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In gapped bilayer graphene, similarly to conventional semiconductors, Coulomb impurities (such as nitrogen
donors) may determine the activation energy of its conductivity and provide low-temperature hopping conduc-
tivity. However, in spite of the importance of Coulomb impurities, nothing is known about their electron binding
energy E, in the presence of gates. To close this gap, we study numerically the electron binding energy E
of a singly charged donor in BN-enveloped bilayer graphene with the top and bottom gates at distance d and
gate-tunable gap 2A. We show that for 10 < d <200nmand 1 < A < 70 meV the ratio E,/A changes from 0.4
to 1.4. The ratio E;,/ A stays so close to unity because of the dominating role of the bilayer polarization screening
which reduces the Coulomb potential well depth to values ~A. Still, the ratio E,/A somewhat decreases with
growing A, faster at small A and slower at large A. On the other hand, E,/A weakly grows with d, again faster
at small A and slower at large A. We also studied the effect of trigonal warping and found only a small reduction

of E/A.

DOI: 10.1103/PhysRevB.109.165145

I. INTRODUCTION

Bernal-stacked bilayer graphene (BLG) is composed of
two layers of graphene where atoms of sublattice A in one
layer lie directly below or above atoms of sublattice B in
the other layer so that interlayer dimer bonds are formed.
Its low-energy electron spectrum is gapless and is given by
parabolic valence and conduction bands touching at two K
and K’ valley points. Their charge carriers are characterized
by nontrivial chiral properties with Berry phase 27 [1,2] and
are described by two-component spinors. A unique feature
of BLG is that an electric field D applied perpendicular to
its layers due to the potential difference between gates opens
gap 2A between the valence and conduction bands [1-4].
The possibility of inducing and controlling the energy gap via
gating makes BLG an active research area, including practical
applications in electronic devices. We assume below that as in
the best devices BLG is enveloped by two layers of hexagonal
boron nitride (hBN) with thickness d each and has top and
bottom gates made of graphite or gold with electric poten-
tial +U and —U, respectively [see Fig. 1(a)]. This potential
difference opens gap 2A = —2eUcy/d in bilayer graphene,
where ¢y ~ 0.34 nm is interlayer separation and —e < 0 is
the electron charge.

In this paper we study the ground state of the electron
bound to singly charged positive donor. It is known that
the best samples of graphite and, consequently, exfoliated
from it BLG samples, have charged impurities in concen-
tration ~10°cm~2 per layer, presumably singly charged
nitrogen donors [5-7]. These donors provide activated elec-
tron conductivity with activation energy related to their
binding (ionization) energy E,. At low temperature donors
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compensated by smaller concentration of acceptors provide
weakly activated hopping conductivity. Donors are also re-
sponsible for additional lines of the light absorption. Thus, it
is important to find the donor ground state energy E (A, d) cal-
culated from the mid-gap energy E = 0 and electron binding
(ionization) energy E, = A — E [see Fig. 1(b)]. The history
of semiconductors implies that knowledge of binding energy
of donors and acceptors is important both for efforts to make
BLG cleaner or for intentional doping of BLG, which eventu-
ally allow to create better devices.

The parabolic energy spectrum in BLG plotted in Fig. 1(b)
is actually realized only at low energy [1] for momenta up to
Ip| & y1/(2ur), where vp is the Fermi velocity and y, is the
interlayer hopping amplitude. The energy dispersion is linear
for larger momenta as in single-layer graphene. The four-band
model formulated in [1] describes the electron quasiparticles
in BLG both at low and high energies. Its energy dispersion
in gapped bilayer graphene has a Mexican hat structure where
the smallest by modulus value of energy is realized at nonzero
momentum po rather than at p = 0. Still, such a Mexican
hat structure is negligible at small gap A because the differ-
ence of energies at zero momentum and pg is proportional to
2A3/y}. Therefore, it is quite small at A < y;. In addition,
momentum |py| &~ +/2A /vr tends to zero as A — 0. Thus,
the Mexican hat structure is smoothed and shrinks to zero
momentum for small gap. Since we consider in our paper
small gaps, we employ the two-band model whose energy
dispersion increases monotonously with momentum and does
not have the Mexican hat shape. This model is applicable for
gap A < y1/4 ~ 100 meV. Our calculations are limited by
A =70 meV.

©2024 American Physical Society
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FIG. 1. (a) Schematic geometry of dual-gated device studied. hBN substrates are characterized by dielectric constant k¥ and d denotes the
distance to gates. (b) The energy dispersion of the two-band model of bilayer graphene without trigonal warping and the definition of binding

energy E; of an in-gap bound state.

Our calculation takes into account two kinds of screening
of the Coulomb potential of a donor. First, we take care of
polarization of gapped BLG via virtual electron transitions
across the gap [8,9], as well as polarization due to o-bond
electrons [10,11]. This screening is very strong at small A
and as a result reduces the Coulomb potential of a donor to a
shallow long-range potential well with the depth of order A
[8]. Note that this gapped BLG polarization screening is dif-
ferent from screening of BLG without gap [12—15]. Second,
there is screening due to top and bottom gates. It is known that
screening of a single charge located in the middle between two
metallic gates (in the absence of a BLG polarization) leads to
the exponential decay of potential with the decay length 2d /7
[16,17]. In our case, BLG releases electric lines to the gates
only at large distances from the donor. Therefore, as we see
below, the effect of screening by gates in the double-screened
potential is quite modest.

In our calculations, we use techniques developed in the
previous study of electron bound states of the Coulomb center
with an arbitrary charge Z in BLG [9]. That work was mostly
concerned with finding a critical Z, at which energy of the
ground-state donor level E reaches —A and dives into the
valence band. Aside from that, Ref. [9] did not study screening
by gates. The main objective of this work is to find binding
energy of donor E, with single positive charge as a function
of A and d taking into into account screening of the potential
of charged impurity both by gates and BLG electrons.

In Fig. 2, we present our results for E(A, d) with 10 <
d <200nmand 1 < A < 70meV taking into account double
screening due to gates and bilayer graphene including o -bond
polarization. We see that the ratio E; /A changes from 0.4 to
1.4. Tt stays close to unity because of the dominating role of
the BLG polarization screening which reduces the Coulomb
potential well depth ~A [8]. Still, the ratio E;/A somewhat
decreases with growing A, faster at small A and slower at
large A. On the other hand, E,/A grows with d faster at small
A and slower at large A. This happens because at small A the
localization length of the electron bound state becomes larger
and screening by gates plays a larger role. We also studied the
effect of the trigonal warping at A < 20 meV and found only
a small reduction of Ej,/A.

The paper is organized as follows. The low-energy ef-
fective Hamiltonian, the equations of motion, and numerical

results for the donor binding energy in the two-band model are
presented in Sec. II. The role of trigonal warping effects on the
electron bound states is described in Sec. III. The electric po-
tential of Coulomb impurity screened both by internal electron
polarization and by gates in gated BLG is found in Sec. IV.
Main results and conclusions are summarized in Sec. V. An
approximate analytic method for estimation of the electron
bound state energy is presented in the Appendix.

II. HAMILTONIAN, EQUATIONS OF MOTION,
AND NUMERICAL RESULTS

The free two-band Hamiltonian in gapped bilayer graphene
has the form [1]

_ V(0 (p_>2> <1 0)
Ho_y1<(l7+)2 o J*2o 1) D

where py = p, & ip, and p = —i/iV is the two-dimensional
momentum operator, y; & 0.39eV [18] is the strongest inter-
layer coupling between the pairs of orbitals that lie directly
below and above each other, and vr >~ ¢/300 is the Fermi
velocity. The two-component spinor field Wy, carries the val-
ley (V =K,K’) and spin (s = +, —) indices. We will use
the standard convention: W} = (a1, Y52 )ks Whereas W}, =
(¥B2, Ya1)ks. Here Ay and B, correspond to those sublattices
in layers 1 and 2, respectively, which, according to the Bernal
(A»-B)) stacking, are relevant for the low-energy dynamics.

d=10 nm
d=13 nm
4 - d=16 nm
E 02155 /,‘;ﬁ’ d=20 nm
B ool —e— d=25nm
// —¥ d=35nm
-0.2 '// d=50 nm
_0.44{/ -+-- d=200 nm
r -#- no gate
—-0.6 4 I I I
0 20 40 60

A, meV

FIG. 2. The ground-state energy of donor E as a function of A in
units of A for few values of distance to gates d from 10 to 200 nm as
well as in the absence of gates.
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The energy spectrum of Hamiltonian (1) is given by
E(p) = +/(p?/2m)? + AZ, so that we have gap 2A between
the lower and upper continua (valence and conduction bands),
where m = y;/2vz ~ 0.054m, is the quasiparticle mass and
m, is the mass of the electron. To determine the electron
bound states in the field of Coulomb impurity in gated BLG
we should find the electric potential V (r) induced by this im-
purity. We solve the Poisson equation taking into account the
polarization effects in BLG and boundary conditions at gates
and obtain the corresponding electric potential in Sec. IV.

The exact calculation of energy levels proceeds employing
the integral equations in momentum space following the ap-
proach used in Ref. [9]. In numerical analysis, it is convenient
to represent the integral equations for the wave function of
electron bound states in the field of Coulomb impurity in
dimensionless variables. Using the wave function in the form

ei(jfl)Oaj(k)

ei(j+1)0bj(k) ’
we find that the corresponding integral equations for two com-
ponents of the electron spinor function with the total angular

momentum j = 0, £1, &2, ... in momentum space have the
form

@

0
K*bj(k) + a;(k) — 5/0 dppaj(p)Vi_i(k, p) = ea;(k),
3)
0
K2a; (k) — b(k) — £ /0 dp b () Vi1 (k, p) = eb (),
4

where & = ((Xg/K)()/l/A)l/2, g = e?/(hvp) ~ 2.19 is the
fine-structure constant in graphene, energies are expressed
in units of gap A, and momenta are rescaled by the inverse
of the wavelength A = fivg/4/y1A. The cutoff parameter
0 = /y1/A corresponds to the range of applicability of the
effective model (1). To get the above set of one-dimensional
(1D) integral equations, we integrated the potential over angle

1 2 B )
Vitk, p) = 5— fo do $(Vk2 + p? — 2kpcos ¢) cos(jg),

P(k]) = Qmeri /k)p(klr), ®

where the dimensionless potential ¢(p) is expressed through
the screened potential ¢(|k|) in Eq. (26) with charge g = e.
The numerical solution is found in the same way as in Ref. [9]
via discretization of momentum in a grid of N points k =
iQ/N, i=1,2,..., and replacing integrals by summation
fOQ dkf(k) — Zflzl w; f(iQ/N) with weight coefficients w;
of discrete quadrature formulas. The Newton-Cotes formulas

d=10 nm
d=13 nm
d=16 nm
d=20 nm
d=25nm
d=35nm
d=50 nm
d=200 nm
no gate

I*,
_ 1.7 .
0.4 F ’-/

—0.61 ’,’ ---

—0.5+4 } } I
0 20 40 60
A, meV

FIG. 3. The ground-state energy of donor E as a function of A in
units of A for few values of distance to gates d from 10 to 200 nm in
the absence of screening due to o -bond electrons.

of the fifth order are used at each subinterval of six neighbor-
ing points to determine the weight coefficients w;. Such an
approach reduces the discrete integration error to the order of
h° f®(q), where h is the integration step and f®(q) is the
eighth derivative of the integrand. Since the wave functions
are expected to be regular functions in the considered region,
the integration error quickly reduces with decreasing step size.
It is important to note that the kernel functions V;(k, p) in
the presence of polarization and gating are not singular at
k = p. Therefore, the technique used in Ref. [9] to extract and
regularize the singularity coming from the Coulomb potential
is not needed here. For each pair of momentum points k;, p;
we evaluate numerically the integral over angle in Eq. (5) with
potential (26). After such discretization of momentum-space
integration, the system of Egs. (3) and (4) becomes a matrix
equation for 2N unknowns whose eigenvalues define the spec-
trum. A technical remark regarding this solution should be
made. The discrete grid starts not exactly at zero momentum
to avoid the appearance of a spurious solution with the wave
function fully localized at zero momentum. The convergence
is ensured by taking a sufficiently large number of points N,
which equals N = 1000 for the smallest gap value considered.

The results are presented in Fig. 2 where the energy of
the lowest-energy state in units A is plotted for ¢ = e and
k =4 as a function of A for few values of d from 10 to
200 nm as well in the absence of gates. Analogous results are
presented in Fig. 3 for the case when o-bond polarization is
not taken into account. Comparing Figs. 2 and 3 we conclude
that screening due to o-bond electrons weakly affects the
bound electron state energy for small gaps and distances (see
Table I).

Obviously, the influence of gates is the most significant at
small gaps and strongly changes the relative energy position
of the bound state. For convenience, the numerical values

TABLE I. Numerical values of the lowest bound-state energy E in meV for different gap values A and distance to gates d.

A/d,nm 10 13 16 20 25 35 50

1 meV 0.40 0.31 0.25 0.17 0.10 —0.01 —0.13
2 meV 0.81 0.65 0.51 0.37 0.23 0.02 —0.19
1 meV, o-bond polarization 0.42 0.34 0.28 0.21 0.14 0.04 —0.06
2 meV, o-bond polarization 0.88 0.72 0.60 0.48 0.36 0.16 —-0.015
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FIG. 4. (a) A schematic view of the energy spectrum with trigonal warping corrections plotted for gap A = 5SmeV. Contour lines
corresponds to lines of constant energy. Dark contour lines enclose four domains where the minimal energy is realized at E = A. (b) The
energy spectrum at p, = 0 without (blue solid line) and with trigonal warping corrections (red dashed line).

of E for gaps 1 and 2 meV and several values of distance
d are given in Table I including (the last two rows) and in
the absence of the contribution to the polarization function
due to o-bond electrons (the second and third rows). Clearly,
the correction to the electron bound-state energy due to the
o -bond polarization increases as A and d grow.

For the considered values of A, the radius of the donor
wave function in the BLG plane is given by the effective Bohr
radius ag = hvr /(Aag) and exceeds 10 nm. Such a radius is
many times larger than the lattice constant of BLG ay ~ 0.25
nm. This means that our donor energies are valid for all singly
charged impurities. Indeed, such impurities differ only in the
chemical shift related to the short-range core of impurity po-
tential depending on the chemical nature of the atom. The role
of the chemical shift is known to be very small when ag > ag
[19-22].

III. TRIGONAL WARPING EFFECTS

The results presented in the previous section were obtained
in the effective low-energy model neglecting the trigonal
warping effects. This effective two-band model possesses
complete rotational invariance [1] in contrast with more re-
stricted C3 rotational invariance of the hexagonal lattice of
BLG. This more restricted symmetry is taken into account
by the trigonal warping terms in the two-band model. The
corresponding low-energy effective Hamiltonian is given by

1]
_vi( 0 (p_>2) (1 0)
_y1<(l7+)2 o )**o
—Us(po_ ”O+)+V(r>, ©)

where v3 = vp /10 accounts for the trigonal warping effects
(without loss of generality we consider the valley K). The
screened potential V (r) of Coulomb impurity in the presence
of gates is given by Eq. (26) (in our calculations, we consider
donors with unit charge e). Without loss of generality, we

could consider energy dispersion in, e.g., the K valley, which
is given by

4 3
E =\/p—2+v§p2— BP 0s(3g) + A2, )
4m m
Clearly, this kinetic energy does not possess the complete rota-
tional symmetry as terms with v3 reduce this symmetry to the
C; symmetry. The minimum of the kinetic energy Eni, = A
is realized at p = 0 and three nonzero values of momenta
defined by |p| = 2mv; and ¢ = 2wrn/3 where n =0, 1,2 so
that cos(3¢) = 1. The energy spectrum given by Eq. (7) is
plotted in Fig. 4(a) (schematic view) and its section at p, = 0
is shown by red dashed line in Fig. 4(b). For comparison,
the energy spectrum of the two-band model without trigo-
nal warping corrections is plotted by the red dashed line in
Fig. 4(b).

The energy dispersion (7) implies that the trigonal warp-
ing could be neglected for (v3/vr)?yi/2 < |E| < y1/4 [1]
and is relevant at smaller energies. Numerically, the upper
limit of validity of the parabolic spectrum is approximately
W = y1/4~ 0.1 eV and the lower one is T = 4 (v3/vp)* ~
0.002 eV. The dimensional ratio of the upper and lower limits
is W/T = 50.

Rescaling momenta by the inverse of the wavelength A} =
hivp /+/y1 A and using the wave function in form (2), we find

Kb (k) + a;(k) — ;{/—_kb, 5(k)
(¢
—¢ / dp pa;j(p)Vi_1(k, p) = €a;(k), ®)
0
IPaj(k) —b;(k) — Fl//_—kaﬁr%(k)
(¢
. / dp pb(pWVi(k, p) = eby). (9
0

where we use the double-screened potential (27) with g = e
(for simplicity, we neglect screening due to o -bond electrons).
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FIG. 5. The donor ground-state energy E in units A as a function of distance to gates d in the absence (red thick line) and with trigonal
warping corrections (blue dashed-dotted line) for A = 1 meV (left panel) and A = 20 meV (right panel). Here the cutoff parameter » = 1 and
the total angular momentum j = 1. For all values of d, the trigonal warping effects result in somewhat higher energy of the electron bound
state £ and hence smaller donor binding (ionization) energy E, = A — E.

This system of equations couples equations for components
of the wave function with angular momentum j to the
wave function with j + 3 and j — 3 components. To deter-
mine solutions to such a system of equations, we should
truncate this infinite chain of coupled equations at j & 3n
with integer n > 1. Coupling to other angular momentum
components is taken to be zero truncating the system of equa-
tions. Let us consider as an example the case of the j =1
ground state. Then, in the case n = 1, we take into account
the nearest components and solve the system of equations for
j=1, 4, and —2 with kernel functions Vy(k, q), Va2(k, q),
Vatk, @), Vs(k, q), and V_3(k, ¢), V-1 (k. @).

The spectrum can be found by solving the system of
Egs. (8) and (9). For an angular momentum cutoff #n, the size
of the discretized system is 2N (2n + 1), where N accounts for
the discretization of momentum in a grid of N points as was
done in the previous section when studying the electron bound
states in the absence of the trigonal warping effects. To convert
the wave function into a real-space distribution, the Hankel
transform of appropriate order should be used [9]. In Fig. 5
we show the dependence of the lowest bound-state energy
with angular momentum j = 1 in the presence of corrections
from trigonal warping when components j = —2 and 4 are
taken into account. The effect of trigonal warping results in a
small increase of the ground-state energy for all values of gate
distance. Corrections to the spectrum due to wave functions
with higher components j, i.e., for n > 2, are approximately
10 times smaller compared to those with components j = —2
and 4 for gap A > 1 meV.

IV. SCREENED POTENTIAL OF CHARGED IMPURITY

Let us find the potential for the Coulomb impurity with
charge ¢ situated outside BLG at 7/ with two metallic gates
at z=d and —d when BLG is at z = 0. Without loss of
generality, we assume that the Coulomb impurity is above
BLG, i.e., 7 > 0 and its x and y coordinates are x = 0 and
y = 0. In addition, we assume also that the BLG sheet is
separated from gates by a medium with dielectric constant «.
Then we have the following Poisson equation for potential ¢

inregion I (0 < z < d):

4mq ,
A¢r = —73(1 —2)8(x)8(y), (10)

where k ~4 is the dielectric constant for hexagonal
boron nitride. In addition, we have the boundary condition
¢1(x,y,z) =0 at z=d. In region I (—d < z < 0), the elec-
tric potential ¢y satisfies the Laplace equation

Agyp =0 (11
with the boundary condition ¢y (x, y,z) = 0atz = —d.

Note that the total electric potential is the superposition of
two parts. One part describes constant electric field due to
applied potentials £U at the upper and lower gates, respec-
tively [see Fig. 1(a)]. This part satisfies the Laplace equation.
The other part satisfies the Poisson equation whose source is
related to impurity charge and has trivial boundary conditions
at gates ¢1(z = d) = ¢n(z = —d) = 0. We determine this part
in this section.

Electron quasiparticles in bilayer graphene can move when
perturbed by an external electric field resulting in screening
of this field. Mathematically, this screening is defined by the
induced charge density o (x, y) in BLG. This charge density
contributes to the Poisson equation as follows:

4
Ap = —TS(Z)o(x,y). (12)

Integrating this equation over z from —e to € and then setting
€ — 0, we conclude that the induced charged density in BLG
results in the following matching condition for the normal
component of the electric field E, = —d.¢:

4
E.(04,x,y) = E.(0_,x,y) + 70()6, ). 13)
Note that although the normal component of the electric field
is discontinuous according to Eq. (13) at z = 0, potential
¢(x,y, z) is well defined and continuous at z = 0.

165145-5
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The charge density in bilayer graphene is defined via the
Green function G(u, u') = —i{y(u)y¥ (1)) as follows:

o(x,y)=ietrG(u,u’), u={(,x,y),

u=@,x,y), t—t=0,, (14)

where —e < 0 is the electron charge. By making use of the
Green function
Gu,u') = (M*Iu’)
’ iho, —H +ep "

where ¢ is the potential at z = 0, the induced charge density
of the first order in ¢ is given by

o(x,y) = —ie® / d*u tr[Go(u — u)p(u)Go(u' — u)]

= —¢? / A TI(u — u)p), (15)

where IT(u) = i tr[Go(u#)Go(—u)] is the polarization function
and Gy(u) is the free Green function. Since we assume that
¢(u') does not depend on t’, one can make the change of
variable # — t’ — ¢ in the integral in Eq. (15). Therefore, the
induced charge density o (x, y) indeed does not depend on ¢.

Thus, Eq. (13) gives the following matching conditions at
plane z = 0 where BLG is situated:

$1(x,z2=04) = ¢nu(x,z=0-),
ko,¢p1(X,z2 =04) — k0, ¢n(X,z =0_) = —4mwo(x). (16)

The induced surface charge density defined in Eq. (15) equals

o(x) = —¢ / dt d*yTI(t, x — y)¢i(y,05) or
|

o(x) = —¢ / dt d*y TI(t, x — y)¢u(y, 0), (17)

where we took into account that potentials are time indepen-
dent.

It is convenient to perform the Fourier transform of the
equations for the electric potential in regions I and II with
respect to x and y. Then we obtain the equations

(02 — k) ik, 2) = —“Kﬂ(xz )

(322 — k2)¢n(k, z) =0, (18)

whose general solutions have the form

—kl|z—2']
o1k, 2) = mge "7 + A1 (K)e M+ Ay (k)ekE,  (19)
K 2|k|
én(, 2) = Bi(k)e < + By(k)ek<, (20)

where A;(k), A>(k), B;(k), B>(K) are arbitrary functions of
wave vector kK = (k;, k). The boundary and matching condi-
tions take the form

oik,d) =0, ¢uk,—d)=0, ¢i(k 0)=¢ulk,0),

2D
4
9:¢1(k, 01) — 9:¢n(k, 0-) = —70(k)

4 e?
= [T(kop = 0, K)pu(k, 0),
(22)
where TIl(kgp =0,k)=TI(k) is the static polarization.

Equations (21) and (22) lead to a system of linear equa-
tions for unknown functions Aj, A;, By, B>. Solving this
system we find the potential in the region —d <z<0<z'<d:

2nq sinh[k(d + z)] sinh[k(d — Z)]

¢H(k7 2y Z/) i

K [k cosh(kd) + ZETI(k) sinh(kd)] sinh(kd)

(23)

We note that this formula applies to any truly two-dimensional system with free charge carriers and polarization function I1(k),
for example, graphene. In the absence of polarization, I1(k) = 0, this potential reduces, after making the Fourier transform in Kk,
to the potential of a point charge g between parallel conducting plates [see Eq. (5) in Ref. [17]].

In the region 0 < z < 7’ < d the potential has the form

2mq sinh[k(d — 2')][k sinh[k(d + 2)] + 47/’{—62 [1(k) sinh(kd) sinh(kz)]

1k, z,7) =

When gates are removed (d — o0) potential (23) reduces to

21q =)
="4_°¢
¢H( ) Kk + 27,[{—811_[(]()

(25)
which for z = 7/ = 0 in configuration space gives the interac-
tion energy —e¢(r) of electron with charge (—e) and impurity
with charge g described by Eq. (27) in Ref. [9]. For z = 7/ =
0, potential (23) takes the form

2mq 1
¢(k) = 2me? s
Kk coth(kd) + TH(k)

(26)

> (24)
Kk [k cosh(kd) + 2”76 [1(k) sinh(kd)] sinh(kd)
[
and, for the interaction energy, we obtain
e dk kJo(k
Vi =-2 o(kr) 27)

Kk Jo  k coth(kd) + ZETI(k)

Note that this interaction energy does not include screen-
ing due to core electrons related to o bonds. It is known
from studies in single [10] and bilayer graphene [11] that
core electrons affect the polarization function. This con-
tribution can be accounted by replacement 2we’TI(k) in
Eq. (27) with 27 e?T1(k) + o,k. In bilayer graphene o), = 1.8
that gives dielectric constant ¢ ~ 2.8 [11], which defines
screening of the bare Coulomb potential in suspended bilayer
graphene (k = 1) and in the absence of gates (d — co) and
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vanishing polarization IT(k) due to itinerant electrons. We
use the double-screened potential (26) and the interaction
energy (27) with single positive charge ¢ = e to determine the
electron bound states defined by Eqs. (3) and (4) in Sec. II
as well as Eqs. (8) and (9) in Sec. IIl. To gain insight into
importance of screening due to core electrons, we analyze
both cases o, = 0 and # 0.

J

¢i(k,z,7) =4nq

One can find a more general formula when the upper gate
is at distance d; and the lower gate is at other distance d;
from graphene sheet situated at z = 0. In addition, we assume
that the BLG sheet is separated from gates by media with
(upper) and «; dielectric constants. The potential produced by
the charge g sitting in the upper medium at the point 7’ has the
form (0 <z <7 <dy)

sinh[k(d, — 7)][kk; cosh(kz) sinh(kds) + (kics cosh(kds) + 47 eT1(k) sinh(kd,) sinh(kz))]

It is easy to check that for di =d, =d and k| =k =«
this formula reduces to Eq. (24). If z = 7/ = 0 we obtain the
potential in graphene sheet

4 q
ki coth(kd)) + ki, coth(kd,) + 4me?T1(k)’

which generalizes Eq. (26) [23]. The last formula allows to
study the case of one gate. For example, taking the limit
dr — 00 we obtain

¢(k) = (29)

drg
ki coth(kdy) + k + 4me?T1(k)”

The polarization function in BLG can be approximated by the
expression [see Eq. (30) in [9]]

¢(k) = (30)

27 e? k2 3k 1
k)= ————, ka= -,
kA +)uyk 40lg)\,
khvp K

T 4120,y 4 ln2aga’ 3D
where A = hvp /A and a = hvg/y; ~ 1.7 nm.

For not too large values of «, coefficients ks and A, are of
order 1/a and a, respectively. Thus, we have three scales: a,
d, and A with a < d <« A for BLG with gates. In fact, since
we are not interested in distances less than A, ~ a, we can set

J

V()__ﬁ[l_+
"= kLr  2x(q1 —q2)

28
ki1 [kicr cosh(kd,) sinh(kd;) + (kk| cosh(kd;) + 4me?T1(k) sinh(kd,)) sinh(kd,)] (28)
[
A, = 0. Then the potential takes the form
0 dk Jy(k
vy =% [T __dkhkn) (32)
k Jo coth(kd)+ k/ka

For r < d, the main contribution to potential (32) comes from
the region with large k such that kd >> 1 where gate screening
is not effective. Approximating in this region coth(kd) >~ 1,
we get the integral [see Eq. (2.12.3.6) in [24]]

k © dk Jy(k
V(r):—eq A/ - o(kr)
0 + ka

- —qukA %[Ho(kAr) ~Yokar)l.  (33)

where Hy(x) and Y;(x) are the Struve function and the Bessel
function of the second kind, respectively. This potential en-
ergy is known in the literature as the Rytova-Keldysh potential
[25-27]. Thus, in the region r < d < A, the potential behaves
as follows:

eqkn
K

Vir)=- In[2e” /(rka)], (34)
where y is the Euler-Mascheroni constant.

If we keep A, # 0 in (31), then we get a more general
function than function (33):

{g1[Ho(gq17) — Yo(q17)] — q2[Ho(gq2r) — Yo(Clzf”)]}j|a (35)

where g1, = (1 &£ ,/1 — 4kaA,)/2X,. This expression was obtained earlier in [9]. Similar mathematical expression (without
1/r term) for the potential arises in the problem of the Coulomb interaction in a thin dielectric film in the presence of one gate
[28]. Since kaL, < 1, we have g > 1/A,,, ko = ka and the interaction energy takes the form

1
Vir)= —ex—q[; - : {[Ho(r/Ay) — Yo(r/Ay)] — kary [Ho(kar) — Yo(kM)]}]- (36)
14

.

For r > d, the main contribution to the integral gives the region of small k where we can replace coth x by its two first terms

of the Taylor expansion. Then we obtain

eqd [ dkkJy(kr)
Vv = —— —_—
")  Jo TR

d dotg 1\ V2
L O d(l + ﬂ—) . (37)
K

3k d

This potential is used in the Appendix for an analytical estimation of the electron binding energy. Since A > d, the asymptotic

behavior is governed by length b ~ +/dA,

V(r)=

eqd |mb b
—m 56 s r > b. (38)
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For r < b, we have

d_ 2e7b
vy = -0, 2 (39)
kb? r

Thus, the logarithmic behavior persists up to distances ~~/dA.
We note that in the case of one gate we would have a linear
in k term in the denominator of the integrand in Eq. (37) and
this changes the asymptotic behavior at large distance from
the exponential to power law ~1 /7 [28].

V. CONCLUSIONS

In modern devices bilayer graphene is enveloped by two
insulating layers of hexagonal boron nitride and has top and
bottom metallic gates made of graphite or gold, for example,
at the same distance d from BLG. These gates play a twofold
role for charged impurities. First, the electric field created by
the potential difference between top and bottom gates pro-
duces a gap 2A in the electron spectrum of BLG. As a result,
donors and acceptors located in BLG create electron and hole
bound states in the gap. Second, gates screen the Coulomb po-
tential of charged impurities in BLG. We studied the interplay
of this screening with BLG polarization screening. We derived
general formulas given by Eqs. (24)—(26) for the double-
screened electric potential of a charged impurity. Using this
double-screened electric potential of a singly charged donor
we calculated its binding (ionization) energy Ej, solving nu-
merically the integral equation for electron bound states. We
analyzed also the role of screening due to o-bond electrons
and found it to be rather minor. We checked our numerical
results via a simple analytical estimate of the electron binding
energy of donor using the uncertainty principle.

We found that E}, is close to half of the gap. Namely, our
results show that for distances to gates 10 < d < 200 nm
and gaps 1 < A < 70meV the ratio E,/A changes from 0.4
to 1.4. The ratio E,/A stays close to unity because of the
dominating role of the BLG polarization screening which at
any A reduces the depth of the Coulomb potential well to
~A. We also studied the effect of the trigonal warping of BLG
energy bands and found that even at very small A = 1 meV
it leads only to 20% reduction of ratio E,/A. At much larger
A = 20 meV the trigonal warping effects practically play no
role for E;,/A. Of course, our results for the electron binding
energy to donor are applicable also to the binding energy of a
hole and a negative acceptor.

The Coulomb potential of a donor located in hBN calcu-
lated in Sec. IV can be used for evaluation of the binding
energy of such a donor in future studies. Assuming that donors
are randomly distributed in hBN, one can calculate the density
of states of BLG electrons bound to hBN donors, which in
turn can be used for the calculation of hopping conductivity
of BLG. While this paper dealt with relatively small gaps
A < 70meV employing the two-band model, the study of
both BLG and hBN donors can be extended to A > 70 meV
with the use of the BLG four-band model. Finally, it would be
interesting to study BLG donors in the presence of an external
magnetic field. We would like to remind that the spectrum of
a Coulomb impurity in bilayer graphene in a magnetic field
was previously investigated in Ref. [29], but in the absence of
double screening due to the BLG polarization and gates.

0.0015f

0.0014F

f(x)

0.0013f

0.0012F

16 18 20 22 24 26 28
X
FIG. 6. The average energy (A2) in the two-band model in units

y, as a function of distance x = r/a for A = I meV (§ = 0.00256)
and distance d = 13 nm to gates.
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APPENDIX: UNCERTAINTY PRINCIPLE ESTIMATE
OF ELECTRON BINDING ENERGY OF DONOR

To gain an analytic insight into the obtained numerical
results, we consider in this Appendix an approximate method
of derivation of the donor binding energy which uses the
uncertainty principle. Although the accuracy of this method
is not under control, its obvious advantage is simplicity and
transparency.

To apply the uncertainty principle, we begin with the ex-
pression for the classical energy of the electron in the upper
band

E(r) = (pX(r)/2m)* + A2 + V (1),

where V is the potential energy for which we use the ap-
proximate analytic potential (37). Since the potential energy
does not depend on angle ¢, it is natural to expect that the
wave function of the lowest-energy state does not depend on
angle also, i.e., it is a function of radial coordinate r only.
Consequently, we should apply the uncertainty principle to the
radial momentum.

In the corresponding quantum-mechanical problem, the
classical momentum p?(r) in Eq. (A1) is replaced by the
Laplace operator p> = —/i*A. In two dimensions (2D), the
radial part of the Laplace operator equals A, = 8> + 1/r 9,.
On the other hand, the Hermitian radial momentum is given
by p, = —ih(9, + 1/(2r)) in view of the presence of the
Jacobian r in the integral over polar coordinates (for a

(AD)
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similar definition of the Hermitian radial momentum oper-
ator in 3D, see Ref. [30]). Then it is easy to check that
—h*A, = p? — K*/(4r?). This means that the correct applica-
tion of the uncertainty relation for the radial momentum and
radial coordinate in 2D should be made via the replacement
—R*A, = PP — B )(4r?) — B )r? — 2 )(4r%) = 3R% ) (412).

Applying this prescription to function (Al), we arrive at
the problem to determine a minimum of the function

E(r)
Sx) =
4!
9 o a a
=—+8-=2 K0<x )
4 40, g dag g\1/2 )
16x Cd+ s\ d(+5E5)

(A2)

where § = A/y; and x = r/a is dimensionless distance with
a = hvg/y; ~ 1.7 nm. This function is plotted in Fig. 6 for
d =13 nm, A =1 meV and has a minimum at x = 22.11
which is equal to 0.0011 that gives E = 0.43 meV in di-
mensional units. This value should be compared with E =
0.31 meV in Table I obtained in numerical calculations. As
usual, a variational method gives an overestimated value for
the bound-state energy compared to the exact computation.
Still, as one can see, it gives a reasonably good estimate of the
electron bound-state energy.

We would like to note also that the interaction energy
(32) starts to deviate from the analytical expression (37) for
x < 4. However, in this region, the kinetic energy significantly
exceeds the potential energy and the minimum of total energy
lies in the region x >> 4, thus, the calculation with potential
(37) is valid.
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