0 and first excited N =1 states described by the

system of the four upper Eqs. (13) at V_jo=V_;; =0.

Applying the iteration method with the trial functions v(()l’z) =

a(()l.Z) (1,2) ail,Z)

and v, we arrive at two particular linear

independent four-vectors, having the components v(()l’lz) cal-

culated for aéz) la(()]) agz) gl) and aéz) laél),agz)
iaﬁ) The linear comblnatlon of these vectors taken for
a(()zi = Ro,1 exp [i(¢o,1 — Z)] provides the general expression

for the iteration four-vector with the components

v (¥) = Rosin(Q + o) + Rigyor cos &1,

(2) ) (28)
- (¥) = Rocos(Q + &) — Rigyo sindy,

where Ry and ¢p; are an arbitrary constant and phase,
respectively. The parameter

T (T
TYp.1 = COS QY [Cl (E —|—a0> —Ci (— — ao)]

2
+ sinag [Si (% +ao) +Si (E _ ao)] (29)
oy = m
=0

consisting of the integral sine (Si) and cosine (Ci),*" describes
the coupling induced by the potentials Vy; = Vip (11). The
functions vll) (y)and v 12)( y) can be obtained from the functions
Oiln)(y) and v(()izn)(y) (28) by mutual replacing Ry <> R;.
Matching the ratios of the iteration functions v(l)(y) / v(z) (y)
and the functions of the discrete states (18) vll) (r)/v(z) (1)
and then equating the ratios of the functions of the contintous
spectrum (26) vol) )/ v(z) (t) taken at || < 1 and the iteration
functions (28) vol)(y) / v(z)(y) we obtain the set of equations

Ro [sin(xo — Q — ¢o) + ¢o tan ¢ cos(xo — O — ¢o)]
+ Rigyo1 [cos(xo — ¢1) + co tan Qg sin(xo — ¢1)] = 0,
-0-4)=0, (30)

where the functions xy, Q, wy are defined by Egs. (A9), (15),
and (18), respectively.

Solving the set (30) by the determinantal method we obtain
the equation for €2, which is then expanded in series with
respect to the parameter ¢ < 1. Keeping at ¢{y = /2 the
terms of the first order ~q we arrive at the equation for the
phase €2 in an explicit form

Rogyo1 cos(w; — o) — Ry sin(wy

co(@r — 0~ 5)
(@1 =0=3)(Q-x0+

cotQp = s (3D

%) —49 Y
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where @ — Q — 7 coincides with the left-hand side of
Eq. (A6) with the complex corrections §;y, while Q — xo + %
is given by the denominator of Eq. (27).

Substituting Eq. (31) into equation'%2%-32

cotQ2y =1, (32)

the complex quantum numbers 7, introduced in Eq. (17) can

be calculated, which in turn determine the complex energy

levels Ej, adjacent to the size-quantized first excited energy

level ey = (1 — &)mp/d,
2

1—‘ln
g———+ Wy, —i—, =0,1,2,...,
Do "

Ey,=¢ —
(33)

where the second term on the right-hand side is the Rydberg
series of the energy levels associated with the quasi-Coulomb
diagonal potential Vi;(y) (14) (no coupling). The following
notations in Eq. (33) for the resonant shift W;,, and resonant
width I'},, both induced by the intersubband N = 0,1 interac-
tion are used:

2

q 2
Iy =26 ————Gn(S1n B 34
1 81(n+81,,)3 (811)9 V41 Bo.1 (34)
and
512 2.2
Win = —SlmGn(Sln)q Vo,lAO,l- (35)
In Eqgs. (34) and (35),
kod 20
Ag1 = B2, (In In=+C—-1), By =",
0,1 0,1( 2 + In d + > 0,1 pko

-1
_ _ —1 1
Gy'10) = 81 + (81 +47) " — (25% + zqz) ,
G(aln)—aln‘i‘q, n=1,2,...,

where the corrections 8;, can be calculated from Egs. (A6),
(21), and (22). In the logarithmic approximation g Ing~! «
1, Go(810) = 28%,,G,(81,) = 87,,n = 1,2, .... The quantum
number k can be found from equation

2
E2 = g2 232 — 2|1 _ q 7
PR AT sy
with (7) for &g ;.
In conclusion of this section, note that the equations
absolutely identical to Eqs. (33)-(35) can be derived by

matching the real iteration functions vil 2)( y) (15) and complex

functions of the continuous states v(()lf)(t) (24) having the
asymptotic form of the outgoing wave.

V. THREE-SUBBAND APPROXIMATION

In this section we consider the coupling between the
discrete states adjacent to the highest size-quantized level
e_1 and and the continuous states attributed to the low-lying
levels ¢y and ¢;. Below we neglect in the set (13) the
off-diagonal potentials Vj; and Vo describing the interactions
of the N =0,1 subbands. Extending the iteration proce-
dure employed above for the single- and double-subband
approximation to the present stage with the trial functions
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1,2) . . . .
vy~ =ani2 we arrive at two particular linear indepen-

dent sixfold vectors \7+,_(v(()1),v(()z),vgl),v(lz),v(ll), (2)) calcu-
lated for a(z) = :I:'a(l) = 0,1, — 1. Taking a(z) =
Ry exp[:l:z(;N -3 )], we obtam the components vg\i 2) of the

total iteration sixfold vector Vm = V+ + V_,

v (y) = Rosin(Q + o) + R_1qy0,-1 cos ¢_1,
Vi (v) = Ry sin(Q + ¢1) + Rigy1—1 cos ¢y, 36)
v () = Ry sin(Q + ¢-1) + Rogyo—1 cos &y

+ Rigy1,—1cos (g,

where Q(y) is determined in Eq. (15) and Ry and ¢y are
arbitrary constants and phases, respectively. The parameter
Y0,-1 = Yo,1 (29), while

2my) —1 = cos 2 [—Si(mw + 209) — Si(w — 20)]
+ sin 2aq [Ci(7r + 2a9) — Ci(r — 2a9)], (37)
TXo
="

describes the coupling induced by the potentials V_j; =
Vi—1 (11). The functions vN)(y) can be obtained from the
functions vN)(y) (36), respectively, by replacing sin(Q +

{n) by cos(Q + ¢y), cos¢y by singy, and g by —g.
As mentioned above, we match the wave functions of the
: (1,2) . .
continuous spectrum v, (y) N = 0,1 having the asymptotic

form of the outgomg wave vy +) (24) to give in turn at |#| < 1
the sixfold vector Vom with the components

vy, () = (1 +cn)expli (qIn2kyy +&,)]
—(I —cn)exp[—i(gIn2kyy +&)], (38)
N =0,1,
where cy and &; _ are given in Egs. (A9) and (A7),
respectively. The wave functions vN) (y), N=0,1 can be
obtained from the functions v(l) (y) (38), respectively, by

replacing&, _ by &, _ + 7. The wave functions v(_lifu)l(y) have
the form (18), in which vy (17) and ®y (19) are calculated
for N = —1. . .

Matching the sixfold wave vectors Vi, and V,,, within the
intermediate region by imposing the conditions

(1) 1)

=, N=01, —1, (39)
vNoul UNi“

where US 2‘) are given by Egs. (38) and (17) and v(1 2) by
Egs. (36) we obtain the set of algebraic equations (All) for
the coefficients Ry, N = 0, 1, — 1 analogous to set (30).
Solving this set (All) by the determinantal method we
obtain the equation for the complex quantum numbers n_; =

2qg E/pv_; (17), in which we take for the phases {y = 5, N =
0, 1, — 1 and keep the terms of the first order of ¢ < 1,
T .
o~ Q =2 =q" ) yno(gAv +iByon).  (40)
N=0,1
with
kNd 281\/
Ay _1 = B3 In —— 1— C—1), By_-1=—,
Nt E N (“ 2 Tha T ) Y ey
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and the quantum numbers ko ; obtained from

2
q
E2— 24 p2k2 — &2 4+ p2k2 — 2 [1_—]
0T P Ky 1 TP K -1 461,72
with (7) for e_;.
The complex quantum numbers n_; calculated from
Eq. (40) lead to the complex impurity energy levels adjacent
to the size-quantized second excited subband ¢_j,

612 l—‘—ln

e+ Woi—1 ,
201+ 01, ) 2
(n+6_1,) @l
n=0,1,2,...,

E—ln =€&_1—¢&

where the resonant width I'_;,, and shift W_;, have the form
2

_ q 2 2
Iy, = 28—1mGnq(V1,_131,—1 + ¥ _1Bo.-1)
(42)
and
612 2(.2 2
W_i, = —871mGnq (V1,71A1,71 + V5 —140.-1)-

(43)
The coefficients G, are defined in Eqgs. (34) and (35).

VI. DISCUSSION

A. The binding energies

We define the binding energy of the electron E;f,?,)l in the
nth quasi-Coulomb state associated with the N size-quantized
subband as the real part of the difference between the size-
quantized energy ey (7) of the free electron and the energy
of the impurity electron Ey, given by Eqgs. (23), (33), and
(41) for the ground N = 0, first N = 1, and second N = —1
excited subbands, respectively. Since the resonant shifts Wy,
(35) and (43) are of the order of q2 < 1 (Wy, = 0)withrespect
to the Rydberg energies determined by the second terms on
the right-hand side of Egs. (23), (33), and (41) the binding
energies read

n=1,2,...,
:|’ n=0. (44)

q2
EN 2ton, 2
)
E® —
Nn EN |:1 — 1

T
+ 4
X0

where the corrections 8y, can be calculated in the single-
subband approximation from Eqgs. (21) and (22) for the ground
n =0 and excited n = 1, 2, ... impurity states, respectively.
It follows from Eqs. (44) and (7) that the binding energy
E%’BI ~ gy ~d~" oscillating decreases with increasing the
ribbon width d. The oscillations are caused by the dependence
6(d) in (7). In an effort to render our calculations close to
an experimental setup, we take below for the estimates of
the expected values the parameters ¢ = 0.13 (e ~ 25)** and
q = 0.24 (¢ ~ 10) corresponding to the HfO, and sapphire,
respectively, employed as substrates for GNR.>* The latter
parameter q is close to the limit caused by the condition zg < 1
[see below Eq. (23)]. Furthermore, we focus on the monotonic
dependence ~d~! and keep the the parameter & in Eq. (7) for
the levels gy to be & >~ 0.3.
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FIG. 2. (Color online) The binding energy E(()I;) (44) of the ground
state n = 0 calculated for (¢ = 0.13, 0.24) as a function of the
reciprocal width 5 of the GNR. Impurity is placed symmetrically
to the boundaries (xo = 0). The parameter 6 = 0.3.

The dependencies of the binding energies on the width
of the GNR d for the ground state for different strengths
of the impurity potential are given in Fig. 2. These graphs,
while ignoring the oscillations, are qualitatively completely
in line with the data of the numerical calculations and
experimental observations recently performed with the related
Coulomb systems. The exciton effects in the armchair GNRs
were studied in frame of the tight-binding model® and
density functional theory,’® while Han et al** investigated
experimentally the influence of the localized states in GNRs
on the electron transport. The relation E® ~ d~! including
oscillations®>* have been found to occur. The differences
between the impurity states considered here and the exciton
and localized states prevent us from a detailed quantitative
comparison.

The Coulomb pattern of the energy levels (23) enables us to
introduce the effective Rydberg constant Ryy, the Bohr radius
aon, and the mass My for the impurity electron in GNR

R q*|N —&|mp d
=, a, =,
IN 2d N = TIN —6q
IN — & |nh?
My = —————.
pd

which additionally illustrate the physical reason of the bonding
of the impurity electron, namely the quasi-1D geometry of
the GNR. Note that the bound states arise at any finite
width d < oo. This result is qualitatively analogous to the
effect of antidiamagnetism caused by the influence of the
magnetic field on the weakly bound atomic state. Demkov and
Drukarev'® considered the 3D potential well of small radius
and depth to provide the capturing of the electron. It was
shown that the arbitrarily weak magnetic field B induces the
bound electron state with the binding energy E® ~ a* [ap =
(h/eB)'/? is the magnetic length]. The common reason for
this is that the finite width d < oo and magnetic length ap <
oo transform the graphene monolayer and atomic structure,
respectively, into the quasi-1D systems, which are more favor-
able to generate bound states. The dependencies E® ~ agz
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FIG. 3. (Color online) The dimensionless binding energy E;f,'()) =
Eﬁf,’())/zrpd*1 calculated from (44), (21), and (7) with ¢ = 0.20 for
the ground state (n = 0) plotted as a function of the effective index
of the corresponding subband v = [N — &| and the relative impurity
position s = 2 in the GNR of width d.

and E® ~ d~! correspond to the different dispersion laws,
namely E® ~ p? and E® ~ p (p >~ h/r is the momentum)
for the atomic (r ~ap) and GNR (r >~ d) electron,
respectively.

The dependence of the binding energy E;f,’i (44) on the
displacement of the impurity center x( from the midpoint of the
ribbon x = 0 is contained in the corrections 6y, (xo), namely
in the term In Dd~" in Egs. (21) and (22), while E;{,’,)Z as a
function of the effective number of the subband |N — G| is
given by the subband threshold ¢y (7) mainly and the term
In|N — & in the correction dy,. The dimensionless binding
energy E% /mpd~! as a function of the effective quantum
number |N — &| and relative displacement x(/(d/2) for the
ground n = 0 state is depicted in Fig. 3. Clearly the higher
the subband, that is, the greater the value | N — & is, the less the
binding energy EE\},'()) Also the binding energy decreases when
the impurity shifts from the midpoint of the ribbon towards
the boundaries. The latter conclusion coincides with those
obtained for the quantum well in Refs. 37-41.

B. The resonant widths

The interband coupling shifts the strictly discrete excited
Rydberg series Ey, (N # 0) (23) calculated in single-subband
approximation by an amount Wy, (35) N =1, and (43)
N = —1 and transforms them to the quasidiscrete levels
of width 'y, (34) N =1, and (42) N = —1. Note that
the conclusions made on the base of the first and second
excited subbands can be qualitatively extended to others. Since
the resonant shifts Wy, ~ ¢? first are much less than the
resonant widths 'y, ~ g atg < 1 (Wy,, < I'y,) and second
the resonant shifts do not change the discrete character of
the energy spectrum (23) we focus on the widths I'y,,. It is
clear from Eqgs. (34) and (42) that the widths T'y,, ~ ey ~ d ™!
increase with decreasing the ribbons width d. Note that this
dependence is opposite to that in a semiconductor narrow
quantum well: The narrower the well is the less are the resonant
widths.?”-342 The reason for this is that in the quantum
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FIG. 4. (Color online) The resonant width I'yy (34) of the ground
impurity state (n = 0) relative to the corresponding threshold &, (7)
(T1o = Tyg/e)) versus the relative impurity position s = 2% in the
GNR of width d providing the parameter & = 0.3. The parameter ¢
is taken to be ¢ = 0.13,0.24.

well the resonant width 'y, ~ EE\I,’,L(EE\I,’,)1 / Agy)?, where the

impurity Rydberg constant Ry >~ E 5\2 and the binding energy
E;{,’i do not depend on the well width d, while the interband
energy distance Aey ~ d~? increases and consequently the
resonant width decreases with the narrowing of the quantum
well. For the ribbon EE\I,’,), ~¢ey ~ Aey ~d~! (44) and the
intersubband coupling do not depend on the ribbon width d
and FNn ~ E%}i ~EN d_].

The dependence of the resonant widths I'y,(xg) (34),
calculated in the double-subband approximation, on the
position of the impurity center x is described by the coupling
parameter yp; (29) and the corrections &y, (21) and (22).
The dependencies of the relative resonant widths I'y,,/¢; (34)
on the dimensionless shift s = 2xy/d for the ground n =0
state are presented in Fig. 4, in which the limitation on the
parameter s are caused by the condition imposed on z( placed
below Eq. (23). For the impurity positioned at the midpoint
of the ribbon xy = 0 the resonant width and shift both vanish
[T1,(0) = W,(0) = 0] because of the even x parity of the
Coulomb potential V(p) (2) in Eq. (11) and opposite parities
of the neighboring N = 0,1 transverse x states to give Vy; =
0.1 = 0. Both in the quantum well and in the ribbon the shift of
the impurities from their midpoints eliminates the even x parity
of the potential V(p) (2) in Eq. (11), that leads to the coupling
between the N =0 and N =1 subbands. If the impurity
displaces from the midpoint towards the boundaries |xy| =
d/2 the resonant widths I', (34) monotonically increases.
This correlates completely with the analogous dependence
found for the impurity states in the semiconductor quantum
well.?7-3:42 For small shifts og < 1 in Eq. (29) we obtain for
the parameter yp ; in Eqs. (34) yo.1 = (%)Si(%)ao <« 1, while

for the impurity positioned close to the ribbon edge x¢ =~ % we

obtain yp | = %Si(n) with Si(%) = 1.37, Si(;r) = 1.85. Note
that the zeroth width of the first excited (N = 1)n series in case
of the symmetrical xo = 0 impurity position is a consequence
of the double-subband approximation. In the multisubband
approximation the levels of the above mentioned series would
acquire finite widths.

The dependence of the resonant widths (42) of the impurity
states corresponding to the second excited subband N = —1
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FIG. 5. (Color online) The resonant width I"_ ;¢ (42) of the ground
impurity state (n = 0) relative to the corresponding threshold e_; (7)
T = I'_19/€-1) versus the relative impurity position zdﬂ in the
GNR of width d using the parameter value 6 = 0.3. The parameter

q is taken to be ¢ = 0.13, 0.24.

on the position of the impurity center is completely differ-
ent from that related to the first excited subband N = 1.
Equation (42) shows that contributions to the resonant widths
I'_;, are caused by the coupling with the subbands N =
0(~y&71) (29) and N=1(~y1271) (37). Note that the
estimated contribution to the resonant width I'_y, caused
by the neglected coupling between the N =0 and N =
1 subbands is of the order of qyozl < 1. In the vicinity
of the midpoint (|xo| < d/2,09 < 1) the subband N =
1 contributes mostly [yo 1 =~ 0,y 1 =~ ——Sl(rr)] while
for |xg| >~ d/2,09 >~ /2 both subbands contrlbute Yo.—1 =
nlSi(JT),yly_l ~ ﬁSi(Zn). The position of the impurity Xy =
%610, at which the effects of the subbands N =0 and N =1
on the resonant width I'_;,, are in balance, is determined by
the root & of the equation

2 2
Yi—1Bi-1 =¥y 1 Bo-1,

to give the result @y = 0.58,%p = 0.37‘51. The coupling be-
tween the subbands N = —1 and N = 1 provides the nonzero
widths I'_y, and shifts W_,, for any positions xy of the
impurity. The width I"'_j( as a function of the impurity shift
Xo is given in Fig. 5 demonstrating the monotonic drop within
the same regions as those corresponding to Fig. 4.

Our results related to the resonant widths completely
correlate with those derived from the Fano theory.?* Following
the Fano method the resonant widths of the impurity states
adjacent to the first excited subband N = 1 can be calculated
from

Ty = 27| (Vo  Viol Vi) 1%,

where Vlo(y) ioyVio(y) [see set (13)and Eq. (11) for Vyo(y)]
and where Vo(y) (24) and Vl(y) (17) are the twofold vectors
describing the initially degenerate continuous and discrete
states, respectively. It is found that the resonant width I'y,
derived from the Fano approach coincides with that given by
Eq. (34) to the insignificant numerical factor of the order of
unity.

As mentioned above, the presented method is valid under
the conditions ¢ < 1 for the excited impurity states n =
1,2, ... and zo(g) < 1 (21) for the ground state n = 0. Under
these conditions the radius of the impurity state considerably
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exceeds the width of the GNR so that the ribbon is narrow
compared to the impurity size. However, the previous calcula-
tions related to the ground state of the quasi-1D diamagnetic
exciton®? and present estimates show that a reasonably small
parameter g leads to values zop < 1, which provide a quite
accurate and adequate description of the ground impurity state
in GNR.

Taking into account possible experiments we estimate the
expected electron binding energy for the impurity center
placed at the middle point of the GNR of width 1 nm
on the sapphire substrate as E(()}(’)) >~ 160 meV and on the

HfO, substrate as E(()}(’f 2~ 68 meV. This is less than the data
attributed to the SiO, substrate (¢ = 3.9) because of the
relatively small screening of the impurity potential. Also an
estimate of the lifetimes ty, = /'y, yields for the impurity
positioned at the midpoint of the GNR 7_;p >~ 0.21 and
0.049 ps for the HfO, and sapphire substrate, respectively.
For the SiO, substrate the screening of the impurity attraction
is less, the lifetime is reduced, and therefore less favorable
for a corresponding experimental observation. A shift of the
impurity center |xo| =~ 0.4d/2 generates lifetimes 71y of the
same order as 7_jg at xo = 0. The electrons captured onto
such short-lived trap states will most likely contribute to the
dc transport. However, the high-frequency response of such
electrons may reveal the signatures of localization.

Clearly the above considered quasi-Rydberg series (23) do
not cover the total set of discrete states. The oscillations of the
wave functions (15) and (18) caused by the logarithmic term
are an indicator of additional energy levels positioned below
the series (23). Since the possible strong shift of these levels
away from the threshold ¢y is against the spirit of the employed
adiabatic perturbation theory (¢ < 1) describing the shallow
energy levels, we are limited to qualitative estimates based on
the quasiclassical relativistic approach’ and Ref. 44.

In an effort to elucidate the origin of this additional series let
us consider the so called “logarithmic” energy levels governed
by the logarithmic potential (14) taken for d; = dr = d (x9 =
0). These levels can be calculated from the Bohr-Sommerfeld
quantization rule

Yo

1
P(y)dy = mh (n+§>, n=0,1,2,..., (45

b
E(()o)

02 03 04 05 06 0.7 0.8
q
FIG. 6. (Color online) The dimensionless binding energy E(()]S) =

Egé) /€ of the quasiclassical ground state (N = n = 0) found from
(47) for Eq and from (7) with & = 0.3 for g versus the parameter q.
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where P(y) and yy < d are the classical relativistic momen-
tum and turning point, respectively, with

2= L (E_2B ) _ e
73(y)—v127 |:<E Zdlnd> ij|,

P(yo) = 0.

(46)

Equation (45) admits an exact solution which provides for
the energies

2p [ 49
Eyy = 2g|In——2"
N q|:n|N—&|

7 —In K1(SN)],

47
end [N —¢6l|n “7)

SN = >
¥ 2pg 2q
where K (s) is the modified Bessel function.>

The binding energy E}f,’,)l = ¢y — En, with Ey, calculated
from (47) reads E) ~ g Ing both for ¢ < 1 (sy > 1) and
for g > 1 (sy < 1,|Ing| > 1). It follows that the weakness
of the logarithmic singularity and smallness of the strength
of the impurity potential (¢ < 1) seems not to provide the
bonding of the quasiclassical relativistic electron (E%’,{ < 0),
while a sufficiently strong attraction (¢ < 1) could produce
a localized impurity state (E%’,)l > (). The dependence of the
binding energy of the quasiclassical ground state (N = n = 0)
found from (47) on the parameter ¢ is depicted in Fig. 6.
The ground logarithmic level arises at the critical value
qo =~ 0.48 and shifts towards lower energies to provide for
the binding energy 0.1 < Eg(’))/so < 0.5for0.54 < g < 0.74.
The above can be considered as no more than only a qualitative
evidence of existence of such additional states in GNR that
have transformed from the collapsed states in the graphene
monolayer governed by the 2D impurity potential ~—r~!.°
Though the logarithmic and quasi-Rydberg levels in principle
correspond to the same region of the parameter ¢ < 1, any
numerical comparison between the results for the quasi-
Rydberg series based on the Dirac equation and those for
the logarithmic levels derived from the quasiclassical method
applied moreover to the ground state seems to be incorrect. The
total set of the impurity states in GNR requires a further study
of Eqgs. (10) with the potential (11), having the logarithmic
singularity in the vicinity of the impurity center.

Below we demonstrate that the method developed above
and the obtained results can be extended to various related
problems. In particular, the transmission probability of the
impurity electron determining the conductance in GNR is
calculated by solving the problem of the 1D scattering of the
electron of the energy E in the presence of the potentials (11).
On matching the wave vector having at y < 0 the asymptotic
forms of the sum of the ingoing (24) and reflected waves
with the wave vector (28) continued to the region y < 0 and
the wave vector of the outgoing wave (24) with the wave
vector (28) at y > 0 we arrive at the transmission coefficient
T = %(S — 1), where S = exp(2i€2p) is given by Eq. (31).
For the energies 9 < E < & between the ground & and first
excited ¢; size-quantized energy levels (7) except the very
narrow region E — gy < g’¢y slightly above the energy &, the
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probability of transmission |T'|> reads
l—‘In 2
(3)
2
(BEP + ()
B Fln(AE sin Qf)o) + % cos Q(()O))
[ \2
(MEP+ ()

Since the adiabatic parameter ¢ < 1 provides the small phase
Qg)) < 1 we have to set in Eq. (48)

TP =1—-sin Q0 +

cosQY).  (48)

E 2
inQy ~Q =—2¢(ln-—+1-C), Q) ~ 1,
SIn S4 0 pk q nkD COS A4,

E2 — 83 +p2k2,

and AE = E — E, is the deflection of the energy E from
the resonant impurity level Ey, ~ &1[1 — ¢2/2(n + 6,)*1,n =
0,1... (33) having the width I'y, (34). In Eq. (48) the term
1 — sin? Q(()O) corresponds to the potential scattering, the next
term describes the resonant Breit-Wigner scattering on the
quasidiscrete state (33) and the latest one contributes to their
interference.

Equation (48) allows us to elucidate the dependence of
the probability of transmission |7'|*> on the energy E of the
electron. At the exact resonance of the quasidiscrete state
(T1n # 0,AE = 0) the probability |T|?> ~ Q" is minimal,
while for the resonance on the strictly discrete state (I'j,, =
0,AE =0) Eq. (48) gives considerable probability |T|> ~
1— QBO)Z. Note that the last case corresponds to the position
of the impurity at the midpoint xy = O of the ribbon for which
the resonant widths I'y, = 0. Thus the resonant character
of the impurity states modifies strongly the transport properties
of the GNRs. Small deviations from the resonant energy AE ~
%F 1 increase the probability up to the value |T'|> ~ % — QBO).
Moderate deflection AE >~ ﬁf‘]n leads to the growth of the

0
probability IT|?~1— (Qg)) + ZFA—'%)Z. For the energies close
to the ground size-quantized level gy and positioned far away
from the resonant levels £, (AE > ﬁr 1n) the scattering
0

has potential character with the significant probability |T'|* ~
1—- 5280)2. In summary, if the energy of the impurity electron
E > gy increases the probability of transmission |T(E)|?
decreases and then transforms into the sequence of the
oscillations, having the resonant minima of widths Iy, at the
energies E,,.

The Coulomb dimensionless parameter g = 0.24 and
a GNR of width d =1 nm containing an impurity dis-
placed from the center at xo = O.S%d are chosen for the
estimates of the expected experimental values |T(AE)|?
in the vicinity of the ground quasidiscrete level Ejo. We
find that |T|%,, = |T(0)]* =0.01, |T(%)|2 =040 (I' ~
45 meV), |T(3.3%)|2 = 0.85, and for the energies E > &g
away from the resonant impurity level Ejo |7 |*> ~ 0.96. It is
intuitively clear that Eq. (48) in principle can be extended
to describing resonant transmission with the probability
IT(E)|* = 1. The corresponding resonant energies extracted
from the continuous spectrum &y < E < Ej, can be found
from the condition Q(()O) =lIn,1=1,2,.... It requires the

extension of the phase Qg)) < 1 calculated in the adiabatic
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approximation (¢ < 1) to the resonant values Qg)) > . An
adequate approach taking into account comparable effects due
to the ribbon confinement and the impurity potential ¢ ~ 1 is
of interest to further investigations.

VII. CONCLUSION

We have developed an analytical adiabatic approach to
the problem of bound and metastable (Fano resonances)
quasi-Coulomb impurity states in a narrow gapped armchair
graphene nanoribbon (GNR). The width of the GNR is taken
to be much less than the radius of the impurity. This adiabatic
criterion implies a variable width of the GNR and simulta-
neously the smallness of the Coulomb interaction relative to
the size-quantized energy induced by the GNR. The energy
spectrum of the impurity electron is a sequence of the series of
the quasi-Rydberg discrete and resonant states adjacent to the
ground and excited size-quantized subbands, respectively. The
binding energies and the resonant widths and shifts attributed
to the intersubband coupling are calculated in an explicit form
in the single- and multisubband approximation, respectively.
The binding energies and the resonant widths both increase
with decreasing the GNR width. As the impurity center
displaces from the midpoint of the GNR the binding energies
decrease, while the resonant widths of the quasi-Rydberg
series associated with the first/second excited subbands in-
crease/decrease, respectively. Our analytical results are in
complete agreement with those found by other theoretical
approaches and in particular numerical studies. Estimates
of the expected values show that the bound and metastable
impurity states in GNR can be observed experimentally.
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APPENDIX

1. Inner region

The first integration of the set (10), in which we neglect

the terms consisting of the energies ¢y and E, with the trial
D @ (2) 2

functions vy, = ay’, vy, = ay’ gives
2y
W) =0 = ad S [ F(f) + BF (R, fia= 1o
1.2
(AD
where
V1 21
F(f) = fln% — arsh f
| o), g«
| -2+ D, 1£> 1,
and where
B Ze?
g=—=—"-7>— @<
P 47T6()éeffth
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% (y) can be obtained from Eq. (Al) by
(2)

The function v

and ag) by —aj\}). Subsequent integration

leads to the two independent particular solutions {v%i,vﬁl}

and {vx) ,vN)} corresponding to the relationships a(z)

replacing a(l) by ay

:I:iagv). The linear combination of these solutions provides the
general iteration functions, which read in the region y > d; »
acquires the form (15).

Obviously an alternative way to derive Eq. (15) is to solve
Egs. (10) for Vyy(y) = —B|y|™!, sy = E = 0 and then to
compare the resulting solutions v}y, +) () ~ Ayi"” , expanded
in series up to the terms of the first order of ¢, with those
given by Egs. (Al). The calculated constant A leads to the
functions (15).

2. Single-subband approximation: Discrete states

The Whittaker function W, , can be expressed in terms of
the Kummer function U*°

T 1
We () = e 212 U(a,c,7),

(A2)
a:%+u—x,c=l+2u,
with3!
Ula,c,1)
T4, T>1
= I'(1—c) L= _1—c¢ —

Fa—ciD) + T@ T Rec=1,c#1, K1

(A3)

The asymptotic behavior of the outer functions (17) at large
distances y >> r( follows from Egs. (17), (A2), and (A3)

2
vy ?(y) ~ exp <—1 + 7y 1n —y> . ro=—. (A4
To To VN
The matching condition (20) yields
oy—Q—¢yv=sm, s=0,=%1, £2,.... (AS5)

Using the properties of the arguments of the I" functions in
Eq. (19) for a small parameter ¢ < 1 and for the quantum
numbers ny =n 4+ 8y, 1 =0,1,2, ... .8y, < 170 (see also
Refs. 11 and 13 for details) and choosing ¢y = 7 /2 we arrive
at the equations for the corrections &y,

1 q q
Ing + — |arctan — — arctan ——— | — In(n + S,
7 q[ 53 2<n+aNn>] 0+ dan)
[N —6|nD
+1/f(1+n)+lnT~|—2C—1=0, (A6)

which in turn leads to Egs. (21) and (22).

3. Single-subband approximation: Continuous states
In the region |¢| < 1 Egs. (24), (A2), and (A3) lead to

) zM(w)
te 0= D [ T
gz M(=¢)
e

cos(Qy +qlnfr] + &)

cos(—Qy +qlInft| + & )] (A7)
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: [_iq (sirlw . 1”

§r— =argl'(—2ig) Fargly
sin & + cos £
1 +sing

where

T

M(p) =

The wave functions vﬁo)m (#) can be obtained from Eq. (A7) by
replacing Dy by —Dy and &, _ by &, _ — /2.
For g <« 1,¢ <« 1 the wave functions (A7) read

vg\}:m(t) = Dy [sin xy — cy cot Ay cos xn],

vg\i)m(t) = Dy [cos xn + cy cot Ay sin xy],

(A8)

with

1
Ay =Qy — z(6- - &),

xv =qlnjt|+ (- + &), 5
(A9)

T T
CN =q5<1 —i—coth%).

Similar to the case of the discrete states on equating the
ratios vx)(y) / vﬁ)(y) taken for the iteration (15) and outer (26)
functions for |[t| € 1, g < 1, ¢ < 1 we obtain the equation

for the phase Ay,

1
cotAy = —tan(x — Q — ). (A10)
CN
Since®
1 n —( q q
—(tL—E)==—-Q0 Q0= (— — arctan —> ,
2 M) ; jo je
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Eq. (A10) acquires for {y = m/2 an explicit form (27).
3
Since atg < 1 the phase Q© = 1¢ (3)% [¢(s) is the Riemann
¢ function with ¢(3) = 1.20] is the value of the higher order
of smallness ~¢> <« 1 we set in Eq. (27) Q© = 0.

4. Multisubband approximation

Matching the sixfold wave vectors ‘Zn and \70ut within the
intermediate region by imposing the conditions (39), where

vxo’i) are given by Egs. (38) and (17) and vﬁif) by Egs. (36)
we obtain the set of algebraic equations:
Rol[Ay” cos(Q + o) — i A" sin(Q + ¢)]
—R_1gy0,-1[AS ) sin¢_y +iASY cos¢_1 =0,
Ri[AT” cos(Q + &) — i AT sin(Q + ¢1)]
—R gy i[A 7 sing g +iATY cosz ] =0,
R_;sin(w_1 — Q — ¢—1) — Rigy1,—1 cos(w_1 — O
—&1) — Rogvo.—1 cos(w—1 — Q — &) = 0.
In Egs. (A11)

(Al1)

A = (1 + en)expli(g In2kyy + £,)]
+ (1 —cn)expl—i(g In2kyy + &-)]

and Q(y) and w_;(y) are introduced by Eqgs. (15) and (18)
for N = —1, respectively. Solving the set (All) by the
determinantal method we obtain Eq. (40) for the complex
quantum numbers ny = 2gE/pv_; (17), in which we took
for the phases ¢y = %, N =0, 1, — 1 and kept the terms of
the first order of ¢ < 1.

'A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and
A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

20. Roslyak, G. Gumbs, and D. Huang, Philos. Trans. R. Soc.
London Ser. A 368, 5431 (2010).

3K. Namura and A. H. MacDonald, Phys. Rev. Lett. 98, 076602
(2007).

4N. M. R. Peres, F. Guinea, and A. H. Castro Neto, Phys. Rev. B 73,
125411 (2006).

SR. B. Biswas, S. Sachdev, and D. T. Son, Phys. Rev. B 76, 205122
(2007).

°D. S. Novikov, Phys. Rev. B 76, 245435 (2007).

7V. M. Pereira, J. Nilsson, and A. H. Castro Neto, Phys. Rev. Lett.
99, 166802 (2007).

SA.V. Shytov, M. I. Katsnelson, and L. S. Levitov, Phys. Rev. Lett.
99, 236801 (2007).

A. V. Shytov, M. I. Katsnelson, and L. S. Levitov, Phys. Rev. Lett.
99, 246802 (2007).

L. D. Landau and E. M. Lifshitz, Quantum Mechanics: Non-
Relativistic Theory (Pergamon, London, 1981).

1A, M. Perelomov and V. S. Popov, Theor. Math. Phys. 4, 664 (1970).

12V. S. Popov, Phys. Atom. Nucl. Phys. 12, 429 (1970).

13V. S. Popov, JETP 60, 1228 (1971).

“Ya. B. Zeldovich and V. S. Popov, Sov. Phys. Usp. 14, 673
(1972).

K. S. Gupta and S. Sen, Phys. Rev. B 78, 205429 (2008).

16K. S. Gupta and S. Sen, Mod. Phys. Lett. A 24, 99 (2009).

17P. Harrison, Quantum Wells, Wires and Dots (Wiley, New York,
2000).

'3B. S. Monozon and P. Schmelcher, Phys. Rev. B 79, 165314 (2009).

Yu. N. Demkov and G. P. Drukarev, Sov. Phys. JETP-USSR 22,
182 (1966).

201, V. Keldysh, JETP Lett. 29, 658 (1978).

2IM. 1. Katsnelson, K. S. Novoselov, and A. K. Geim, Nat. Phys. 2,
620 (2006).

22M. 1. Katsnelson and K. S. Novoselov, Solid State Commun. 143,
3(2007).

L. Brey and H. A. Fertig, Phys. Rev. B 73, 235411 (2006).

24U. Fano, Phys. Rev. 124, 1866 (1961).

25E. H. Hwang and S. Das Sarma, Phys. Rev. B 75, 205418 (2007).

26H. Hasegawa and R. E. Howard, J. Phys. Chem. Solids 21, 173
(1961).

?7B. S. Monozon and P. Schmelcher, Phys. Rev. B 71, 085302
(2005).

28B. S. Monozon and P. Schmelcher, Phys. Rev. B 75, 245207 (2007).

V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii, Quantum
Electrodynamics, 2nd ed. (Butterworth-Heinemann, Oxford, 1982).

30M. Abramowitz and I. A. Stegun (eds.), Handbook of Mathematical
Functions (Dover, New York, 1972).

245404-13


http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1098/rsta.2010.0215
http://dx.doi.org/10.1098/rsta.2010.0215
http://dx.doi.org/10.1103/PhysRevLett.98.076602
http://dx.doi.org/10.1103/PhysRevLett.98.076602
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.76.205122
http://dx.doi.org/10.1103/PhysRevB.76.205122
http://dx.doi.org/10.1103/PhysRevB.76.245435
http://dx.doi.org/10.1103/PhysRevLett.99.166802
http://dx.doi.org/10.1103/PhysRevLett.99.166802
http://dx.doi.org/10.1103/PhysRevLett.99.236801
http://dx.doi.org/10.1103/PhysRevLett.99.236801
http://dx.doi.org/10.1103/PhysRevLett.99.246802
http://dx.doi.org/10.1103/PhysRevLett.99.246802
http://dx.doi.org/10.1007/BF01246666
http://dx.doi.org/10.1070/PU1972v014n06ABEH004735
http://dx.doi.org/10.1070/PU1972v014n06ABEH004735
http://dx.doi.org/10.1103/PhysRevB.78.205429
http://dx.doi.org/10.1142/S0217732309028886
http://dx.doi.org/10.1103/PhysRevB.79.165314
http://dx.doi.org/10.1038/nphys384
http://dx.doi.org/10.1038/nphys384
http://dx.doi.org/10.1016/j.ssc.2007.02.043
http://dx.doi.org/10.1016/j.ssc.2007.02.043
http://dx.doi.org/10.1103/PhysRevB.73.235411
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRevB.75.205418
http://dx.doi.org/10.1016/0022-3697(61)90097-X
http://dx.doi.org/10.1016/0022-3697(61)90097-X
http://dx.doi.org/10.1103/PhysRevB.71.085302
http://dx.doi.org/10.1103/PhysRevB.71.085302
http://dx.doi.org/10.1103/PhysRevB.75.245207

B. S. MONOZON AND P. SCHMELCHER

31H. Bateman and A. Erdelyi, Eds., Higher Transcendental Functions
v.1 (Mc Graw-Hill, New York, 1953).

32R. G. Newton, Scattering Theory of Waves and Particles (Springer,
New York, 1982).

33]. Robertson, Eur. Phys. J. Appl. Phys. 28, 265 (2004).

3M. Y. Han, J. C. Brant, and P. Kim, Phys. Rev. Lett. 104, 056801
(2010).

3Y. L. Jia, X. Geng, H. Sun, and Y. Luo, Eur. Phys. J. B 83, 451
(2011).

%X Zhu and H. Su, J.
(2011).

37G. Bastard, Phys. Rev. B 24, 4714 (1981).

Phys. Chem. A 115, 11998

PHYSICAL REVIEW B 86, 245404 (2012)

3A. Blom, M. A. Odnobludov, I. N. Yassievich, and K. A. Chao,
Phys. Rev. B 68, 165338 (2003).

%C. Mailhiot, Y.-C. Chang, and T. C. McGill, Phys. Rev. B 26, 4449
(1982).

40K. Tanaka, M. Nagaoka, and T. Yamabe, Phys. Rev. B 28, 7068
(1983).

4IR. L. Greene and K. K. Bajaj, Phys. Rev. B 31, 913 (1985).

42S. T. Yen, Phys. Rev. B 66, 075340 (2002).

$A. G. Zhilich and B. K. Kyuner, Sov. Phys. Semicond. 15, 1108
(1981).

#V. M. Pereira, V. N. Kotov, and A. H. Castro Neto, Phys. Rev. B
78, 085101 (2008).

245404-14


http://dx.doi.org/10.1051/epjap:2004206
http://dx.doi.org/10.1103/PhysRevLett.104.056801
http://dx.doi.org/10.1103/PhysRevLett.104.056801
http://dx.doi.org/10.1140/epjb/e2011-20060-y
http://dx.doi.org/10.1140/epjb/e2011-20060-y
http://dx.doi.org/10.1021/jp202787h
http://dx.doi.org/10.1021/jp202787h
http://dx.doi.org/10.1103/PhysRevB.24.4714
http://dx.doi.org/10.1103/PhysRevB.68.165338
http://dx.doi.org/10.1103/PhysRevB.26.4449
http://dx.doi.org/10.1103/PhysRevB.26.4449
http://dx.doi.org/10.1103/PhysRevB.28.7068
http://dx.doi.org/10.1103/PhysRevB.28.7068
http://dx.doi.org/10.1103/PhysRevB.31.913
http://dx.doi.org/10.1103/PhysRevB.66.075340
http://dx.doi.org/10.1103/PhysRevB.78.085101
http://dx.doi.org/10.1103/PhysRevB.78.085101



