PHYSICAL REVIEW B 84, 125306 (2011)

Density of states of relativistic and nonrelativistic two-dimensional electron gases in a uniform
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We study the electronic properties of two-dimensional electron gas (2DEG) with quadratic dispersion and with
relativistic dispersion as in graphene in the inhomogeneous magnetic field consisting of the Aharonov-Bohm
flux and a constant background field. The total and local density of states (LDOS) are obtained on the base of the
analytic solutions of the Schrodinger and Dirac equations in the inhomogeneous magnetic field. It is shown that
as it was in the situation with a pure Aharonov-Bohm flux, in the case of graphene there is an excess of LDOS
near the vortex, while in 2DEG the LDOS is depleted. This results in excess of the induced by the vortex DOS

in graphene and in its depletion in 2DEG.

DOI: 10.1103/PhysRevB.84.125306

I. INTRODUCTION

The continuous linear energy dispersion E(K) = +hvg k|
of the Dirac quasiparticle excitations when the homoge-
neous magnetic field B is applied perpendicular to its two-
dimensional (2D) plane transforms into the discrete Landau
levels (LLs)

E,=+ev2n, n=0,12,..., (1

observed in graphene. Here, k is the momentum measured

from Ky points, €g = v hv%eB /c is the relativistic Landau
scale with vy being the Fermi velocity. The spectrum (1)
is characteristic of Dirac fermions and the breakthrough in
experimental studies of graphene is caused not only by its
fabrication,' but also by the demonstration of its unique elec-
tronic properties>* that follow from the unusual spectrum (1).

The hallmark of this spectrum is the zero-energy field-
independent lowest LL. whose existence does not in fact
depend on the homogeneity of the field.* In general, the
inhomogeneous magnetic perturbation can be presented as a
sum of a constant (averaged over the system) field and a field
localized in some regions of the 2D system. A limiting case
of the perturbation can be presented by the Aharonov-Bohm
field, which is created by an infinitely long and infinitesimally
thin solenoid.

The purpose of the present paper is to study the electronic
excitations in graphene in a field consisting of the Aharonov-
Bohm flux and a constant background magnetic field. As in the
first publication,5 where we studied the Aharonov-Bohm flux
only, our main goal is the investigation of the local density of
states (LDOS). We find that the demonstrated in Ref. 5 rather
peculiar behavior of LDOS in Dirac theory with Aharonov-
Bohm field persists in the presence of the constant background
field. We expect that this behavior can be observed in scanning
tunneling spectroscopy measurements for graphene penetrated
by vortices from a type-II superconductor on top of it. We
also compare the obtained expressions with the corresponding
results for two-dimensional electron gas (2DEG) with a
quadratic dispersion, where the singular behavior of the LDOS
is absent.
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In practice, such a magnetic field configuration may be
obtained when a type-II superconductor is placed on top
of graphene. In the previous publication, we considered an
idealized picture when the vortex is single and there is
no impact from other Abrikosov vortices. Now the con-
stant background field is supposed to mimic the impact
of the other vortices penetrating graphene. It is worth to
stress that devices like this, with a superconducting film
grown on top of a semiconducting heterojunction (such as
GaAs/AlGaAs) hosting a 2DEG, have in fact been fabricated
twenty years ago,®’ so it should be possible to fabricate the
graphene-based devices. While normally the 2DEG is buried
deep in a semiconducting heterostructure which makes the
LDOS measurements problematic,® the graphene surface is
open to the LDOS measurements. While initially the STS
measurements were done on graphene flakes on graphite,’
recently these measurements were carried out on exfoliated
graphene samples deposited on a chlorinated SiO, thermal
oxide tuning the density through the Si backgate.'? So far all
these measurements were done in a homogeneous magnetic
field and showed a single sequence of pronounced LL peaks
corresponding to massless Dirac fermions expected of pristine
graphene.

In a wider context, the inhomogeneous vortex-like field
configurations arise due the topological defects in graphene
that result in the pseudomagnetic field vortices, see, e.g.,
Refs. 11-13. Interestingly, even the nonsingular pseudomag-
netic field configuration created by a curved bump on flat
graphene'* results in the oscillations of the LDOS similar to the
long-distance behavior of LDOS induced by the Abrikosov’s
vortex.? As proven experimentally, a strong localized pseudo-
magnetic field can be induced in graphene by a strain and the
corresponding LLs are observed in the STS measurements. '3

Thus we hope that the combination of the vortex + constant
background field considered in the present paper should be
useful not only for the studies that involve a real magnetic
field, but also for the problems that involve the superposition
of magnetic and pseudomagnetic fields.

The paper is organized as follows. In Sec. II, we introduce
the model Hamiltonians and discuss the configuration of the
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magnetic field and the regularization of the Aharonov-Bohm
potential used in this work. Section III is devoted to the
nonrelativistic case, and the relativistic case is discussed in
detail in Sec. IV. The structure of both sections is the same:
we consider the solutions of the corresponding Schrédinger
or Dirac equation, which allow to write down a general
representation for the LDOS in Secs. IIT A and IV A. Then,
a more simple analysis of the DOS is made in Secs. III B
and IV B, while the behavior of the LDOS is studied in
Secs. III C and IV C. In Sec. V, our final results are summa-
rized. The method of the calculation of the LDOS is explained
in Appendix A, where as an example we firstly calculate the
LDOS in a constant magnetic field for the nonrelativistic case.
Since the problem with Aharonov-Bohm vortex has to be
treated in the symmetric gauge, the calculation of the LDOS
in Appendix A involves the sum over the azimuthal quantum
number, which is calculated in Appendix B. The full DOS is
calculated in Appendix C. The LDOS, both in nonrelativistic
and relativistic cases, is expressed in terms of the function
calculated in Appendix D. The Dirac equation in the magnetic
field consisting of the Aharonov-Bohm flux and a constant
background field is solved in Appendix E.

II. MODELS AND MAIN NOTATIONS

Asin Ref. 5, we consider both nonrelativistic and relativistic
Hamiltonians. The 2D nonrelativistic (Schrodinger) Hamilto-
nian has the standard form

R’ 2 2
Hg = —ﬁ(D1 + D3), 2)
where D; = V; +ie/hcAj, j = 1,2, with the vector potential
A, Planck’s constant 7, and the velocity of light ¢, describes a
spinless particle with a mass M and charge —e < 0.

The Dirac quasiparticle in graphene is described by the

Hamiltonian

Hp = —ihvpB(y1 D1 + y2 Do) + AB, 3)

where the matrices 8 and By; are defined in terms of the Pauli
matrices as

By; = (01,§02). 4

Here, ¢ = +£1 labels two unitary inequivalent representations
of 2 x 2 gamma matrices in 2 4+ 1 dimension, so that one
considers a pair of Dirac equations corresponding to two
inequivalent K4 points of graphene’s Brillouin zone. The spin
degree of freedom is not included neither in Eq. (2) nor in
Eq. (3). In Eq. (3), v is the Fermi velocity and A is the Dirac
mass (or gap). An overview of its physical origin is given in
Ref. 5 (see also a review in Ref. 16). Here, we only point
out that the presence of a finite A allows one to distinguish
unambiguously positive and negative energy solutions.

There are numerous studies of the Dirac fermions in the
field of a singular Aharonov-Bohm vortex (see, e.g., Refs. 17—
19) and, in particular, of this vortex and a uniform magnetic
field?>?! devoted to the mathematical aspects of the problem
such as self-adjoint extension of the Dirac operator. As in the
previous article, to avoid the mathematical difficulties related
to a singular nature of the Aharonov-Bohm potential at the

B = o3,
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origin, we consider a regularized potential®>?}

on the dimensional parameter R:

that depends

A =201 2% ), (s
r)=— r— )

¢ 2 2rr

where r = (r,¢,z), ®on is the flux of the vortex expressed
via magnetic flux quantum of the electron ®y = hc/e with
n € [0,1[. The value n = 1/2 corresponds to the Abrikosov’s
vortex flux. The corresponding magnetic field

A(I‘) = A(p(r)e(a,

B(r):VxA:|:B+LQ08(r—R):|e (6)
27 R °

The radius R of the flux tube determines the region r > R
where the regularized potential coincides with the potential of
the problem with Aharonov-Bohm potential, while for r < R
it describes a particle moving in a constant magnetic field. The
solution of the problem is found by matching the solutions
obtained in these regions. The limit R — 0 can be taken at
the end and allows to avoid the formal complications. As was
shown in Ref. 23, the final answer does not depend on the
specific form of the regularizing potential provided that the
profile of the magnetic field is nonsingular at the origin.

We also mention recent works*»?> where the induced
by the Aharonov-Bohm field charge density and current
were studied for the massless Dirac fermions. In the first
paper,”* an infinitesimally thin solenoid was considered. The
regularization by a magnetic flux tube of a small radius R
as in the present work is considered in the second paper.?’
It is shown that in the limit R — O the induced current is
a periodic function of the magnetic flux irrespectively of the
magnetic field distribution inside the flux tube and whether the
region inside the flux tube is forbidden or not for penetration
by electrons. Also the value of the self-adjoint extension
parameter is fixed by the regularization. The properties of
the quasibound states in 2DEG with parabolic dispersion as
well as Dirac electrons with linear dispersion in the presence
of a circular step magnetic field profile were recently studied
in Ref. 26.

III. NONRELATIVISTIC CASE

In this section, we consider the solutions of the Schrédinger
equation

Hsy(r) = E¢(r) @)

in polar coordinates r = (r,¢) and using them we obtain the
full and local DOS. These results are important not only for
comparison with the relativistic case, but also because the
relativistic result is constructed using the nonrelativistic one.

A. Solution of the Schriodinger equation and general
representation for the local density of states and
its limiting » = 0 case

Technically, to obtain the solutions of Eq. (7) in the
regularized potential (5), one should solve this equation in two
regions: r < R and r > R. Since in the first domain, r < R,
the potential is nonsingular, only a regular in the limit » — 0
solution of the radial differential equation is admissible. In the
second domain, r > R, the solution contains both regular and
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singular in the limit » — O terms. The values of the relative
weights of them can be found by matching radial components
and their derivatives at r = R. Finally, it turns out that in the
limit R — 0 only the regular solution survives and the wave
function takes the form

Vi (r,9) = Ap ey T2 2Ly (8)

which also follows from the Schrodinger equation with a
singular vortex. Here, the dimensionless variable y = r?/(2/?)
is expressed via the magnetic length [ = (hic/eB)'/?, L%(y)
is the generalized Laguerre polynomial and the normalization
constant A, ,, is given by

A2 n!
22T (n 4 m 4]+ 1)

The corresponding to the wave function (8) eigenenergy is
equal to

€))

hwc

where the cyclotron frequency w, =eB/Mc, the radial
quantum number n = 0,1, ..., and the azimuthal quantum
number m = —oo, ..., — 1,0,1,...,00. In what follows, it
is convenient to express all energies of the nonrelativistic
problem in terms of the energy Ey = hw./2.

Having the wave function, one can calculate the LDOS
using the representation

NEEB) =Y Wun®PSE - Ep). (D)

In contrast to the previous article,’ the presence of a constant
magnetic field makes all energy spectra discrete, which
demands some regularization of the é function in Eq. (11).
For this purpose, we introduce a widening of the LLs to a
Lorentzian shape:

1

1
S(E — E - —Im—,
( n,m) T mEn,m _E_ir

12)
where T" is the LL width. Such a simple broadening of LLs
with a constant I was found to be a rather good approximation
valid in not very strong magnetic fields.?’

To illustrate the method of calculation in Appendix A, we
derive the LDOS for the simplest case (n = 0) of the constant
magnetic field without vortex

13)

NS 1 E+il
NS(E.B) = —~2Imy (E _ Lt ) .
T

hw,

Here, Ng = M/(2mh?) is a free DOS of 2DEG per spin and
unit area and we omitted the r dependence of the LDOS
because it is absent in the homogeneous field. One can readily
obtain Eq. (13) in a much simplier way?® starting from the
usual Landau spectrum

E, =ho.(n+1), (14)

which follows from the spectrum (10) for n =0, when
one relabels n + (Jm| 4+ m)/2 — n. Here, the relabeled n
corresponds to the LL index rather than the radial quantum
number. Nevertheless, in Appendix A we proceeded from
Eq. (10) to illustrate how to deal with a spectrum that is also
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FIG. 1. (Color online) The normalized full LDOS N 3 (r,E,B)/ NOS
as a function of E in the units of iw,. (a) n = 0 (no vortex and LDOS is
r independent) and n = 1/2 for r = [. (b) Both lines are forn = 1/2,
r = 0.5/, and r = 5. In all cases, the width is I' = 0.05hw,..

dependent on the azimuthal quantum number m. As seen in
Fig. 1(a) on the dashed (red) curve, Eq. (13) describes the usual
quantum magnetic oscillations of the DOS.

One can extract them analytically using the reflection
formula (A1l). Integrating the DOS over the energy with
the thermal factor In[1 + exp(#)], one can obtain the
thermodynamic potential, whose derivative with respect to
the magnetic field gives magnetization. The corresponding
oscillations of the magnetization are known as the de Haas-van
Alphen effect.”’

In a similar fashion, we obtain in Appendix A the expression
for the LDOS perturbation, Aan(r,E,B) = N,?(r,E,B) —
NOS (r, E) induced by the vortex

AN} (r,E,B)
: —y coth(8+
_ M sinmn /mdﬁe—(é-&-ﬂ)e—ﬂze e
(wh)? = 0 1 — e~ 26+P)
00 hoysimoag €T
—ycoshw/ s
X /_Ooda)e —1+e(5+5+’”)]‘ (15)

Here, N,f‘ (r,E,B) is the LDOS in the presence of the constant

field and vortex and Ng(r,E ,B) is the LDOS in the constant
magnetic field without vortex (the argument r is present to
distinguish the LDOS from the DOS). This expression has
to be calculated for z > 0 with the analytic continuation
z — —(E +iT")/E( done at the end of the calculation. The
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representation (15) for the LDOS is our starting point for the
analysis of the LDOS and DOS. Next, in Sec. III B, we begin
with a simpler case of the DOS and return to the LDOS in
Sec. IIC.

B. The density of states

While in the constant magnetic field the LDOS is position
independent and is related to the full DOS by the 2D volume
(area) of the system factor V;p, this is not so in the presence
of the vortex when the LDOS is position dependent. Then the
full DOS per spin projection is obtained from the LDOS (11)
by integrating over the space coordinates

2 [e'9)
N,,(E,B):/ d(p/ rdrN,(r.E,B). (16)
0 0

The details of the derivation of the DOS difference,
ANS(E.B) = N3(E.B) — N§(E.B) with N§(E) being the
full DOS in the presence of the constant field without vortex,
are given in Appendix C. We obtain

AN (E.B)

UL, E+iT
= m - —
Tho, 27 The, "

1 E+il’ 1 E+ill
X[w<§_ ho, )“/’(5_ ho, +”)“'

a7

Since the digamma function v¥(z) has simple poles for z =
0,—1,—2,..., 1t is easy to see, in the clean limit ' — 0,
that the DOS difference (17) reduces to a set of § peaks
corresponding to the LLs:

S 1
ANSE.B)= = (n+1-n)s [E — o, (n n 5)]

n=0

+Y 418 [E—ha)c (n—i—%—i—n)].

n=0
(18)
The physical meaning of (18) is that* on each LL E, =
ho.(n+1/2), n 4+ 1 — n states disappear and n + 1 appear
at the energy E,, = ho.(n + 1/2 + n).
The limit of zero field, B — 0, can be obtained from
Eq. (17) using the asymptotic expansion

1 1 1
W(Z)ZIHZ—Z—Z—TH—FO(Z—A‘). (19)

Then in the limit ' — 0, we reproduce the Aharonov-Bohm
depletion of the DOS>2%% at the bottom of the spectrum

ANS(E.B =0) = N3(E,B = 0) — VapN§
= —1in(1 — nS(E) (20

caused by an isolated vortex. Integrating Eqs. (20) and (18)
(with an appropriate regularization), one can check that the
total deficit of the states induced by the vortex

oo
1
aNy = [ aEANYEB =-Zo0-n @D
—00
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does not depend on the strength B of the nonsingular
background field.

C. The local density of states

The regularization parameter § in Eq. (15) is important for
the calculation of the DOS made in Appendix B, the integrand
of Eq. (15) remains regular even in the limit § — 0. Therefore
we can take this limit and rewrite Eq. (15) as follows:

s M sinmn E+ill
AN (r,E,B)=— —Im |/l |y,z— — ) )
g (wh)? 2m E,
(22)
where
oo p —ycoth
I(y,z,n) = dBe P —
(y.z.m) /O pe sinh B
oo —ycoshw/sinh B e_n(aH—ﬂ)
X/_oo dwe™ m,
(23)

and the variable y describes the spatial dependence. Although
the integrals in Eq. (23) can be evaluated numerically, this
computation becomes troublesome when the analytic contin-
uation from z > 0 to the complex values z — —(E +iI")/Ey
is done before the numerical integration. Thus our purpose is
to derive such a representation for /(y,z,n) that it can be easily
computed after the analytic continuation is done. The function
1(y,z,n) is found in the Appendix D and is given by

z+1 z+2n—1
I(y,z,m) =T ( > ) r ( > > Fa—z—pp,a-n,2(y)

z—1 z+2n—1
+TI ( 5 ) r <T> Fo—zms2n2(y),

(24)

where the function F; ,(y) is given by Eq. (D18).

The results of the numerical computation of the LDOS on
the basis of Egs. (22) and (24) are shown in Figs. 1 and 2. We
emphasize that in Fig. 1, we plot the full LDOS N,?(r,E ,B)
as a function of energy E for fixed values of r, and in Fig. 2,
the same quantity is presented as a function of the distance r
from the vortex center for fixed values of E. Since Eq. (22)
describes the perturbation of the LDOS AN;(;",E ,B) by the
vortex, to obtain the value of the full LDOS N}(r,E,B), we
add to AN,? its n = 0 value, which is given by Eq. (13).

We note that in contrast to Ref. 5, when plotting these
figures, we did not take into account the presence of the
finite carried density in 2DEG by shifting the energy origin.
This makes more straightforward a comparison with the
Dirac case, where low carried densities are indeed accessible
experimentally.

Although the model we consider is suitable for all values of
the distance from the center of the vortex r, there are obvious
physical limitations on the possible value of r if the vortex
penetrating graphene is coming from a type-1I superconductor.
First of all, r cannot be smaller than the vortex core, which is
at least on the order of magnitude larger than the distance scale
ro of the order of the lattice constant. We remind that in the
previous paper,” the distance r was measured in the units of ro,
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FIG. 2. (Color online) The normalized full LDOS

N}, (r.E,B)/Ny as a function of the distance r measured in
the units of the magnetic length / for four values of E /hw. = 0.5,1.5
(usual LLs) and E/hw. = 1,2 (vortex-like levels). The width is
I' = 0.05hw.,.

because for B = 0 there is no such natural scale as a magnetic
length. Secondly, we replace the magnetic field created by the
other vortices by a constant background magnetic field. This
approximation may be appropriate if one considers a vicinity
of the selected vortex, which implies that r has to be less
than the intervortex distance /,. This distance is proportional
to the magnetic length,’! I, = ¢/l ~ 1.771, where ¢ ~ 1
is the geometric factor dependent on the Abrikosov’s lattice
structure. Thus although one can investigate the regime r > [
theoretically, in practice it is not accessible.

In Fig. 1(a) we compare the already discussed after Eq. (13)
case of the constant magnetic field with the case when
the Abrikosov vortex is also present (n = 1/2) for r = 1.
We observe that while for n =0 [the dashed (red) curve
is, obviously, r-independent] only the peaks at half-integers
E /how, are present, for n = 1/2 the weight of these peaks is
reduced and a set of the new peaks at the integers E /liw. on the
solid (blue) curve is developed. This behavior can be foreseen
from the expression for the full DOS difference (18) [or
Eq. (17)] discussed in Sec. III C. The case with the Abrikosov
vortex is further explored in Fig. 1(b), where we plot the energy
dependence of the LDOS for » = 0.5/ [the solid (blue) curve]
and r = 5/ [the dashed (red) curve]. Comparing the results
for r/1 = 0.5, 1.0, and 5.0, we find that as the distance r
decreases, the integer E /hw, peaks are getting stronger, while
for r = 5.0/ they practically disappear. This behavior allows
to attribute the corresponding energy levels to the vortex. On
the other hand, the half-integer E /hw,. peaks corresponding
to the usual LLs (14) formed in a constant magnetic field are
getting weaker as the distance r decreases. We stress that even
for an arbitrary vortex flux 7, the latter levels will not change
the positions, while the levels related to the vortex will shift
their energies.

Analyzing Eq. (24), which was used to plot Fig. 1, we
observe that the positions of all peaks are controlled by the
gamma functions I'(z), which contain simple poles for z =
0, — 1, — 2, .... However, the intensity of the peaks depends
on the rather complicated modulating function F;_ ,(y). For
example, we verified that despite that the gamma function
I'[(z — 1)/2] in the second term of Eq. (24) contains the pole
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at the negative energy £ = —hw,/2, the final LDOS does not
contain this pole. To gain more insight on the behavior of the
LDOS, we have investigated its behavior in the limits » — 0
and r — oo. Taking into account the y — 0 limit of Im/ given
by Eq. (D23), we obtain that the value AN} (r = 0,E,B) is
equal to the negative LDOS (13) in the constant magnetic
field. This implies that the full LDOS in the center of the
vortex is completely depleted,

Ny(r=0,E,B)=0. (25)

Formally, this property reflects a simple fact that all solu-
tions (8) of the Schrodinger equation are vanishing at the
origin, ¥, ,,(r = 0,¢) = 0. This vortex-induced depletion of
the LDOS in the nonrelativistic 2DEG was already seen in
Ref. 5 and now we conclude that it should also occur in the
presence of the background magnetic field. This is exactly what
we observe in Fig. 2, where all four curves begin from zero.
Two of these curves, viz. the solid (blue) and the dash-dotted
(black) are for the usual LLs with E /hw. = 0.5 and 1.5, and
the other two [dashed (red) and dotted (violet)] are for the
vortex levels with E/hw, =1 and 2. For small r <, all
curves increase linearly as expected from the analytic results
described in Appendix C if we take there n = 1/2. Since for the
large y the function F;,, decays exponentially [see Eq. (D26)],
the LDOS difference AN,?(r,E,B) ~e "2 for r — o0.
Accordingly, the large » behavior of the full LDOS depends on
the contribution of the position independent LDOS (13). Thus
the large r limit of all curves in Fig. 2 is determined by the
corresponding value of the LDOS in the dashed (red) curve in
Fig. 1(a).

IV. RELATIVISTIC CASE

InSec. IV A, we consider the solutions of the Dirac equation
Hp¥(r,;) = EV(r,(), (26)

where the wave function is now a spinor

o

and the index ¢ labels two inequivalent K points. Notice that
in Appendix E, the definition (E1) for v, explicitly includes
the factor i. Using these solutions in Sec. IV B, we obtain the
full and the local DOSs that is considered in Sec. IV C.

A. Solutions of the Dirac equation and general representation
for the local density of states and its limiting n» = 0 case

The Dirac equation (26) with the regularized potential (5)
is solved in Appendix E. A general strategy is the same as
described in Sec. III A, but the main difference is in the
matching conditions. While the radial components of the
spinor W(r) have to be continuous:

Vi(R+0,0) = (R - 0,0),
V2(R +0.8) = ¥2(R — 0,7),

(28)
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their derivatives in contrast to the nonrelativistic case have a
discontinuity:

VIR +0.0) = YR = 0.0) = Sy (R.0),
(29)

VAR +0.0) = V(R = 0.0) = — = y(R.0).

The discontinuity of the conditions (29) follows from Eq. (E2)
with the discontinuous potential (5). Another way to apprehend
this discontinuity is to obtain a singular ar r = R pseudo-
Zeeman term squaring the Dirac equation (see Ref. 5 for an
overview).

After the limit R — O is taken, we obtain the following

solutions:
1 [,/5,,,,,, A ei(m_l)‘/)J,Z+n_l(y):|

W (r,1) =

A7 Em | EiEm F AL ()

(30)
form > 0,
By = — L [m - Ae-"w_xw}
" 2 /7Er0 | Fiv/Eno FAILD)
31

form = 0, and

YO, 1) =

1 vV gn,m T A ei(m—lA)(ﬂ J|:ln+r]—l\(y)
2 nEwm | Fi/Eum F AN ()
(32)
for m < 0. Here, the upper and lower signs £ correspond to

the positive and negative energy solutions, £& = &, ,, with
the absolute value of the energy

gn,m = A? + egkn.ma

Agm=2n+m+n—-14+m+n+1

forn > 0, the function J)/(y) is defined by Eq. (E14) with y as
in the nonrelativistic case, and the relativistic Landau scale ¢,
is defined after Eq. (1). The zero-mode solution with £ = —A
is a holelike

(33)

_ 1 0

O )= — |

om(®-1 2wl |:e ¢ ‘I\(I)n\—r](y)

Let us now compare the solutions of the Schrodinger and Dirac

equations with the zero azimuthal number, m = 0. One can see
from Eq. (8) that v, o(r,1) ~ r" because™

La(o)_<n+a)_r(a+n+1)
e n (e + Dn! -’

On the other hand, from Egs. (31) and (34) for m = 0, we
observe that while the upper components are regular at r = 0,
the lower components diverge as ¥, o(r,1) ~ r~7. Comparing
these results with the behavior of the wave function in the
Aharonov-Bohm field,” we observe that the presence of the
background magnetic field does not change the asymptotics of
the m = 0 solutions for r — 0. Also as expected,5 the zero-
mode solution (34) for ¢ = 1 and chosen direction of the field
is holelike, £ = —A.

], m<0. (34)

(33)
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The solutions for the case { = —1 are the following:
UE @, — 1) = _ Fv'bnn £ .Aeimwj'zﬂ(y)
o 2w Enm | i/ Em F AL ()
(36)
form > 0,
WO = /&0 £ AT (y)
m0 20 wEn0 i/ Eo F AT ()
(37)

form = 0, and

im +1
wir, = [ B/ E R
o 2 Enm i/ Enm F AL ()

(38)

for m < 0. Again the signs + correspond to the solutions
E® = 4£E,,, with n >0 and the energy &,, given by
Eq. (33). Now the zero-mode solution

1 eimzp J() (y):|
= I =n , m<0, 39
V2l [ 0 39

is electron-like, £ = A. Also the lower components of the
m = 0 solutions (37) and (39) are regular at » = 0, and the
upper components diverge as ¥, o(r, — 1) ~r~".

Since the solutions of the Dirac equation are characterized
not only by the quantum numbers, but also by the sublattice
label A and B, energy =, and the valley index { = *1, instead
of directly writing an analog of Eq. (11), it is more convenient
to construct the Green’s function expressing the LDOS via
the combinations of its matrix elements. The eigenfunction
expansion for the retarded Green’s function reads

Z“ Z“ WO EOW (.0
D / .. _ n,m\ts n,m s
Gn(l',l',E-'-lO,g)— [ E—S,,,m—i—lo

Wo,m(r, — 1)

n=0 m=—00

(=) (T
W),y (r )} . “0)

E+&um+i0

The LDOS for A and B sublattices is expressed in terms of the
Green’s function (40) as follows:

NP (x,E) = —nllm[G,m(r,r,E +ile=1)
+Gu@rE+il ¢ =-1),
NP®(r,E) = —%Im[anz(r,r,E +il¢ =1)
+ Gt e E+il0 =—1], (41

where similarly to the nonrelativistic case, the LL width T is
introduced. Substituting the solutions of the Dirac equation
in the Green’s function (40) and using the definition (41), we
obtain

1 E+illtA
N,],)(A’B)(I‘,E:B) — —N(]))—Im {+l—
T

€0
[ (E +il)? — A? “
xGlyz—> ———F5, )
€0

(42)
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where the upper (lower) sign corresponds to A (B) sublattice,
the relativistic Landau scale ¢ is defined below Eq. (1), and
the normalization constant N(I)) = eo/(Znhzv%) corresponds
to the value of the free (n = B = I" = 0) DOS for the Dirac
quasiparticles per spin and one sublattice (or valley) taken
at the energy E = ¢y when the energy gap A = 0. Writing
Eq. (42), we introduced the function

3
G(y.zm) =Y g(y.z.m, (43)

which consists of the three terms

\m-‘rn ||(y)]
g1,z = Z; _Z AT
n m=—0o0
o0
J” +,7|(y)
.2, , 44
8(v.z.n) = 25_2 T (44)
n m=—0o0
< [no] [mo)
g(y.zm =y {— -
= z+2(n+n) 7+ 2n
with A, ,, defined in Eq. (33) and
Ay =214 |m+n|+m+n. (45)

Note that the function g3 contains the singular terms that
originate from m = 0 solutions of the Dirac equations.

The g1, contributions are calculated in the same way as
was derived Eq. (15) in Appendix A, viz., exponentiating the
denominators [see Eq. (A2)] and introducing the regularizing
factor § > 0, and then using the sum (A4), we obtain

o ¢~26+)
— / d,Be_ﬂZ
0

1 _ o20+P)
= y
—(8+B)(m+n)
X L - ,
D e el [smh(6+ﬂ)]

m=—0oQ

g1(y,z.n) = —y coth(8+8)

(46)

where we also shifted the dummy index m — m + 1. As we
saw in the nonrelativistic case, the presence of § is necessary
for the calculation of the DOS, although it can be omitted in
the expressions for the LDOS. The remaining sum over m can
be found using Eq. (B7) from Appendix B:

Ag1(y,z,n) = g1(y.z.n) — g1(3,2,0)
—2(8+8)

_ sinzn /wdﬂe‘ﬂz e .
0 -

= o—206+P)

e—r](a)+5+/3)

—y coth(§+8)

00
% / dwe™ cosh @/ sinh(§+8)

oo

1+ ef(w+8+/3) ’
(47)

where we introduced the function Ag;, which describes the
perturbation by the vortex. Similarly, for Ag, we have

&2(y,z,m) — g2(y,2,0)

— Sin?”l oodﬂe,/gz 1 efycoth(ﬁJrﬁ)
7 Jo 1 — e 26+P)

efﬂ(er(SJrﬂ)

Ag(y,z,m)

00
% / dwe™ cosh @/ sinh(8+8)

oo

1+ e—(w+8+/3) :
(48)
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The case of g3 is even simpler, because there is no summation
over m. Using the sum (A4), we obtain an analog of Eq. (46).
It contains the difference of two modified Bessel functions,
which can be expressed via the MacDonald function®

K,(x) = T [1 v(x) = 1,(x)]. 49)
Finally, we arrive at the result
2sinmn [ e~ (+Pm
_ —Bz —y coth(§+p)
g3()’az’7/) - T /0 dﬂe 1 _e_2(5+ﬂ)

y
K |:sinh(6 + ﬂ)} ' 0

Notice that since g3(y,z,n =0) =0, there is no need to
introduce a function Ags. Having the functions Ag > and g3,
we can directly calculate the LDOS perturbation by the vortex,
AND(A B)(r E.B) = ND(A B)(r E,B) — D(A B)( E,B).

The subsequent con51derat10n is made in parallel to the
nonrelativistic case. We consider first the LDOS in the constant
magnetic field (n = 0) when due to the translational invariance
it coincides with the DOS per unit area. The LDOS can be
derived in a similar to Eq. (13) way, but a special care has
to be taken because in contrast to the nonrelativistic case, the
cutoff parameter § enters the final result

NP E+iC+A
Ny “PU(E,B) = {—+ ’

b g &0

x |:1n(28)+y +w<§> + %“ (51)

where we kept only the divergent in the limit § — 0 terms It
is more convenient to rewrite Eq. (51) in the form derived in
Ref. 28, where instead of the cutoff § the bandwidth W cutoff
is used

NPT . W2 E+il+A
NPABY (g By = —[—1 — —Im <+l—
T | € 260 €0
A? — (E +iTl')?
260
2
€y
— 9 1] 52
+A2—(E+iF)2})] (52)

The advantage of the representation (52) is thatits B — 0 limit
takes the usual form.?® The quantum magnetic oscillations of
the LDOS, Ny(E.B) = Ny(E,B) = N>®(E,B) for A =
0 are shown in Fig. 3(a) on a dashed (red) curve. Only the
positive-energy region is shown, where the positions of the
peaks, £, /€y = ~/2n, are in accord with the Dirac spectrum (1).
The nonequidistant LLs along with the peak at £ = 0 related
to the energy independent lowest LL are characteristic of the
Dirac fermions. The reflection formula (A11) allows one to
extract these oscillations analytically.”

The representation (42) for the LDOS, where the func-
tion (43) consists of the three terms (47), (48), and (50), which
describe the LDOS perturbation, is our starting point for the
analysis of the LDOS and DOS in the relativistic case. In the
next Sec. IV B, we begin with the DOS and in Sec. IV C return
to the LDOS.
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Ni2(r,E,B)/NoP

FIG. 3. (Color online) The normalized full LDOS
NP(r,E,B)/Ng(€) as a function of energy E in the units of
the relativistic Landau scale €. The LDOS is an even function of E,
so only the positive-energy region is shown. (a) n = 0 (no vortex and
LDOS is r independent) and n = 1/2 for r = [. (b) Both lines are for
n=1/2,r = 0.5, and r = 4l. In all cases, the width is ' = 0.05¢,
W/ep = 3.35,and A = 0.

B. The density of states
The full DOS per spin projection is given by the spatial
integral (16). Accordingly, the full DOS perturbation by the
vortex ANPAB(E,B) = NPABY(E, B) — Ny P/(E, B) for
A and B sublattices, takes the form

ANPUPUE,B)
E+il+A

= —N(?zlzlm{
€0

/O dy[Agi(y,z,n)
+ Aga(y,z,m) +g3(y,z,n)]}. (33)

The subsequent calculation on the basis of Eq. (53) is similar
to the nonrelativistic case considered in Appendix C, and gives
[compare Egs. (C6) and (17)]

E+il£A 1
ANPAB(E,B) = —Im (—+’ . {2n <1 + Z)

2meg

wermli(3) v (557)]))

(54)
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where z — —[(E +iT")* — A?]/€}. In the clean limit " — 0,
the DOS difference reduces to

ANPDUP(E,B)

n=1

o0
=n8(E & A) + 2(E £ A)sgnE [Z nd[E* — A®

201+ meg] = (n —mS(E* — A — 2ne§)] ,
n=1

(55)

where except of the first, proportional to 1, zero-mode term,
each § function corresponds to both positive and negative
energy peaks. A comparison of this result with Eq. (18) for
the nonrelativistic problem sheds the light on the difference
between these cases. We observed from Eq. (18) that all
peaks associated with the usual LLs are depleted, while the
peaks related to the vortex are developed. At first sight,
Eq. (55) follows the same pattern, viz., the LL peaks with
EH =+ /A% +2¢ln with n=1,2,... are depleted and
the vortexlike levels Sr(li) =4 /A2 + 263(}’1 +7n) with n =
1,2,3, ... are developed. However, the first term nd(E £ A)
related to the zero-mode solutions of the Dirac equation is
present for any magnetic field configuration and the addition
of the vortex only adds 7 to the weight of the corresponding
peak. This property is an illustration of the topological origin
of the lowest LL.**

The B — 0 limit can again be obtained using the asymp-
totic expansion (19), which for the expression in the square
brackets of Eq. (54) gives

() () ()

2n? 1
=——+O<—2). (56)

Z Z

Substituting Eq. (56) in Eq. (54) and making the analytic
continuation z — —[(E +iI")* — A?]/€} in the clean limit
I' — 0, we obtain

ANPABY(E B = 0) = NPABY(E,B = 0) — VapNy P
= n’8(E F A). (57)

This result is in agreement with Refs. 5 and 35, where
the DOS ,0,17) (E,¢) for a separate Ky point, but summed
contributions for A and B sublattices, was considered. Its per-
turbation ApP(E,¢) = p)(E.¢) — Vappg (E) with respect to
the free DOS per spin and one valley, pi(E) = |E|0(E*/A* —
1)/(2rh*v2), is equal to

AP,?(EK) = —1n(1 = PIS(E — A) + 8(E + A)]
+n8(E+¢A), n>0. (58)

Integrating Eq. (57), one can find the total excess of the
states induced by the vortex

o0
ANP = / dE[AN)(E,B)+ AN)®(E,B)| = 2"

oo

(59)
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As in the nonrelativistic case (21), it turns out that the
integral (59) does not depend on the strength B of the
background field. This can be checked by integrating the
sum (55) and using an appropriate regularization. Completing
our discussion of the DOS, we note that the value AN,? has
to be distinguished from the induced by the magnetic flux
fractional fermion number,3® which in terms of the DOS (58)
can be written as follows:

1 o0
N, = _E/ dEsgnEA,o,?(E,C) = %] (60)

[e.¢]

C. The local density of states

The contributions Agj » to the relativistic LDOS given by
Eqgs. (47) and (48) can be written in terms of the function
1(y,z,n) defined by Eq. (23), which was used in Sec. III C to
express the nonrelativistic LDOS

sinmn

Agi(y,z,n) = > I(y,z+ 1,n), (61)
T
and
sinmn
Agr(y,z,m) = 7 I(y,z— 1,n). (62)

Thus the only remaining term we have to find is g3 given by
Eq. (50). Changing the variable x = e~#, we obtain

: 1 z+n—1
&(y,z,n) = _251117'[77 / dxx ’ e_"'(lﬂz)/(]_xz)
9 bl 2
T 0

1—x

x K, <2x—y) , (63)

1 —x2

Now using the integral (2.16.10.5) from Ref. 33 {one can also
change the variable to ¢ via e P = [£/(1 + 1)]'/? and use the
integral (D9)}, we can write

y a—1 2 2 2
/ dx—; 2exp(—byz—i_xz>1(v< 2cx 2)
o xI—y ¥ —x ¥ —x
=_y°‘_lr @—V\ L a+v
4c 2 2
X Wi—ay2,v2[b +/b* — (c/y)?]
X Wi—ay2,v2lb = b* — (c/y)?]. (64)

Thus we can express gz in terms of the Whittaker function
Wi (2) as follows:

sinzTn

g(y.zn) = I°(y,z.n) (65)

with the function

1 [z 2+ 2n
1°(y.z.m) = ——r<—)r (—) Wi o). (66)
y \2 2
Thus the final expression for the relativistic LDOS perturbation
by the vortex takes the form
1 E+ill £ A
AN:])(AA,B)(I.,E’B) — _N(])D_Im{—‘rl—
T €0

E+il)?— A?
X AG|:y,z — —%,n]},

2
€

(67)
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where the function

sinTn
AG(y,z,n) = > U(y.,z+1Lm+1(y,z—1,n)

JT
+1°(y,z,n)] (68)

is expressed via the defined above functions (24) and (66).

To complete the analytic treatment, we consider the
behavior of the LDOS in the most interesting case of the small
r, when we expect that the difference between the relativistic
and nonrelativistic cases should be the most transparent. The
observation (25) that in the nonrelativistic case the full LDOS
in the center of the vortex vanishes turns out to be useful
for better understanding of the relativistic case. Indeed, let’s
consider the first two terms of Eq. (43) with g; , that contribute
to the full LDOS (42). Since the numerators of g; » in Eq. (44)
vanish at y = 0, the only term that governs the behavior of the
full LDOS in the » — 0 limit is the function 7°(y,z,7), which
due to its origin from the m = 0 solutions is expected to be
divergent.

The same result can be verified using the final expres-
sions (67) and (68) for AN (r = 0,E, B). For y = 0, the
first two terms of Eq. (68) with the function /, which originate
from Ag; » [see Egs. (61) and (62)] can be combined together;

sinmn

Im[I(y =0,z+Ln+1(y =0,z - 1,n)]

= —Im [w(%) + é] , (69)

where we used the value Im/(y = 0,z,n) established in
Eq. (D23) and then transformed the first digamma function
using Eq. (D22). Thus we find that in the limit I’ — 0, the
contribution of these Ag;, terms to the LDOS difference
ANPAB(r =0,E,B) given by Eq. (67) is equal to the
negative LDOS (51) in the constant magnetic field.

Let us now analyze the behavior of the function / D (y,z,1)
in the r — 0 limit. Using the expansion of the Whittaker
function (D19) in the limit y — 0, we obtain

T'(z/2)T*(n)
T +2/2)
Thus the full LDOS is divergent at the origin as

E+il + AF|:A2 —(E +i1“)2}
€0 2¢?

A% — (E +il)?
xr—‘[%wﬁ}. 1)

T

°(y,z,n) = y T+ 00", y—0. (70)

NPAB(r E,B) ~ r_2"1m{

For n = 1/2, the divergence is ~r~! as was in the absence of

the background field.> As we discuss below, the presence of
this field makes the divergence of the LDOS strongly energy
dependent.

The results of the numerical computations of the full
LDOS on the basis of Egs. (67) and (68) are shown in
Figs. 3, 4, and 5. Since Eq. (67) describes the perturbation
of the LDOS AN}Y) (r,E, B) by the vortex, to obtain the value
of the full LDOS N,?(r,E,B), we add to AN,? its = 0 given
by Eq. (52).

InFig. 3(a), we compare the already discussed after Eq. (52)
case of the LDOS for a constant magnetic field with the case
when the vortex is also present (n = 1/2) for r =[. Since
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Ny 4P %F,E,B)/NOD

— NP

- N ®P

FIG. 4. (Color online) The normalized full LDOS
NB(ZA'B)(F,E,B)/N(?(EO) as a function of energy E in the units
of the relativistic Landau scale €, for r = [. The gap is A = €, the
width is I' = 0.05¢; and W /¢y = 3.35.

we consider the situation when A = 0, there is no difference
between sublattices, N>(E,B) = N(I)D(A)(E,B) = N(I)D(B)(E,B)
and the LDOS is an even function of energy, so the positive-
energy region is plotted. We observe that compared to n = 0
[the dashed (red) curve] for n = 1/2 [solid (blue) curve] a
set of the new peaks at &, /ep = +/2n + 1 withn = 1,2,...1s
developed and the lowest LL peak (n = 0) is enhanced. This
behavior can be foreseen from the expression for the full DOS
difference Eq. (55) [or Eq. (54)] discussed in Sec. IV B. The
case with the Abrikosov vortex is further explored in Fig. 3(b),
where we plot the energy dependence of the LDOS forr = 0.5/
[the solid (blue) curve] and » = 4l [the dashed (red) curve].
Comparing the results for v/l = 0.5, 1.0, and 4.0, we find that
as the distance r decreases, the peaks at £, /eg = +/2n + 1 with
n = 1,2,3...related to the vortex are getting stronger. When r
further decreases, the peaks related to LLs grow faster than the
vortexlike peaks. This behavior indeed allows to attribute the
corresponding energy levels to the vortex. On the other hand,
the peaks &, /€g = +/2n withn = 1,2, . .. corresponding to the
usual LLs (1) are getting weaker as the distance r decreases.
We remind that even for an arbitrary vortex flux n the latter
levels will not change the positions, while the levels related to
the vortex will shift their energies. Figure 3 also illustrates a
special character of the lowest LL that is present even in an

Ny 2P (r E,B)/NP
)2 (12 . lo

|
1 |—  Ee=y2
101 /€0 \/_
- E/EU:\/S_
8 = Ee=2
[‘l/f(»:\/;
6l
4(
f e
2{ - - R
\‘;-/ - =~ ~ o -
0 1 5 3 el

FIG. 5. (Color online) The normalized full LDOS
ND,(r.E,B)/Ng(&) as a function of distance r measured in
the units of the magnetic length / from the vortex for four values of
E/ey = /2,2 (usual LLs) and E/ey = V3,4/5 (vortex-like levels).
The width is I' = 0.05¢y, W/eg = 3.35,and A = 0.
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inhomogeneous magnetic field (see also recent simulations in
Ref. 37), and therefore is getting stronger as r decreases.

In Fig. 4, we consider the energy dependence of the
LDOS NID/(ZA’B)(r,E,B) when there is a gap A = ¢j in the
spectrum. The distance from the vortex center is r = [. The
gap introduces asymmetry between the LDOS on A and B
sublattices and also makes the LDOS asymmetric with respect
to E = 0, so we have to plot both negative- and positive-energy
regions. Indeed, we observe that the zero LL peak at £ = A
is present only in NlD/(zA)(r,E ,B), while the peak at £ = —A

shows up only in NB(ZB)(r,E ,B). The vortexlike levels also

become asymmetric with respect to E = 0. All this illustrates
that the STS on graphene on a substrate that can induce
inequivalence of sublattices in graphene should reveal these
features.

From Eq. (71) we expect that the presence of the back-
ground magnetic field makes r~' divergence at » — 0 of
the LDOS strongly energy dependent: it is emphasized by
the poles of the first I' function when the energy E is close
to the energies of the usual LLs, £F = +,/A? + 2¢2n with
n =0,1,2, ..., and oppositely, because the second I"function
is in the denominator, when E is equal to the energies of
the vortexlike levels, £F) = £ /A% 4+ 2€2(n +n) with n =
1,2, ..., the divergence is suppressed.

This is exactly what we observe in Fig. 5, where we
show the dependence of the LDOS on the distance r for
fixed values of the energy (A = 0). Indeed, the solid (blue)
and dash-dotted (black) curves, which correspond to energies
E /€y = +/2,2 of the usual LLs have divergent behavior at the
origin. Obviously, this divergence is also present for £ = 0 and
the corresponding curve will be above the higher energy curves
E /ey = /2 and E /€y = 2. On the other hand, the dashed (red)
and dotted (violet) curves, which correspond to the energies
E /€y = +/3 and V5 of the vortexlike levels tend to go to a
constant value at r = 0. Strictly speaking, r~! divergence is
suppressed only when the function '~ (n + z/2) in Eq. (71) is
zero, but for small values of the level width I', the divergence
seems to be completely suppressed for the chosen values of
the energy. For r >> [, the behavior of the LDOS resembles the
nonrelativistic case. Since in this limit the LDOS difference
ANS(r,E,B) ~ ™"/ the large-r behavior of the full DOS
is determined by the contribution of the position independent
LDOS (52). Thus the large-r limit of all curves in Fig. 5 is
determined by the corresponding value of the LDOS in the
dashed (red) curve in Fig. 3(a).

V. CONCLUSIONS

The main motivation of this work was to address the
question as to whether one can distinguish graphene from
2DEG by measuring the LDOS near the Abrikosov vortex
penetrating them. In the first publication,” we investigated
the simplest formulation of the problem with a single vortex.
In the 2DEG, the solutions of the Schrodinger equation in
the presence of the Aharonov-Bohm field are regular and
the LDOS near the vortex is depleted. On the other hand,
a specific feature of the Dirac fermions in the field of the
Aharonov-Bohm flux, namely, the presence of the divergent
as r~7 at the origin m = 0 solution of the Dirac equation,
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results in the =27 divergence of the LDOS in the vicinity of
the vortex. Therefore the LDOS enhancement near the vortex
can really distinguish graphene from 2DEG.

This positive answer obtained in the previous paper® is
now extended for the case of a more complicated magnetic
field configuration consisting of the Aharonov-Bohm flux
and a constant background field, as one can see just from a
comparison of Figs. 2 and 5. It turns out that the character of
the divergence in the Dirac case remains the same, but it is
now strongly modulated by the energy-dependent factor. The
divergence is present when the energy is equal to the energies
of the usual LLs (1), including the lowest zero-energy LL.

The significant difference between the relativistic and
nonrelativistic cases can be understood by comparing the
squared Dirac equation with the Schrodinger equation. While
the Schrodinger equation contains only an effective centrifugal
potential, which originates from the angular part of the
Hamiltonian, an equation for one of the components of the
Dirac spinor always contains an attractive pseudo-Zeeman
term. We call it the pseudo-Zeeman term because it is related
to the sublattice rather than to the spin degree of freedom.
Since for the zero azimuthal number m the centrifugal part
of the potential is the smallest, the attraction term results in
the divergence of the LDOS near the vortex. Our main results,
which allow to conclude that this picture remains valid in
the constant background field, can be summarized as follows.
(i) We obtained analytic expression for the LDOS perturbation
by the Aharonov-Bohm flux in the presence of a constant
background magnetic field in the nonrelativistic, see Egs. (22)
and (24), and relativistic, see Eqs. (67) and (68), cases. The
nonrelativistic answer is written in terms of the function (24),
which is expressed as a combination of the Whittaker functions
in Eq. (D18). The relativistic answer (68) is expressed in
terms of the same function (24) and a function (66) that
describes the contribution of the m =0 solutions of the
Dirac equation. (ii)) We show that in the vicinity of the
vortex (r < 0.2]) the relativistic LDOS is governed by the
function (66), so that in the limit » — 0 the LDOS is given
by Eq. (71). (iii) We obtained compact analytic expressions
for the DOS perturbation by the Aharonov-Bohm flux. For
the nonrelativistic case, this is Eq. (17), which in the clean
limit reduces to the known?® result given by Eq. (18). For the
relativistic case, the corresponding expressions for the DOS
are Egs. (54) and (59).

We hope that the obtained results will be useful both
for the experimental STS studies of graphene and for the
theoretical studies of the interaction effects in an inhomo-
geneous magnetic field similar to the recent work.’” Among
possible extensions of the considered problem we mention
the necessity to take into account a finite size of the vortex
core, but this certainly demands more numerical work, while
in the present paper the main goal was to obtain some analytic
results.
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APPENDIX A: THE CALCULATION OF THE LDOS IN THE
NONRELATIVISTIC CASE

Setting n = 0 in Eq. (8), one obtains the solution of the
Schrodinger equation for B = const without vortex. Substi-
tuting this solution in the LDOS defintion (11) and taking into
account the widening of the LLs (12), we represent the LDOS
as a double sum

NS(r,E,B) =

—ImZ Z Anmy le y L‘m‘(y)]

n=0 m=—00

1

X —, Al
En,m + EOZ ( )

where in the second line, we introduced the dimensionless
variable z = —(E + iI")/ Ey with the characteristic energy E
defined below Eq. (10). To calculate the sum in Eq. (A1), it is
convenient to represent its last factor as an exponent

e—B(Zn-HmHm-H) 1

[
- = dﬂe—(ﬁ+5)(2n+\m\+m+1)e—ﬂz.
En,m + EOZ E()

(A2)

Here, we also introduced the regularizing exponential factor
with § > 0, which makes the sum convergent and will be set
to 0 at the end. Then the LDOS acquires the form

M o
—(6+B) ,—Bz
WIIH{ /0 d,Be e

0]
x Y yimlemyemBrdmtm)

m=—0o0

NS (r,E,B) =

nle=2B+on

x ZF(n+|m|+1)[

n=0

L;"<y>]2}. (A3)

We operate with the representation (A3) in the following
way. First, we consider its analytic continuation for z > 0 and
perform the calculation. Then to obtain the LDOS, we return
to the imaginary values z — —(E + iI")/E, and evaluate the
imaginary part. Using Eq. (10.12.20) from Ref. 32,

© n!
2 Tt T DAL
=1=-27" exp <—z ) (xyz) 2
x1a<2vxyz>, Iz < 1, (A4)
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where 1, is the modified Bessel function, we find the sum over
n in Eq. (A3)

M 00 eV coth(§+p8)
—(6+B) ,—Bz
7252 Im{/(; dpe ¢ 1 — ¢—26+8)

~(+pm | M
x Z mLinh(Hﬁ)”' (A5

m=—0o0

Ny(r,E,B) =

The remaining summation over m in Eq. (A5) can be done by
using the property of the modified Bessel function 1,,(x) =
I_,,(x) and that its generating function is>>

Z 2" Ly (x) = exp [%(z + 1/1)] (A6)

m=—00

We obtain
e—(+B) p—B2

Notice that from the last expression one can explicitly observe
that it does not depend on y, i.e., in a constant magnetic field
the LDOS is position independent. Introducing a new variable
x = 2(§ + B), we can rewrite the last expression as follows:

M [ee] —x _ ,—x(z+1)/2
_ Im e‘SZ/ de
2(7Th)2 28 l—e*

o0 e*X
—e‘sz/ dx i| .
28 ] —e X

In the limit § — 0, the second term of Eq. (A8) remains real
irrespectively the value of z, while the first term gives the
integral representation of the digamma function:*8

NS(E,B) =

(A8)

O ol _ iz
W(Z) = -V +/ dtﬁ’ RC(Z) > 0, (A9)
0 _

where y is the Euler-Mascheroni constant. Thus we obtain

M 1
NS(E,B) = o™ [w (Z; )] (A10)

so that the final expression for the LDOS after the an-
alytic continuation z - —2(E +iI")/(hw,) takes the form
of Eq. (13). The oscillatory behavior of the LDOS can be
explicitly extracted from Eq. (A10) [or Eq. (13)] using the
relationship

1
Y(—=2) =v¥(@)+ z + 7 cot( z). (A1)
Now we generalize these results for the case when the vortex
is present. Repeating the steps that led us from Eq. (Al) to

Eq. (AS), we obtain

NS B 00 opy e o~V coth(@+8)
o(r,E,B) = {/(; dBe e T—o201p
o0 - . y
y m;ooe Gy [Sinh(3 +ﬁ)] }
(A12)
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The sum over m in Eq. (A12) is calculated in Appendix B.
Using Eq. (B7), we obtain
- y
e*(aﬂs)(mv”ﬂlm |: i ]
m;m 1| sinh(s + B)
— pycoth(3+p) _ sin 77
4

9]
x f dwe™ cosh w/ sinh(§+8)

o0

efn(5+/3+w)
T et A1)
The first term on the right-hand side of the last equation
corresponds to the LDOS without the vortex, which was
considered above, so that we can concentrate on the second
term. Substituting it in Eq. (A12), we arrive at Eq. (15) for
ANJ(r,E,B).

APPENDIX B: THE CALCULATION OF THE SUM OVER
THE AZIMUTHAL QUANTUM NUMBER
The sum over the azimuthal quantum number

o0
> e P (x) (B1)

m=—0oQ

() =

can be found using the method described in Ref. 39. Using the
integral representation of the modified Bessel function*’

1
L) =5 [ e, 82)
2wi C

where C is a complex path beginning at —iz + 0o and ending
at i + oo, we obtain

1 x coshw
E(n)=—. dwe )

[Ze (B+o)m+n) +Zg (@=B)(m— n)j|

m=0
(B3)

Choosing the contour C to lie in such a way that the condition
Rew > B is satisfied, the series can be made convergent, so

that
el@=Pn
+ e(w*ﬂ) — l :

(B4)

e~ (Btom

1 x cosh w
20 = 5 [ doe [1 e

Now changing the variable w — —w in the second integral,
we can write

Z(n) 2 — |:/ /j|dwexcoshw

where C’ is the contour symmetric to the contour C with
respect to the origin of coordinates. Joining the contours C
and C’ leads to an w integral of the form

oco+iTT —00—ITT
/da)—i—/da):/ dw—i—/ da)—i—% dow,
C ’ —oo+im oco—im "

(B6)

e~ (Btom

oG (B

where C” is a rectangle with a length larger than 28 and width
2mi, centered in the origin, traversed anticlockwise. Inside the
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contour C”, the integrand has only one pole at wy = —8, so
that this integral does not depend on 1 and corresponds to
3(0). Therefore we arrive at the final representation for the
sum (B1):

— sin mn > —x coshw e—(ﬁ-‘rw)n
2(7]) = /;OO dwe W + E(O),
(B7)
where
2(0) = e*ohh, (B8)

Finally, note that one can reproduce the value ¥(0) from
Eq. (B8) using Eq. (A6), which for z = e~#, reduces to the
sum (B1) with n = 0.

APPENDIX C: THE CALCULATION OF THE DENSITY OF
STATES IN THE NONRELATIVISTIC CASE

Substituting Eq. (15) in the definition (16) and integrating
over the spatial coordinates, we obtain

S . MI?
AN, (E,B) = 51117'”7—2( B |:/ dﬂ/ dv

e” e
" Cosh(v/2)cosh(B + 0 —v/2) 1 +ev |’
(C1)

where we introduced the new variable v = w + B + §. This
double integral can be rewritten using the new variables t =

e 28 x = ¢V as follows:
2,8 1
M 1 / drt @12
(h)? 0

OO dxx'=n
x ‘/0 1+ x)2(1 + lez‘;x)]’ (C2)

where the second integral can be calculated using the residue
theory

S _ .
AN,](E,B) = —sinmn

/Oo dxx' "
o (14 x)2(1 +te2x)
7 1 —n+ne Pt — e 2%

~ Sinny (1 — ey - ©

Then the remaining integral is expressed via the hypergeomet-
ric function

/1 dtz(zfl)/zl —n4ne Pt — et
0 (1 —e21)?
1_672817
= 2 —1
.2 —(z+2n )[1+
142 3 2
2 2 1+z+427
1+z 342
XzF1<1,T+n S e 5)} (C4)
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Now we use the series representation of hypergeometric
functions in Eq. (C4):

e~28n F ]1+z+ 3472 n
P i i R T T At

6725(n+77)

00
n=02+1+2n+2n
o 00
_ 8(z+1) Z/ d —x(2n+2n+z+1)
=e xe
n=0 8

00 e—x(z+l+2n)
= e‘s(z"'l)/ dx—2 , (C5)
5 1 —e*

where the first one in Eq. (C4) is recovered for n = 0.
We observe that the presence of finite § > 0 makes the
hypergeometric series well defined, but at the end of the
calculation the limit § — O can already be taken. Then
taking into account the integral representation of the digamma
function (A9) [similarly to Eq. (A8)] one can express the
DOS (C2) in the following simple form:

s MI?
ANJ(E.B) = ——Im{(z+2n—1)
wh

e () o

which after the analytic continuation z — —2(E +il")/(hw,)
takes the final form (17).

APPENDIX D: CALCULATION OF THE FUNCTION
I(y,z,n)
As in Ref. 5, we observe that it is simpler to calculate

integrals with the derivative d1(y,z,n)/dy representing the
function /(y,z,n) in the form:

*dI(Q,z,n)
Iz = —/ a@.zm 1)
v dQ
where we used that [I(o0,z,n) =0. The derivative
dI(Q,z,n)/d Q contains two terms;
d[ 2] dI (R dI LR}
(Q.zn) _ dhL(Q.z,m) n 20,z n)’ D2)
do dQ do
where
o 2 Jo sinh® B
% /OO dwefQcoshw/sinhﬂef(nfl)w’
—00
ﬂ = _1 fwdﬂeﬁ(2+nl)eQC0[hﬁ
dQ 2 /o sinh® B
% /oo dwe—Qcoshw/sinhﬁe—nw. (D3)
—00

Using the integral representation of the MacDonald function
K, (x) (see Ref. 32)

1 x —x cosho—vew
Ku(x)=§ e e dw, (D4)

o0
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we obtain
ah_ / dpePnE k. (Q/sinh B)  (DS)
dQ 0 sinh?g
and
- ‘/ ape P 2 o inp). 06)
do 0 sinh® 8
Now introducing a new variable t viae ™2 =t /(1 + ), we get
ah _ 5,0 /Ood,,<z+n)/2(1 4 )220
dQ 0
x K1_y[20/1(1 +1)] (D7)
and
dl,

oo
— = —zefQ/. dtt(ZJrn*l)/Z(l + t)*(Zan*l)/Ze*ZQt
do 0

x K,[20/t(1 +1)].

To integrate over ¢ in Eqgs. (D7) and (D8), we use the integral
(2.16.10.2) from Ref. 33:

[ xP -1
e

xWippvp @ /2 Wip_pup(z-/2),

2+ =z2(p £V p*—c?),

Re(p +¢) > 0, 2Re(p) > [Re(v)],

(D8)

larg z| < m,

where W, ,(z) is the Whittaker function. To adapt Eq. (D9)
to the form of Egs. (D7) and (DS8), we have to set z = 1,
differentiate the result over p, and then take the limit p — c.
This gives

/o e +1)p ¢ Kuleyxtr+ 1)

_ 11" + r v g c
= > P 5 0 ) e 1/2—p,v/2 ) ’

(D10)

where the function G, ,(Q) is defined as follows:

1 1
20 SSWEU(D+ = 0 W (Q)W] ,(0)
W QW5 u(Q) = W,(Q).

Accordingly, we obtain that
dl —
ah (% +1 r(? +2n
dQ 2 2

and

dr z—1 z4+2n—1
&2 =T ( > > r ( > ) G(2—z—n)/2,n/2(Q)‘

dQ
(D13)

G,..(0) =
(D11)

1
> G—z=n2,0-n2(Q)
(D12)
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Now using the differential equation

" L oa 1/4—pu
WA,M(Z) + <_Z + -+ Z—) Wy (2)=0 (D14)

and the recursion formula

d
W@ = (1= 5) W@

l 2
—[/ﬁ - (x _ 5) }WM,M@ (D15)

for the Whittaker function,”® one can transform G, ,(Q) to

the form )
A—1/2
Gy Q) = ““Q—/)WA (0)
2 A—1/2 212
_ (u (Q2 /2)7] Wf_l’M(Q)
2—(h—1/2)?
S (W10)
2% —1_, w7
~ g W0~ 0. 1/2)[7} .
(D16)
To obtain the function Fy ,(y) = — [ dQG;. ,(Q). we em-
ploy the relationships: ’
do
/ EWX,M(Q)W;O,/L(Q)
1
= m[Wﬁ,M(Q)Wp,u(Q) - W, (OOW, ,(O)],
do
[ SV @Wn©
=W, (@)W, (D) — H W, (Q)W, (),
d
QQ2 WA U(Q)WA v(Q)
= Z[avw)/\,u(Q)Wk,v(Q) - W, ,(@)3, W, (Q)].
(D17)

which follow from the differential equation (D14) for the
Whittaker function. Then using the recursion formula (D15),
we arrive at the following result:

2 2
w+@*—-1/2) W
T/[W)\+l,u(y)au x,;L(Y)

= Wi Wi, (3]

2= 172
_le (2uy /2] (Wi, (3 Wi1,u(y)

- WA—I;A(y)B/AW)LM(y)]
2—(A—1/2)
LK ( /2) [

W)%p.(y) - kal,u(y)W)»,p,(y)
Wil Wit ()]
2—1..
— =5 W) = Wik 00 )
+ Wi (D)3 Wi, ()] (D18)
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The integral of each term in Eq. (D2) is expressed via Fy_,(y)
with the prefactors given by Eqgs. (D12) and (D13), so that we
arrive at the final expression (24) for the function I(y,z,n),
which was defined in Eq. (D1).

To complete our analysis, we consider the asymptotic of
the Im/(y,z - —(E +iI")/Ep,n) in the limits y — 0 and
y — o0. To do this we use the following representations of
the Whittaker function:

_ r2u) _
Ww. ~ylZmn_ C T o(y3/H
() Xy T2+ —2) + Oy )
I(—2u)
1/24n O(y3/2+n 0
+y —F(l/z_u_/\)+ 7T,y =0,
(D19)
and
W, () ~ e 2y  [14+ 0(1/y)], y—>oco.  (D20)

Substituting Eq. (19) in Eq. (24) and omitting all real terms,
which will not contribute to Im/, we obtain

Im/(y — 0,z,n)
T |: <z — 3)
N —— Im [ +
sinmrn 2

Now using the property of the digamma function

4(z —2) }
(z—Diz=-3)]"
(D21)

1
V@) =vE+1- e (D22)

we arrive at the result

Iml(y = 0,2,7) = —— Im1/1(1+z). (D23)

sinzn 2

One can reproduce the same result directly from Eq. (23).
Indeed, setting y = 0 in Eq. (23), we have

00 e Pz 00 e~
I(y =0,z,n) = dp— d .
o &) /0 ﬂsmhﬂ /,oo w1+e*‘“
Now the integral over w is elementary and after replacing

28 — B, we obtain
T [P e BGHD2
dg———.
/é p 1—e#

sinrn

(D24)

I(y =0,z,n) =

(D25)

Recognizing in this integral the imaginary part of the digamma
function (A9), we again arrive at Eq. (D23). The next order
corrections to Im/(y — 0,z,1) can be obtained by expanding
the function d1/dQ at Q = 0, integrating the result over Q,
and using the y = 0 result (D23). For y — 0, the expansion
contains terms ~ y'~" and y” with prefactors that make the
resulting approximate expression for the LDOS divergent at
n=0,1.

Substituting the asymptotic (D20) in Eq. (24), we obtain
that for y — oo

Fo () ~ey? 3 [L 4200 — ) —pu?].  (D26)
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APPENDIX E: SOLUTION OF THE DIRAC EQUATION

A positive energy solution of the time-dependent Dirac
equation has a form W(z,r) = exp(—i Et/h)¥(r), where the
components of a two-component spinor

Yi(r.0)
Yo = [ilﬂlz(l',()] =D

satisfy the following equations [compare with Appendix A of
Ref. 5]:

(E = Ay (r,0)
—hvpe t? (i _ig o eld,
or r d¢ he

. ad ic o et A
ico [ S 2 ¢
hUFE <ar , 8¢ he )‘(pl(r7§)
+(E + A)Yn(r,8) = 0. (E2)

The vector potential A,(r) in Eq. (E2) is given by Eq. (5).
From now on, we consider the specific case ¢ = 1 (omitting
the label ¢ in the wave functions) and seek for a solution of
Eq. (E2) in the following form:

i) = U (), Ya(r) = ™ Yn(r).  (E3)

Then the radial components of the spinor ¥(r) and ¥ (r)
satisfy the following system of equations:

> Ya(r,g) =0,

_ hvg d m 4+ nf(r — R) r
Yir) = [; %+ﬁ] ¥,
_ hvp d m4+n8(r—R)—1 r
wZ(r)__E+A[E_ " —ﬁ]l/fl(”)-
(E4)

Introducing the dimensionless variable y = r?/(21%) and
denoting the p = R? /(212), we rewrite the system (E4) for
y €[0,p]:

_ hvpﬁ d m 1
Yi(y) = mﬁ (5 + 2y + 5) Y (),

h 2 d —1 1
”F—fﬁ<— SR —) ().

Ya(y) = T ET A

(E5)

Since there is no Aharonov-Bohm field for y < p, the problem
in this domain is identical to that of the Appendix D in Ref. 41.
For y € [p,o0], the system (E4) acquires the form

_ hvp\/i d m-+n 1
i(y) = mﬁ (5 + oy + 5) Va2 (y),
(E6a)
. hvp/2 d m+n—1 1
Ya(y) = —mﬂ <5 BT 5) Y1(y).
(E6b)

The matching conditions (28) and (29) take the form
Vi(p —0) = v¥1(p +0),

7 (E7)
Yilp+0)— Yo —0) = 5%(,0),

125306-15



A. O. SLOBODENIUK, S. G. SHARAPOV, AND V. M. LOKTEV

and
Ya(p — 0) = ¥a(p + 0),

7 (EB)
V(o 4+ 0) — ¥y(p — 0) = —51&2@),

where the derivative is taken over y. One can obtain from the
system (ES5) that for y € [0, o] the spinor components satisfy
the following second-order differential equations:

2 14 1 (m—1)2+k—m bi(5) =0
dy T ydy 4 4y 2y VTR
(E9a)
d? 1d 1 m? A—m+1
Sl A S =0,
[dy2 * ydy 4 4y? 2y } v20)
(E9b)

where we introduced A = (E? — A?)I?/(hvr)?. The second-
order differential equations for the domain y € [p,00[ corre-
sponding to the system (E6) can be obtained from Eq. (E9) by
replacing m — m + n:

m+n—1+m+n+1—»2
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The equations can be reduced to the equations for the degener-

ate hypergeometric function [see Eq. (6.3.1) of Ref. 38] and the

solutions of Egs. (E9a) and (E10a) are given, respectively, by
lm—14+m+1—-A

Yi(y) = cmy'"”'/zey/zcb( 5 1

+|m—1|;y>, r<R (Ella)

— A
Y1(y) = Ayt 12e 2 (“*Tl +lm+n— 1|;y>

+ Bmyf\ernfll/Zefy/Z
a_ — A
x<1>< 2 1 — |m+n—1|;y>, r > R,
(E11b)

where ap =m+n+1xm+n—-1|, Ay, By, and C,
are constants, and ®(a,c;z) is the confluent hypergeometric
function. The solution (E11a) contains only one term due to
the condition of square integrability and the absence of the
Aharonov-Bohm field for » < R. Writing the solution (E11b)
we used that for noninteger ¢ the solution of Eq. (E10a) can be
expressed via ®(a,c;z) and 7' ®P(a —c + 1,2 — ¢; 7). The
coefficients A,,, B,,, and C,, to be found from the matching
conditions (E7). The consideration of the limit R — 0
(p — 0) greatly simplifies the calculation because one can
expand the solutions to the linear in p terms. Then one finds that

d? ld 1 (m+n—1%* r—m—n
B T =0,
[dy2 * ydy 4 4y? i } y
(E10a)
A 1d 1 m+n? r—m-n+1
Tt 7+ Ya(y) = 0.
dy ydy 4 4y 2y
(E10b)
|
Yi(y) = Amym“”/zey/zcb(
Since ®(a,c; z) behaves as e” at large y unless a = —n with
n =0,1,2, ..., inorder to have the square integrable solutions,

the value X should be equal to the eigenvalue A,, ,, defined by
Eq. (33). In this case, ® function is reduced to the generalized
Laguerre polynomials [see Eq. (6.9.2.36) of Ref. 38]

M +n+1)

L0 =TT om

d(—n,o + 1,y). (E13)

Introducing the functions

Cn+1)

1/2
—x/2 V/ZLU El4
—F(n+u+l)] e XL, (x),  (El4)

Jy(x) = [
one can rewrite the solution (E12) in a more compact form

Vi) = AnJ iy () (E15)

The definition (E14) generalizes the functions considered in
Ref. 42 for the case of the noninteger v > —1. These functions
satisfy the following orthogonality condition:

/ dxJ"(x)J" (x) = S (E16)
0

,1+|m—|—77—1|;y). (E12)

2

Then having ¥|(y), one can find ¥»(y) from Eq. (E6b) using
the recursion formulas*?
(x +v)J)(x)
= [x(n + W] () + [+ v+ DI (),

2x(d/dx)J] (x)
= [x(n + V)2 J" (x) — [x(r + v + DI2JY (x). (E17)

Then demanding that the spinors obey the normalization
condition

2 oo
/ d(ﬂ/ rdr\IJ,]:,m/(r,g‘)\Il,,m(r, C) = (Sn,n/(sm,m’v (E18)
0 0

we obtain the solutions (30)—(32) for n > 0. The zero-mode
solutions have to be considered separately. Analyzing the
initial system (E6)) one finds that the only allowed solution
is the negative energy E = —A, m < 0 with ¢1(r) = 0. The
corresponding spinor is given by Eq. (34). One can verify that
for n = O these solutions transform up to the phase factors to
the solutions obtained in Ref. 41. To show this, one should
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relabel the quantum numbers n +m — n form > 1 and n +
1 — nform < 0and use the property J"(y) = (—1)"J" " (y),
which is valid only when J)/ (y) is defined for the integer values

PHYSICAL REVIEW B 84, 125306 (2011)

of v as done in Ref. 42. After this relabeling is made, the
spectrum (33) acquires a conventional form dependent only
on the LL index, which for A = 0 reduces to Eq. (1).
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