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RIGOROUS ASYMPTOTIC STUDY OF THE SCREENED
ELECTROSTATIC POTENTIAL IN A THIN DIELECTRIC SLAB

DIDIER FELBACQ, EMMANUEL ROUSSEAU
L2C, UNIV MONTPELLIER, FRANCE

ABSTRACT. The screened Coulomb potential plays a crucial role in the binding energies
of excitons in a thin dielectric slab. The asymptotic behavior of this potential is studied
when the thickness of the slab is very small as compared to the exciton Bohr radius.
A regularized expression is given and the exact effective 2D potential is derived. These
expressions may be useful for the computation of the exciton binding energy in 2D or
quasi-2D materials.

1. INTRODUCTION

The raise of 2D materials has generated a renewed interest in computing excitons binding
energy in thin structures, such as a slab of dielectric material. In that situation, it has
been well appreciated in the literature that the Coulomb potential is screened and that
it plays a crucial role on the value of the binding energies [2, B, [4, 5]. Indeed, within
the effective mass approximation, the enveloppe of the exciton wave function satisfies a
Schrdinger equation involving the screened Coulomb potential. Several approaches have
been used to derive an expression for this potential. One of the oldest work on this is an
article by Keldysh [I]. In order to apply this potential to the situation of 2D materials,
several approaching have been put forward in order to obtain a strictly 2D potential. In [1],
the space variables transverse to the material are abruptly put to 0. In [4, [5] the starting
point is a 2D polarisability, whereas in [3] the charge distributions are described as lines of
charge, in order to obtain an effective 2D potential. Therefore, it seems that a direct limit
analysis of the 3D potential when the width of the slab is very small is lacking.

In this note, we propose a multiple scale approach to the study of the screened potential
when the thickness of the slab is very small with respect to the Bohr radius. We obtain
a regularized potential by exhibiting explicitly the singular part, i.e. the bare Coulomb
potential. The 2D effective potential compares very well with the approximation given in

.
2. EXPRESSION OF THE SCREENED POTENTIAL AND REGULARIZATION

2.1. The screened potential. Consider the geometry described in fig[ll Cylindrical

coordinates (p, z) are used. We consider the electrostatic interaction between two charges

e located respectively at (pg,z0) and (0, z)). We assume that zp > z{. The particles

are situated in a dielectric slab of permittivity ¢y and width d situated in the interval
1
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z € [=d/2,d/2]. The slab is surrounded by two semi-infinite medium of permittivities €;
for z < —d/2 and ey for z > d/2. We denote

11 ef+e1 11 €f + €2
—= — 10 = — 10 _—
m 2 g £f — €1 y 12 2 g e — & )

Y, =[-n/2,n/2]* and Y = [-1/2,1/2]*.
The electrostatic potential energy between the particles is defined by: V(p, 20, 2)) =
€' $e(0, 25) = eper (P, 20), where ¢, is the potentiel created by particle g.

and

z
*
I €2
I
d/2Z/
[
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FIGURE 1. Scheme of the structure under study. We consider the electro-
static interaction between two electric charges e and €’ located respectively
at position (p,z0) and (p,,2;) in a slab of dielectric constant e¢. The
slab width is d. It is surrounding by a medium of dielectric constant &1
(2 < —d/2) and a medium of dielectric constant 3 (z > —d/2).

In the appendix, we give a full derivation of the potential since in [I] the result is stated
without details. After all calculations are performed (see the appendix) the final result is

/ /
. AR
( ) V(paZOaZO) 27T€fd (d7 d7 d)a
where
+oo
(2) I(r,z,y) = W (u, z,y)Jo(ru)du,
0

and the kernel W is given by
cosh [u(3 +y) +m] cosh [u( — z) +n.]

W =
(u, 2,y) sinh (u + 1 + 72)

, (T,y) €Y.
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Since the expression was obtained for zy > z{ (see appendix), these variables should be
switched when z{ > z.
From now on, we assume e = —¢’, that is, the second particle is a hole.

2.2. Solving the Schrodinger equation-Defining new coordinates. In a generic
case, the situation considered in fig[I] is a two-body problem. The particles have masses
my and mgy and are parametrized in cylindrical coordinates by (pg,20) and (pf, z}) . We
look for a time-independent wave function (pg, z, pj, ') satisfying:

h? h?

o _7/ _/ ! —
2m1A0¢ 2m2A07/)+V(|P0 pol; 20, 20)Y = Ev

As usual in this kind of problem, we focus on the relative motion. Here however, we cannot
do this for the height variables z since the potential does depend separately on zp and z().
Therefore, we denote p = py — p{, and we obtain after eliminating the movement of the
center of gravity in the Oy plane:

21 21
{—A| — k105 — H28§6 + ﬁV(Pa 20, 26)} Y= ﬁEw
where 1 = myma/(my + mg) is the reduced mass, K1 = p/mi, kKo = u/mg and p = |p|.
Let us now normalize the variables relatively to the slab width d. We define the new
variables zp = Zd, z, = Z’d. These variables belong to the interval [-1/2,1/2]. We also
normalize the in-plane variable and define: p = rd. Plugging these into the equation leads
to

2/1d? 2pd?
{—A - /11(9; - /12(9?, — MV(r,z,z')} 2 E.

h? - R2
These basic transformations allow to introduce the exciton Bohr radius
(3) ag = Amh*es/pe?,

quite naturally.
From now on, we denote n = d/ag which is the small parameter of our problem. The
final variables are now ¢ and (’, satisfying ¢ = zn, ¢’ = Z'n. These new variables belong to

[—"7/2: 77/2]
The final spectral equation with a small parameter is
(4) {=A| = K107 — k0% — AnI(r,¢/n, ' /n) } ¥ = By,

where: E, = (2ud*/h?)E.

2.3. Regularization of the potential. It is clear that when the slab has an infinite
width, one should recover the usual Coulomb potential Vo(r) = 1/4mesr. Therefore we
expect that V' be a perturbation of V. In this section, we exhibit the singular part of V.
First, we establish two lemma.

Lemma 1. The kernel of screened Coulomb potential has the following asymptotic behavior

—ulz—y|

1
W (u,x,y) ~ 3¢ as u — +00.
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Proof. This is quite elementary using the expression of sinh and cosh in terms of the
exponential. ]
In order to evaluate the singular part, we need the following result
Lemma 2. The following result holds for o > |3[)|
400 —v[./~2 2 _ AV
/ e Jo(Bx)dx = BV + 5 —of .
0 a? + (2

Proof. See [T, p.702] formula (6.23 (3)). O

We are now in a position to exhibit a regularized potential, that is, which is not singular
at the origin

Theorem 1. The following decomposition holds

) I(rzy) = /0 = (W(u,az,y) - ;ewm) Jo(ru)du + !

2\/1% + |z —yP.

The kernel of the first integral tends exponentially fast towards 0 and it defines a function
that is reqular near the origin x =y = 0.

Proof. We substract the asymptotic behavior

400 1 1 +oo
I(T,l’,y) = /O (W(u,x,y) - 2€—ux—y|> JO(TU)d’LL + 2/0 Jo(ru)e_“‘x_mdu

Using lemma we get
1

—+o0
/ e_"‘w_leo(ru)du ="
0 2+ |z — y|?

and the result follows. O

We have exhibited the screened electrostatic in a dielectric slab as the usual Coulomb
potential plus a correcting term. This term is exponentially small as the slab width is
large compare to the relative distance between the two electric charges. Furthermore our
expression is regularized and do not present any divergence as the height z approaches
zero. This expression is suitable for further numerical calculations aiming to compute the
binding energy of an exciton in a 2D materials. In the following we show how a multiscale
approach allows to obtain the 2D potential when the width of the slab is very small with
respect to the exciton Bohr radius.

3. ASYMPTOTICS OF THE SPECTRAL PROBLEM

In the previous analysis two scales enter into the problem, namely the slab width d and
the height of the electric charges zp, z,. Working with quantities normalized by the slab
width d helped us exhibiting the regular part of the 2D electrostatic potential. Finding
the exciton binding energy introduces another scale: the exciton Bohr radius ag. We
are interested in problems where the Bohr radius is large as compared to the slab width:
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ag > d, that is, we focus on two-dimensional problems. Since now two length scales
contribute to the problem, we need to introduce a new parameter 7 = d/ag in order to
vary one length-scale independently of the other. Letting n approach zero allows to deal
with a 2D problem, by considering the electrostatic problem for a 2D sheet.

3.1. The multiple scale approach. We are now in a position to obtain the limit behavior
of the Hamiltonian when 7 tends to 0.

Theorem 2. As n — 0, the asymptotic 2D expansionn to first order in n, of the Hamil-
tonian describing the exciton is given by

(6) — Ay —4nlo(r),

where the effective 2D potential Iy is given by

@ Io(r) = [ 1tr.2.v)dody
Y

Proof. Consider the spectral problem

{=A) = *u/m10} — n*u/madl +nV (r,¢/n, ¢ /) } by = Enthy.
In order to obtain the asymptotic behavior when n — 0, we put this expression in vari-
ational form. To do so we use a test function ¢(r,¢, (") such that, for each r € [0, +o0],
the function (¢, (") — ¢(r,(, (') belongs to D(Y), i.e. the Schwartz space of C'*° functions

with compact support in Y.
It holds

/ VgV + 0k / OchnOcd +
Yy xR Yy xR

ks / oot / V¢ e = By /Y Lt

n Y7I
Let us now divide this equality by n?. Using Lebesgue theorem, we know that, for a
continuous summable function f(z,y) defined on Y, one has: lim, ,on~> fYn flz,y) =
£(0,0). Therefore, we obtain

/ Dended = O(P), / DD = (),
Yy Y,

and

7712 /Y Vi ¢ ppacac = / ar [ /Y V<r,:c,y)dxdy} B () + of1),
where

ng(’l") = %(7“» 0, O)a ¢O(T) = gb(?", 0, O)'

We conclude that, up to order 7, the variational relation is

/V|¢3V|¢O+ﬁ/df Uy V(hx,y)drcdy] YO () (r) =En/¢3¢0.
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The result follows. O

FIGURE 2. LogLog plot of the effective 2D potential (8). It is compared to
the Coulomb potential and to the fitted potential @

This result shows that contrarily to what could be intuitively believed, the effective
2D potential is not obtained from the 3D one simply by putting z = 2z’ = 0. Let us
consider more specifically what happens with the strictly Coulomb part of the potential.
The effective potential in that case is

1
8 Vop(r :/ dzdz'
®) 2n(r) y /12 + |2 — 2|2

whereas by putting z = 2’ = 0 one obtains simply V., = 1/r. In fig. (8), we have plotted
both Vop and V.. There it can be seen that, as r tends to +oo, the effective potential
behaves as the Coulomb potential. However, as r tends to 0 it behaves as

A
(9) Va=—,

r

where A = % 10~%, an expression that was obtained by fitting.
In [I], the following 2D approximation is introduced (the expression is adapted in order
to take into account the change of unit system)

ee’

= I
2med K

Vi (p) P,
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where

oo Jo(t)dt
10 1 = —_—
( ) K(p) A t + 61;‘;627,

06 I I I

FIGURE 3. LogLog plot of the ratio Ik /Iy between the Keldysh potential
and the effective potential @

It can be expressed using Struve and Neumann functions [I, 6] but this representation
is of little interest since the integral in can be computed numerically very easily. This
form of the 2D potential was used in several articles, see e.g. [6], in order to compute
the binding energy of excitons. Several authors have derived this expression using various
approaches [3, 5]. Let us compare our result (7)) and this potential. Using €; = €5 = 1 and
e = 10. The ratio Ix /Iy is plotted in fig. An excellent agreement is seen on a large
range of values. It is only near the singularity that the potentials differ largely from each
other. Our expression for an effective 2D potential is exact, as it comes from a rigorous
limit analysis. Its validity is not limited to specific values of the variable r. As such it can
take into account precisely the interaction between particles at small distances.

4. CONCLUSION

We have derived the asymptotic behavior of the Hamiltonian for the exciton wave func-
tion in a thin dielectric slab pf width d. Our approach is based on a limit analysis of the
Hamiltonian using a suitable small parameter n = d/ag, where ag is the Bohr radius. Our
result compares well with the known results of the literature, although it is not limited to
asymptotic values of the permittivity contrast. The method used here could be extended
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to obtain an expansion of the Hamiltonian with respect to n [8]. We have also provided a
regularized expression for the full 3D potential which makes explicit to what extend this
potential departs from the Coulomb ones. This could be especially useful for implementing
a perturbation analysis.

5. APPENDIX: DERIVATION OF THE SCREENED POTENTIAL.

5.1. Expression of the Green function.

5.1.1. The equation in the Fourier domain. Let us compute then the potential ¢(p, z; 2())
created by a unit charge situated at (0, z)). It satisfies the Poisson equation in the Schwartz
distributions meaning;:

(11) — V- (e(2)Vep) = d(z — %) @ (p)

and the conditions at infinity: lim, ,4+., @ = 0.
By invariance of the medium in the p directions, a partial Fourier transform is performed.
The Fourier transform is defined by:

ok, 25 2p) = /@(p,Z;Zé)e‘ik"’d%,
and the inverse transform is:
1 . "
o(p,z;2) = W/gp(k,z;zé)el Pd?k
The Fourier transform of ¢ satisfies, in the distributional meaning, the following differ-
ential equation:
(12) — 0p(€0,0) + K?cp = 6(2 — 2p),
where: k = |k|. For simplicity, the dependence of ¢ with respect to k and z{, is implicit:
we denote ¢(z) instead of ¢(k, z; ().
5.2. The boundary conditions. There are four regions to be considered:
(1) z > d/2, —¢" + k*p = 0, hence, taking into account the condition at infinity:
@(Z) = A e—k(z—d/2)’
(2) 25 <z<d/2, ¢(z) = A;{ e~k(z=d/2) 4 BJT eklz=d/2),
(3) —d/2 <z <z, ¢(2) = A e k(z=d/2) 4 By eklz=d/2)
(4) z < —d/2, $p(z) = By eF=+d/2)
The boundary conditions at the interfaces of each domain are implied by eq.: the
function ¢ is continuous everywhere and the function €0, ¢ is continuous everywhere except
at z{) where it as a jump: 9,¢(zd) — 0:p(25 ) = —1/e.
For ¢ this gives the relations:
~rd|t Lrd—
o z=d/2, ¢(5|") = (5| ):
(13) Ay = A} + By,
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o 2=z, Pz = @] 7):

(14) A;{ e~ k(zh+d/2) B; Fo+d/2) — A; e—k(=—d/2) | B; HF(E—d/2)
o« 2=—d/2.9(5") = p(5 ):
(15) Af~+ By =B
For the derivative, we obtain:
o 2 =14d/2,
(16) —e9Ay = —5fAJT + 5fB;{,
oz =z,
(17) —kA; e~ k(z6+d/2) | KB} ok(6+d/2) _ (_kA}—efk(ZOfd/Q) 1 kB}-ek(ZOfd/2)) =1/es,
o z=—d/2,
(18) —efAfT +efBy =e1B
From [(13),(L6])] and [(15),(L8)],we get:
19 Aj=T =y

In order to clarify the derivation, we denote:
_Erter o Ef + &2

= ef—er’ 2 Ef — €2
From and , we get:
(20) By =7By
where
o) o e—k(zh=d/2) | ck(z)—d/2)

T e K)ok td/?)
This last expression can be simplified. Let us denote:

M = log(\/Tn), 1.6. \/Tn =€, n=1,2.
From , we get:
cosh [k(d/2 — z{) + 2]
22 T=+/T1T
(22) Y2 cosh [k(d/2 + 2) + mi]
We are looking first for the expression of B;{. It is obtained from , by using [ ]:

krB {_Tl—lefk(z(’)+d/2) _{_ek(z(’)+d/2)} —kB} [_T2€fk(z(’)fd/2) n ek(zofd/Z)} _ L

ef

this gives, upon using the expression for 7

Br=_ 1

=—— T AT =nBF
f ngfﬁ »LAf T2 )
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where:
cosh [k(d/2 + z{) + mi]
sinh [k‘d +m + 772] '

(23) T =

5.3. Expression of the energy of interaction. The electrostatic energy between both
charges is given by:
ee

Vi) = oy

[ otic 2 zppe e
For zy > 2, it holds:

ok, z0; 2) = A}F e—k(z0-d/2) | B}i- ek(z0—d/2)
this gives:

. I
o(k, 20; 2() = k—sf cosh[k(d/2 — 2z9) + n2]

Using , it comes:
1 cosh [k(d/2 + z{)) + m] cosh[k(d/2 — z0) + 1]

D k A — —_—
¢ (k, 205 2p) ke s sinh [k d + 71 + 7o)
and finally:
d
Vip, 20, 2) = ee / cosh [k(§ + 26) +m] COSh[k’(f — 20) + 2] oy
Am? ey k sinh (kd + n + 12)

There is a typo in the expression given in the paper by Keldysh: in the integral defining
the energy of interaction, the term e%? should be replaced by e’*P.

Consider the double integral in polar coordinates: (p,8): p = p(cos8,sinf) and k(cos ), sinv)):
p-k=pkcos(6 —1). It is possible without loss of generality to take § = 7/2, from invari-
ance of the problem under a rotation around axis Oz.

/kdkCOSh —l— z(’)) + m] cosh[k(f — 20) + 2] di/J gikpsin(i)

k sinh (kd+m + n2) 0
Let us recall the generating series for Bessel functions J,,(p):

pipsing _ ZJn(p)e"“”,
n
we obtain: Jo(p) = 5 fo% ePsnY do)y therefore it holds:
ee/ [T cosh [k(Z + z{) +m] cosh[k(% — z0) + m2]
/ sinh (kd +n1 + n2)

Finally, we change to the new variable: u = k/d to get:

V(p7 ZO7ZO 4 2€f

V(p, 20, 2p) = Jo(kp)dk,

271'€f

(24) Vip.20,) = o5 /MCOSh[“(;*?””l} coshfu(y — ) + ]
p72:0720 =

2mepd ) sinh (u 4+ 11 + 12)
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