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BETWEEN TWO COULOMB CENTERS IN GRAPHENE

The supercritical instability in a system of two identical charged impurities in gapped graphene
described in the continuous limit by the two-dimensional Dirac equation has been studied. The
case where the charge of each impurity is subcritical, but their sum exceeds the critical value
calculated in the version with a single Coulomb center, is considered. Using the developed
variational method, the dependence of the critical distance Rer between the impurities on their
total charge is calculated. The Rer-value is found to grow as the total impurity charge increases
and the quasiparticle band gap decreases. The results of calculations are compared with those

obtained in earlier researches.

Keywords: graphene, supercritical instability, critical distance, Kantorovich variational

method.

1. Introduction

The gapless linear spectrum of graphene was deter-
mined rather long ago [1], while constructing the
band model of graphite provided that the inter-
action between the planes of carbon atoms is ne-
glected. Nevertheless, graphene itself was obtained
for the first time only in 2004 [2]|, which launched its
intense theoretical and experimental study. Graphene
permanently attracts attention of scientists through-
out the world owing to its unique properties. In par-
ticular, it is one of the first two-dimensional crys-
tals and possesses the ultrahigh mechanical strength
and the charge carrier mobility, which determines the
prospects of its application in novel nanoelectron-
ics. The physics of graphene is also of interest from
the viewpoint of fundamental scientific researches, be-
cause it turned out to have a deep relation to quan-
tum electrodynamics (QED) and other quantum field
theories.

Graphene has a honeycomb crystalline lattice. In
the tight-binding approximation, the spectrum of
low-energy quasiparticle excitations is linear, and the
latter are described by a 2 + 1-dimensional mass-
less Dirac equation [3-6]. Hence, in the continuous
limit, we obtain an effective quantum field theory
with 2 4+ 1-dimensional Dirac fermions that interact
with the ordinary three-dimensional Coulomb poten-
tial, ~ 1/r. Those circumstances testify to a capabil-
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ity of the solid-state implementation of experiments
aimed at detecting such QED phenomena as the Klein
paradox, Schwinger effect (the creation of pairs in
a strong external electric field), supercritical atomic
collapse, and others, which have not yet been ob-
served in the Nature. The Klein tunneling was really
revealed in graphene [7], and the supercritical atomic
collapse of charged impurities was recently observed
experimentally [8].

The solution of the relativistic Kepler problem with
regard for the finite size of an atomic nucleus [9]
showed that, if the so-called critical charge of a nu-
cleus, Z., =~ 170, is exceeded, the energy levels of
bound states dives into the lower continuum, and
the escape of positrons is observed [10, 11]. However,
there are no nuclei with this charge, and, hence, the
effect has not been observed. Somewhat later, there
emerged an idea concerning head-on (or almost head-
on) collisions between the nuclei of heavy atoms, e.g.,
uraniums [10, 12-14]. In this case, the total charge of
the nuclei exceeds the critical value, and there ex-
ists a distance between the nuclei, at which the low-
est bound state dives into the lower continuum. This
distance is also called critical. Unfortunately, in the
relativistic problem of two centers, the variables
cannot be separated in any coordinate system, so
that an analytical solution cannot be derived [10,
11]. However, the calculations with the help of ap-
proximate quantum-mechanical methods, in partic-
ular, the variational one [15], were carried out, and
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Fig. 1. Electron in the field of two Coulomb impurities

the dependences of the critical distance between the
nuclei on the total system charge were plotted.

In the physics of graphene, the Fermi velocity,
vp &~ 10 m/s, appears instead of the light velocity
c. As aresult, the “fine structure constant” for graphe-
ne is a = ;;F =~ 2.19. However, graphene is actually
located on a dielectric substrate. Therefore, the inter-
action with an impurity with charge Ze is described
by the constant § = Za/k, where « is the dielectric
permittivity of a substrate. The problem of supercrit-
ical instability of a single charged impurity in gapless
graphene was studied in detail in works [16, 17]. In
the case of graphene with the gap 2A and the reg-
ularized Coulomb potential V(r) = —Ze (r—R)—

KT
i‘g 0(R—r), the transition to the supercritical mode

was found to occur at 8. = 1/2+72/log?(cAR/hvr),
where ¢ ~ 0.21.

Although the supercritical instability manifests it-
self in graphene already at impurity charges Z 2 1,
a possibility to detect it is illusory because of exper-
imental difficulties associated with the production of
impurities, whose charge is larger than 1. The solu-
tion of this task consists in arranging a few charged
impurities on a small section of graphene. Just this
approach was implemented by a group of scientists
from the University of California [8], while observ-
ing the supercritical instability in graphene (ionized
dimers of calcium were used as impurities). Hence,
despite that the coupling constant in graphene is
larger by a factor of 300, the necessity to consider
a few, rather than one, impurities located closely to
one another arises in this case as well, the configu-
ration with two Coulomb centers being the simplest
variant. In work [19], the critical distance between
impurities was calculated, and the position and the
width of a resonance that arises in the lower contin-
uum in the supercritical mode were determined in the
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first approximation with the use of variational tech-
nique.

This work aims at obtaining the next (second)
approximation in the framework of the variational
method. The article structure is as follows. In Sec-
tion 2, the problem is formulated, and the asymp-
totics for the wave function of a state that dives into
the lower continuum are determined. The variational
method to find the critical distance between impu-
rities is described in Section 3. In Section 4, the re-
sults obtained are discussed, and some conclusions
are made.

2. Statement of the Problem

In the tight-binding approximation, the band spec-
trum of graphene has a valence band and a conduc-
tion band that touch each other at two nonequiva-
lent points of the reciprocal crystalline lattice. These
are the so-called Dirac points K. The spectrum of
low-energy excitations is linear. The effective Hamil-
tonian that describes electron quasiparticle excita-
tions in vicinities of the Dirac points has the form
of a 2+ 1-dimensional Dirac Hamiltonian. In the case
where there is a quasiparticle gap between the valence
and conduction bands, the Hamiltonian also includes
the mass term

H =vptp + EAT, + V (1), (1)

where p is the canonical momentum, 7; are the Pau-
li matrices, and A is the quasiparticle gap half-
width. This Hamiltonian operates in the space of two-
component spinors W, distinguished by the valley
(¢ = £) and spin (s = +) subscripts. It is general-
ly adopted that W1, = (¢a,¢p)k,s and U1 =
= (Yp,Va)K_s, where A and B are the correspond-
ing sublattices of the hexagonal lattice in graphene.
The interaction potential reads

vi--< (242, )

KR 1 T2

where k is the dielectric permittivity of the substrate,
Z1 5 are the impurity charges, and 7 2 = [r£R/2| are
the distances reckoned from the Coulomb impurities
to the electron (see Fig. 1). The potential does not
depend on the spin, so that we will omit the spin
subscript below. We also suppose that the electron
is located near the Dirac point K. If the electron is
located near the point K , A has to be substituted by
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—A everywhere. In recent experiments [8], identical
impurities were considered, and we also put Z; =
= Z5 = Z in this work.

Hence, the Dirac equation for an electron in the
potential of two charged impurities looks like

(VFTaPz + UrTypy + AT, + V (r)) ¥(r) = EV(r). (3)
For the two-component spinor ¥(r) = (¢, x)7, it can
be rewritten in the form
(E-V —A)¢+ivp gfz— x =0,
or oy
9 9 (4)
(E-V+A)x+ivp (896 Jrzay) ¢ =0.

Expressing the component y from the second equa-
tion of system (4) and substituting it to the first
one, we obtain the following second-order differential
equation for the spinor component ¢:

av ov
2 2 Dz Zay 3(;5 %
0z +0)¢+ 52— A V+A(6 +1 By +

~A%)¢=0. (5)

The supercritical instability takes place when the
lowest bound state dives into the lower continuum,
i.e. when £ = —A [10,11]. In the further calculations,
only this energy value will be considered.

+op” ((E—-V)?

2.1. Asymptotic behavior of the wave function

Let us analyze the asymptotic behavior of the wave
function at large distances, 7 — oo. In this limit, the
potential looks like

V(r) = —Cop <1 fZP (cos ) + O <T1 )> (6)

where ¢ = 2Za/k, and Ps(x) is the Legendre polyno-
mial of the second order. Substituting potential (6)
into Eq. (5) and preserving only the most contribut-
ing terms, we obtain

2
o+ 20+ (5 - %) o= (7

r2

where m = A/vp is the inverse Compton wavelength
of quasiparticles. The solution of this equation van-
ishing at infinity is described by the Macdonald func-
tion as follows:

o(r) = Cr 'Ky (VBmlr), =42 1. (8)
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Then, with regard for the asymptotic behavior of the
Macdonald function [20], we have

Gasym (1) = Cr—3/4 exp(—+/8m(r),

To study the asymptotic behavior of the solution in
a vicinity of either of the impurities, it is convenient to
change to the elliptic coordinate system (£, 1), where

T — 0. (9)

_T1+7r2 _
= 7 =

rE—T2

- (10)

The new coordinates can be varied within the in-
tervals

and the impurities are located at the points (¢ = 1,
n==+1).

In the elliptic coordinates, the interaction potential
looks like

2C¢vr€
R(&2 —n?)’

In a vicinity of either of the impurities, the quantity
€2 —n? is small. In the elliptic coordinates, Eq. (5)

reads
N 3)
5(“5 foe) *

+V/1-m? n (\/1—77 5 )]

{5477 + 3% = 3% —n° —

V) =- (11)

{Ve

R? (€2 —n?)

4
T REg@ iy

@D x€+%nﬂ

(e - v+ iev@=Ta— ) 52 +

(st - T=)
4C2§2 I
+ (R2(§2 “?)2 T R 772)> ¢=0.

We seek a solution in the form ¢(&,n) = ¢(p), where
p = & —n? = 4riry/R?. After the substitution in
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Eq. (12), we retain only the most weighty terms and
obtain the equation

d*¢ 2d¢ C2

whose solution regular as p — 0 is

Gimp (1) c=1-—+1-¢C2

Taking into account that u ~ 4r2/R? as r — oo,
solution (8) can be rewritten in the form

d(p) = Crp~ VA Ky (20/m¢Rp'*).

Matching solutions (14) and (15) across the point
© = 1, we obtain an implicit equation for the de-
pendence of the critical distance R on (, namely,
the transcendental equation

K (2y/mCR)
Ki’y(2\/ mCR) '

Its numerical solution is shown by the dash-dotted
curve in Fig. 2. In the next section, this dependence
will be calculated more accurately with the help of
the variational method.

— Cop~"?, (14)

(15)

1-C2—1=2ymlR (16)

3. Variational Method

As was indicated above, the relativistic Dirac equa-
tion, if being applied to the problem of two Coulomb
centers, does not allow the variables to be separated
in any orthogonal coordinate system; that is why it
is impossible to obtain its solution in the analytical
form. While constructing an approximate solution,
let us take advantage of the variational method, as
was done in the case of QED [15]. In work [21], it
was indicated that the highest accuracy within the
variational method is achieved when the correspond-
ing trial functions satisfy the asymptotics of the ex-
act solution in vicinities of charged impurities and
at infinity. Those asymptotics were obtained in the
previous section.

In order to formulate the variational problem, it is
enough to mark that the differential equation (5) can
be derived, while analyzing the following functional
with respect to the extremum value:

o¢
or By

S[¢) :/<(E—V+A)
534

B~V = D)o dody, ")

and providing the norm preservation condition,

N = /\Il*\I/dxdy = / vp2|¢2 +

+(E-V+A)? 0¢ | ;99 21 dxdy. (18)
ox oy

Let us designate the new field as ¢ = W~1/2¢, where
W = E —V + A. Then the functional S[¢] can be
expressed in the form typical of non-relativistic quan-
tum mechanics,

sl = [ [1vo +i (G % Vo) u-

Vv

i (xw) 2U e)|w|2}dxdy7 (19)

where a x b = ¢;;a;bj, € = (E? — A?)/20v is the
effective energy, and the effective potential U looks
like

EV V2

U=") -+
v 20%

&V
AW

3(VV)?
8 W2

(20)

The second and third terms in functional (19) de-
scribe the pseudospin-orbit coupling. The norm reads

v

vV 1%
+i <2W><V¢>¢—up (wi)

v% 2W 4

[Vi|* +

) W] dedy,  (21)

being important if proper boundary conditions are se-
lected. In what follows, we are interested in the case
where the lowest bound state dives into the lower
continuum. Therefore, we put £ = —A (¢ = 0) and
W = —V. As a result, the functional S[¢)] becomes
simpler.

In Section 2, the exact solution of the problem was
found to depend only on the single variable p in both
asymptotic cases (14) and (15). Therefore, we use the
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Fig. 2. Dependences mRc;({) obtained as numerical solutions of Egs. (16) (dash-dotted curve)
and (35) (solid curve). For comparison, the results of calculations obtained in the first approxi-
mation of the variational method and taken from work [19] are exhibited by the dashed curve

Kantorovich variational method (for more details, see
Section 3 in review [22]) and select the sums

b= (!

k=1

(22)

as trial functions. Here, ¥ (1) compose a set of sought
functions, and v = v(£,n) is a fixed function of the
coordinates, which is independent of x. In work [15],
two variants of the function v were considered. The
results obtained turned out close enough. Therefore,
in this work, we select the variant v = n?/(£2 —n?) =
= (7’1 — 7‘2)2/47‘1T2.

Substituting expression (22) into functional (19)
and integrating over v, we obtain

N o0
Sv(W) =4 /dﬂ (Pkl%i/fz*/ + Qury +
0

k=1

+ Ry by + R,Llwkzﬂl*’), (23)

where 15, Q, and R are N x N-matrices depending on
p. The corresponding expressions for them are given
in Appendix A (see Egs. (A12)—(A14)).
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Functional (23) reaches its minimum on the solu-
tions of the Lagrange—Euler equations

d dyy, diby,
a (Pkld’u + RL%) — Qrir — RMW =0, (24)

where [ = 1, N. The boundary conditions are so se-
lected that the norm remains finite, and the trial func-
tions satisfy the exact solution asymptotics. The Lag-
range—Fuler equations and the corresponding bound-
ary conditions constitute a boundary problem to be
solved.

In work [19], the first approximation of the Kan-
torovich variational method with N = 1 was used.
The shooting method was used to calculate the de-
pendence of the critical distance between two impuri-
ties on their total charge, Rc;(¢). The result obtained
is shown in Fig. 2 by the dashed curve for comparison.

A higher accuracy can be reached by applying the
Kantorovich variational method with N > 1. Howe-
ver, in this case, there are some differences from the
case N = 1 considered in work [19]. First of all, the
shooting method is no more applicable, because the
system of differential equations rather than a single
equation is dealt with. It was noticed in work [23],
that, in order to simplify numerical calculations, the
system of differential equations of the second order
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has to be reduced to a matrix differential equation of
the first order with the use of the substitution

N
= Vi ();()
j=1

In this case, we obtain the following nonlinear matrix
Riccati equation for the matrix Y:

(25)

Y =A-BY-Y2 (26)
Here, the matrix coefficients A and B look like

A=P'(Q-R, (27)
B=P'R-R"+P). (28)

The matrices f’, Q, and R are singular at zero
and infinity. This is a reflection of the fact that the
different functions ¥ (p), as well as different ele-
ments of the matrix Y, are characterized by different
growth/fall degrees in vicinities of special points. To
overcome this inconvenience, let us subject the trial
functions to a linear transformation,

di(p) = Swa(p)du(p),  detS(p) # 0. (29)
The new matrix is designated as Ys,

Gr(1) = (Ys) ()t (). (30)
It is related to the matrix Y by the formula

Vo= § V8§18 (31)

The matrix Yg also satisfies the Riccati equation,
Y5 =Ags - BsYs - Y3 (32)

The laws governing the change of coefficients in
Egs. (32) and (24) at transformation (29) are given in
Appendix B. They give rise to the criterion of choice
of a matrix S namely, the matrix Ps must be non-
degenerate after the transformation, because the cor-
responding inverse matrix must exist as well.

In vicinities of each special points (x = 0 and
i — 00), the corresponding specific transformation
matrix S%°° must be selected, and the transformed
matrix coefficients As and P)S must be expanded in
series in the variable p. Accordingly, the sought ma-
trix Yg should be of the form

o :uxo( (0)+MY(0)+M2Y(O)+...), 10,

e AP T B 33
7 7

L — 00.
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Let us substitute those formulas in Eq.(32) and
equate the numerical coefficients of the terms with
identical power exponents of the variable u. We ob-
tain a chain of coupled linear algebraic equations for
the matrices Y5, Y3, and so on. But, for the matrix
Yl, we have the quadratic equation
Y2-B,Y,—A =0, (34)
where Al and Bl are some numerical matrices. In the
case where N = 2, the transformation matrices can
be selected to provide By = B;1, and the quadratic
matrix equation can be solved. Of two roots, the root
corresponding to a more regular behavior of the trial
functions in vicinities of special points must be se-
lected (namely, the positive root in a vicinity of u =0
and the negative one in a vicinity of yu — o0). The
power exponents A\, are so selected to provide the
coincidence of the power exponents in the most im-
portant terms on both sides of the equation.

In this way, the initial conditions for the matrix Ys
at zero and infinity were determined. The correspond-
ing matrices are presented in Appendix B. Afterward,
the Riccati equations were integrated numerically, by
using the Runge-Kutta method and taking the initial
conditions in the regions p € [0,1] and p € [1, c0) into
account. Then the values of matrices Yg/ = 1)
were calculated, and the inverse transformations were
carried out to find the matrices Y%/ (y = 1). A
smooth matching of trial functions in the intervals
@>1and u <1 can be done if
8(mRer,¢) =det[YO(u=1)—Y>(n=1)] =0. (35)

In this work, the case N = 2 was consid-
ered. The corresponding transformation matrices and
the matrices of initial conditions are given in Ap-
pendix B. All the actions described above were ex-
ecuted for various values of product mR and at a
fixed value of . A value of mR,,, at which condition
(35) was satisfied, was considered to be critical. The
results of numerical calculations were used to plot the
dependence mR.,(¢) (solid curve in Fig. 2).

4. Conclusions

A research of the supercritical instability in a sys-
tem of two identical charged impurities in graphene
is carried out. The charge of each impurity is selected
to be subcritical, but their sum ( = 2Z«/k exceeds
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the critical value (. = 1/2. Hence, for every fixed (,
there exist a distance R., between the impurities, at
which a supercritical regime is realized. The urgency
of the presented research is associated with recent ob-
servations of the supercritical instability in clusters of
Ca impurities located on graphene [8].

The characteristic feature of this problem consists
in that the variables in the Dirac equation cannot
be separated in any known coordinate system. There-
fore, it is impossible to obtain the solution in the ana-
lytical form, and the Kantorovich variational method
was applied to find the dependence of the critical
distance on the charge of the system. For massless
particles, the critical phenomena are associated only
with the emergence of a resonance in the lower contin-
uum. Since it is inconvenient to work with resonances
within the variational method, a gap A was supposed
to exist in the band spectrum of graphene. Such a
gap can be created experimentally by plenty of tech-
niques, e.g., changing to a graphene nanoribbon, cre-
ating deformations, hydrogenating the surface, and
so forth [24]. The presence of a gap results in the
appearance of levels belonging to a discrete spec-
trum. Therefore, a diving of the lowest level into the
lower continuum is observed. The distance between
the impurities, at which this diving takes place, is
called critical.

The Kantorovich variational method provides an
opportunity for an arbitrary number of trial functions
to be used. In this work, a variant of the method with
two trial functions was applied. For the sake of com-
parison, the results of similar calculations but with
only one trial function, which were carried out in
work [19], are also presented. The calculated depen-
dences of mR., on (, as well as the corresponding
approximate curve obtained by matching the exact
solution asymptotics, are plotted in Fig. 2. One can
see that the results of two consecutive approxima-
tions by the variational method agree rather well with
each other both qualitatively and quantitatively. The
maximum discrepancy between them does not exceed
8-+10%. This fact testifies that, despite the simplicity
of the applied approximation, the results obtained in
work [19] are satisfactory: as it should be, R., — 0 as
¢ — 1/2 (i.e. the supercritical instability occurs only
if the impurities are brought together) and R., — oo
as ¢ — 1 (i.e. each impurity becomes supercritical).
It is also demonstrated that, as A — 0, the value
R, — oo for any fixed (. This means that, if the
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total charge in the system exceeds the critical one,
the system is in the supercritical state at any finite
distance between the impurities.

As was shown in work [19], this supercritical in-
stability manifests itself as the emergence of a quasi-
stationary state in the lower continuum. It can be de-
tected in the local density of states, which is an ex-
perimentally measured quantity. However, the energy
and the width of the resonance decrease according to
the %—law, as the distance R between the impurities
grows. Therefore, when the distance becomes large
enough, the resonance becomes unobservable (e.g.,
because of a confined accuracy of measurements). In
this case, the system state cannot be distinguished
from the subcritical one.

The author expresses the sincere gratitude to
E.V. Gorbar and V.P. Gusynin for the valuable advice
and corrections made while discussing this work. The
work was sponsored by the State Fund for Fundamen-
tal Researches of Ukraine (grant F53.2/028).

APPENDIX A
Expressions for Matrix Coefficients

In this Appendix, expressions for the matrices P, Q, and R
in functional (23) are presented. At E = —A, functional (19)
takes the form

N oo
Sl =4S [ duivi [(Vu)%w;’ukﬂfa

k=17
+2VuVuRe(y] ) (1 — 1F 3 -
~2 (G * Vi) S 4

+ 9 Y, [(Vz/)z(l ~ 1)k — DA

vv
—i(l—k) (W X VV) pRH=3 4

+2Uu’“+’-2”f(u, v),

where the functions Vy, Vv, V, and U can be expressed in
terms of the variables y and v. Since uv = n? < 1 and u(v +
1) = €2 > 1, the integration in the plane (u,v) is carried out
over the curvilinear triangle

(A1)

1

1
(771)9(17u)<1/<7, (A2)
H ©
which can be provided with the help of the function
Fu,v) = 0(1 — ) x
X [0(1 = O +1) — 1) + 0 — 1)]. (A3)
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Being expressed in terms of the variables p and v, all the quan-
tities in functional (A1) look like as follows:

2
| = B ! , (A4)
16 v+ 1)(p+pv — 1)1 — )
Vi) = - 208 [P (45)
R H
16
(Vi)? = 53 (w4200 = 1), (A6)
16v(v +1)

V)= AT

(v = (A7)
16v(r 4+ 1

VuVuzf%, (A8)
vv OlnV
— xVu=(V =

v X Vu=(Vyx V) —-
_ 8 Vr(pt =11 —w) (A9)

R2u Vr+1 ’

|4 olnV
LXVVZ(V,U,XVV) SR

\% o

8
= RTMQ\/V(V*‘l)(M-FMV—l)(l—IW)» (A10)
2U:l{2vF(mR LH,QCQLH,
R? I3 Ju
2 _
_Av+1 34w —1-25/,1,1/—&-;1, 1i| (A11)
p 2 p2(v+1)

Functional (A1) acquires form (23), in which P, Q, and R are
N X N-matrices depending on pu:
oo
Pu() = [(F2H 21|, ),
0

(A12)

Qi) = /[(Vu)2(l S 1) (k- 1wk
0
—i(l —k) (% X Vl/) phti=3

+ 2Uu’“+”} |71£ (1, v}, (A13)

Rt (1) /[vuvu(z— D=8
0

(A14)

vv
+1 (W X Vl/«) Vk+l2:| [J1f (e, v)dv.

Let us obtain expressions for the elements of the matrices
P, Q, and R in the case N = 2. They can be calculated with
the help of integrals taken from [25], which are expressed in
terms of the complete elliptic integrals of the first, K(k), sec-
ond, E(k), and third, II(k,!), kinds. The final forms of the
expressions are obtained with the help of the identities [26]

s 1
H(p, ) = 0=y + EK(#)y (A15)
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O (A16)

Again, since the ground state of the system is considered, and
the wave function of the ground state is real-valued, all imagi-
nary parts of coefficients do not make contributions. Therefore,

Pui(p) = mu, (ALT)
Pro(w) = Pua(p) = Z(1 = ) +
+60(1 — p) 2E(n) — (1 — p®) K ()] +
1 1 1
ool (- (- 2R @) o
_ 2
Pos(p) = gﬂ+
o
00— ) 2 [2(0) = (1 = K )] +
1 1 1
o va-nfir () (-] o
Ri1(p) = Ra1(p) =0, (20)
Rua() =~ 7=~ 001 = 2 -
1 1 1
(-G o
(2 —
Roa (i) = — (4M2u)
3—u 1—p?
—o01 - | B - TG -
a5
(=D —p—-2) (1
)
2 _
Qi1(p) = —W(CTLI) +
¢mR O(p—1) 1
+ {9(1 — WK (/R + v K (ﬁ)} +
3
+0(1 —p) {mE(M)—
(2¢2 + D)(1 4 p)
B — K(M)}'F
3 1
+o- 0 [y () -
(@D 3, (1
4pu? K (u)} (A23)
T 2 _
Qi2(p) = Q21(p) = *W
00 =) BT +
o[ ()2 ()
3p+2p+1)(¢* -1 3(1—p)
—o0-w | e = e + | -
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o n[Bpt2e+1(¢C -1 L1
Ol 1)[ 8u(1+ p) b (u) *
(1—p) (p+40+p)(-1) (1
- 16/% K (ﬁ)] (h24)
Q) = g (16— (267~ 24 302 — ) +
(mR 2
vt =t [2 (3 -1) e -
- (5 - 1) wvm|+
o
¢(mR[_ (2 1
vt =32 (2 -1) 2 (55) -
(-3 C-IE)-
— 2 _ — —
vo - [A ) CEZDED =020 g
3p? + 13u 4+ 16 4+ 2(¢2 — 1) (2 — 2p — 3)
- 1663(1 + ) E(“)] *
(1= p)(Bp® +5u+8) . (1
+9(u—1){ " K(;)Jr
P CO 0 ) (1)
3u? +13u+ 16 +2(¢2 — 1) (u? -2 —3) _ (1
- 1662(1+ 1) i (ﬁﬂ (425)

APPENDIX B
Characteristic features of the application
of the variational method in the case N = 2

In this Appendix, some details concering the application of the
Kantorovich method in the case N = 2 are discussed.

Transformation (29) changes the coefficients of Egs. (32) and
(24) as follows:

As =S 1AS—§1BS —§1§", (B1)
Bs =S"'BS 42818, (B2)
Ps =S7PS, (B3)
Rs = STRS + STPS/, (B4)
Qs =S57QS +§TRS + STRTS 4 §'TPS’ (B5)
1. In the interval 0 < p < 1,
R w2u? .
detP(,u):T—i-O(u ), p—0. (B6)

Therefore, the matrix S(0) should be so selected that det S(0) ~
i. In this work, we selected the matrix

b i 2

~ 3/2 3/2 -

SO ) = S det §(O = - (B7)
Nz NG

The power exponent is A\g = —1, which corresponds to the

power-law behavior of trial functions in a vicinity of the point
p = 0. The coefficients of Eq. (34) look like

3-¢ _3
1 1
_1o1=¢2 )’
1 1
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AP = B =1. (B8)

Equation (34) is reduced to

¢ 13\ _ A0, 13
(Y1 ——1) =A;"+-1. (B9)
2 4
Its solution is
g _ 13
Y, ' =-1
1 2 +
1 3 1-¢2 1 3
IEIAY B 0 2 2\ _
11 52 _1 1)
2 2 0 B 2 2
2
4+4/1-¢243+/5-¢2  3y/1-¢2-34/5-¢2
= 8 8 ) (B10)

VI-¢2—v/5-¢2  443y/1-¢2+4/5-¢?
8 8

The matrix lYA'§O) is used as the initial condition, while nu-
merically integrating the Riccati equation (32) in the interval
0<pu<l.

2. In the interval 1 < p < oo,

N w2 1
detP(p) = — 4+0(—=), p— oo (B11)
8 2

Therefore, the matrix S(>®) should be selected so that

det §(°) ~ 1. In this work, we take the matrix

1 1

S () = (W ﬁ), det §(°°) =2, (B12)
Vi B

The power exponent is Aooc = —3/4, which corresponds to the

behavior of the trial functions ~ exp(—u'/4) as . — oo. The
coefficients of Eq. (34) look like

. R. i) =

Al = —C’Z i, B =0 (B13)
The solution of Eq. (34) reads

v = —L;”Ri. (B14)

1
w374

numerically integrating the Riccati equation (32) in the interval
1< pu<oo.

The matrix Ygoo) is used as the initial condition, while

1. P.R. Wallace, Phys. Rev. 71, 622 (1947).

2. K.S. Novoselov, A.K. Geim, S.V. Morozov et al., Science
306, 666 (2004).

3. G.W. Semenoff, Phys. Rev. Lett. 53, 2449 (1984).

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

5. V.P. Gusynin, S.G. Sharapov, and J.P. Carbotte, Int. J.
Mod. Phys. B 21, 4661 (2007).

6. D.S.L. Abergel, V. Apalkov, J. Berashevich, K. Ziegler,
and T. Chakraborty, Adv. Phys. 59, 261 (2010).

7. A.F. Young and P. Kim, Nature Phys. 5, 222 (2009).

. Y. Wang et al., Science 340, 734 (2013).

9. I.Ya. Pomeranchuk and Y.A. Smorodinsky, J. Phys. USSR
9, 97 (1945).

2]

539



0.0. Sobol

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

11. W. Greiner, B. Miiller, and J. Rafelski, Quantum Electro-
dynamics of Strong Fields, (Springer, Berlin, 1985).

12. S.S. Gershtein and Ya.B. Zeldovich, Sov. Phys. JETP 30,
358 (1970).

13. J. Rafelski, L.P. Fulcher, and W. Greiner, Phys. Rev. Lett.
27, 958 (1971).

14. B. Miiller, H. Peitz, J. Rafelski, and W. Greiner, Phys.
Rev. Lett. 28, 1235 (1972).

15. M.S. Marinov and V.S. Popov, Sov. Phys. JETP 41, 205
(1975).

16. A.V. Shytov, M.I. Katsnelson, and L.S. Levitov, Phys. Rev.
Lett. 99, 236801 (2007); 99, 246802 (2007).

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

18. O.V. Gamayun, E.V. Gorbar, and V.P. Gusynin, Phys.
Rev. B 80, 165429 (2009).

19. O.0. Sobol, E.V. Gorbar, and V.P. Gusynin, Phys. Rev. B
88, 205116 (2013).

20. Bateman Manuscript Project, Higher Transcendental
Functions, edited by A. Erdélyi (McGraw-Hill, New York,
1953), Vol. 2.

21. V.S. Popov, Sov. J. Nucl. Phys. 14, 257 (1972).

22. V.S. Popov, Phys. At. Nucl. 64, 367 (2001).

23. M.S. Marinov, V.S. Popov, and V.L. Stolin, J. Comp. Phys.
19, 241 (1975).

540

24. M.I. Katsnelson, Graphene: Carbon in Two Dimensions
(Cambridge Univ. Press, New York, 2012).

25. 1.S. Gradshtein and I.M. Ryzhik, Table of Integrals, Series,
and Products (Academic Press, Orlando, 1980).

26. P.F. Byrd and M.D. Friedman, Handbook of Elliptic Inte-
grals for Engineers and Scientists (Springer, Berlin, 1971).

Received 12.09.13.
Translated from Ukrainian by O.I. Voitenko
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BAPIAIIMHUIN METO/],
OBYUCJIEHHSA KPUTUYHOTI BIZICTAHI B 3AJIAYI
JIBOX KYJIOHIBChKUX IIEHTPIB YV 'PA®EHI

Pezmowme

HocniizkeHo HaAKPUTUYIHY HecTabiIbHICTD B cucTeMi JBOX 3a-
PAPKEHUX JOMIMIOK y rpadeHi 3 KBa3idacTHHKaMI, IO B He-
[IepePBHiil rpaHuUIlll ONUCYIOTHCH JBOBUMIpHUM piBHsHHsM Jli-
paka. PosrisiHyTo BUIAJOK, KON 3apsij], KOXKHOI 3 JBOX OJHA-
KOBHX JOMIIIIOK € CYOKPUTHUYHMM, a IX CyMa II€PEBUIILYE KPU-
TUYHUN 3apsij] B 33/1ad4i IPO OJMH KYJIOHIBCBKHII IeHTp. Po3Bu-
HEHO BapiaIiiffHuil MeTO, 3a JOIOMOIOIO SIKOT'O OOUHC/IIOETHCS
3Ha4YEeHHsI KPUTHUYHOI BifcTani MixK mowmimkamu Rer sik dyH-
KIIil TOBHOTO 3apsily cucreMu. BceranoBieHo, 1o Rqr 3pocTae
31 36iJIbIIIEHHSIM [TIOBHOIO 3apsiy [IBOX JOMIIIOK Ta 3i 3MeHIIe-
HHSIM IIUPUHY KBa3i4acTUHKOBOI 1iiyinuu. [IpoBeneHo nmopiBHs-
HHS Pe3yJbTaTiB 3 JAHUMU HOIEPEHIX JTOCIiI>KEHb.
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