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Abstract. Theoretical model of the excitonic spectra in hexagonal 2D struc-
tures of two components (donors (D) and acceptors (A) respectively) has been
explored. The A molecules occupy the nodes of a hexagonal lattice and D
molecules are located in the centers of hexagons and create a trigonal lattice. 2D
compounds of similar structure DA2 have been realized in MXenes – transition
metal carbides, nitrides, or carbonitrides. Two types of molecular excitons and
their coupling have been treated: (a) Charge Transfer Excitons (CTEs) of ion-
ized DA pair of neighbor molecules (six branches of CTEs); (b) Frenkel excitons
with the origin of electronic excitations of neutral excited D or A molecule. The
symmetry analysis and Green functions methods are the basis of calculations
of the excitonic spectra and of the levels of linear absorption in polarizations
perpendicular and parallel to the molecular layer.

PACS codes: 71.35Aa, 71.35.Cc, 73.35Pq

1 Introduction

In this paper we explore the spectra of electronic excitations of two-dimensional
hexagonal molecular structures. The realization and intriguing properties of
graphene – the most famous hexagonal 2D crystal [1, 2] – inspired the synthesis
and the exploration of other 2D allotropes and 2D compounds both semiconduc-
tors and insulators (see, e.g., short illustration of these results in [3]). Graphene
and the other 2D materials are not molecular structures. But the first studies of
hexagonal 2D structures have been realized several decades ago on molecular
layers of bacteriorhodopsin [4, 5].

Our theoretical model expands those studies for complex dual hexagonal–
trigonal 2D lattices. In Ref. [6] we use the geometry of two hexagonal sublattices
in graphene as positions of two different entities (the molecules of donors in one
sublattice and of acceptors in the other, DA). The system DA consists of one
donor and one acceptor in unit cell. In the present paper we treat the model DA2

with one D and two A molecules in unit cell (or vice versa). In our model the
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acceptors occupy the positions of the nodes of a hexagonal lattice whereas the
donors are located in the centers of hexagons and they create a trigonal lattice
dual to the hexagonal. In nonmolecular 2D realization [3] the crystal of hexag-
onal Boron Nitride can be described by structure DA and Mxenes – transition
metal carbides – represent an analog of the structure DA2.

In Ref. [6] and in the present paper we analyze the symmetry and the spec-
tra of two types of molecular excitons [7–9]: (i) Frenkel excitons (FEs) which
represent collectivized electronic excitation of neutral molecule – donor or ac-
ceptor; (ii) Charge Transfer Excitons (CTEs) which describe the electronic ex-
citations of ionized DA pair of neighboring molecules. CTEs are manifested in
DA-systems and in one-component materials as well. We consider FEs-CTEs
coupling and calculate the levels of the linear absorption in excitonic region.

The outline of the paper is the following: in Section 2 we introduce the model
of dual 2D DA2 lattice and describe CTEs branches and their spectra in linear
absorption. In Section 3 the case of FEs which stem from the excitation of
donor molecules is treated, as well as their coupling with CTEs. In Section 4 we
consider the case of FEs which originate from two A molecules in crystal unit
cell. Section 5 is concluding.

2 Model and CTEs in Dual Hexagonal–Trigonal Lattices

The explored model is shown in Figure 1. Each unit cell contains one D molecule
and two A molecules (a, b). Obviously the structure AD2 can be described using
the analogous scheme.

The numerals 1–6 denote the number of CTEs with operators of annihilation
Ci,mn, i = 1–6, and (mn) is the position of the hole of CTEs in ionized D
molecule. The excitation energy of the six equivalent quasiparticles (CTEs) is
EC and Je and Jh are the transfer integrals of the electron (hole) between the
neighboring A (D) molecules. Then in CTEs Hamiltonian appear transfer terms
of type JeC+

2,mnC1,mn and Jh(C+
5,m+1nC1,mn+C+

4m+1nC2,mn). In momen-
tum space ~k = (k1, k2) one obtains the following Hamiltonian:

ĤCTEs =
∑

k;i=1−6

ECC
+
ikCik

+ Je
∑
k

[
C+

2kC1k + C+
3kC2k + · · ·+ C+

1kC6k + h.c.
]

+ Jh
∑
k

[
(C+

5kC1k + C+
4kC2k)e−ik1 + (C+

5kC3k + C+
6kC2k)e−ik2

+ (C+
6kC4k + C+

1kC3k)ei(k1−k2) + h.c.
]
. (1)
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Figure 1. Model of dual hexagonal–trigonal 2D DA2 lattice. White circles denote posi-
tions of D molecules and black circles – positions of A molecules. (~a1, ~a2) – transla-
tional vectors of 2D lattice. The numerals 1–6 denote the numbers of CTEs. The axis
x̂ is directed along CTE1 and axis ŷ is perpendicular to it. (a, b) – positions of the two
acceptor molecules in unite cell.

Usually the transfer integrals (Je, Jh) depend on the distance r between neigh-
bor molecules as r−3 and, hence, |Jh| is several times smaller than |Je| be-
cause of larger distance between D molecules. By using the method of Refs. [6]
and [10], one obtains the following three combinations with nonzero transition
dipole moments:

(a) combination
Ψz,k =

1√
6

∑
i=1,6

C+
ik|0〉 (2a)

with transition dipole momemnt pz which is the sum of the z-transition moment
of each CTE:

(b) combinations

Ψ(rl),k =
1√
6

∑
k

[
C+

1k − C
+
4k +

1

2
(C+

2k − C
+
5k − C

+
3k + C+

6k)

± i
√

3

2
(C+

2k − C
+
5k + C+

3k − C
+
6k)
]
|0〉 . (2b)

Combinations (2b) describe excitations with right- and left-circular polarization.
We can identify their real parts as x-CTEs combination and imaginery parts as
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y-combination with transition dipole moment

P̂xy = q
[
C1,0 − C4,0 +

1

2
(C2,0 − C5,0 − C3,0 + C6,0

]
x̂

+
q
√

3

2

[
C2,0 − C5,0 + C3,0 − C6,0

]
ŷ + h.c. , (3)

where q is the parallel to the layer component of the transition momemt of one
CTE and (x̂, ŷ) are corresponding unit vectors. We note here that z-component
of transition dipole moment is not symmetry forbiden but it should be negligibly
small compared with q [11].

The operators of transition dipole moments of combination (3) allow to calculate
linear optical susceptibility χ and linear absorption spectra. In calculations the
following formulas have been used [7, 8]:

χij = lim
ε→+0

{
− 1

2~V

[
Φij(ω + iε) + Φij(−ω + iε)

]}
, (4)

Φij(t) = −iθ(t)〈0|P̂i(t)P̂j(0) + P̂j(t)P̂i(0)|0〉 , (5)

where θ(t) is the step function, V is the volume of the crystal (layer). The Green-
functions (5) have been calculated as an average over only the ground state |0〉
taking into account the large values of EC compared with k

B
T (T – being the

temperature). By using Green-functions methods at T = 0, one obtains the
following components of the linear optical susceptibilities near frequency ~ω ≈
EC:

χzz = −6pP 2
z

υ

1

~ω − (EC + 2Je + 2Jh)
, (6a)

χxx = χyy = −3q2

υ

1

~ω − (EC + Je − Jh)
, (6b)

where υ is the volume of one unit cell.

Linear absorption coefficient is proportional to Im(χzz, χxx) at substitution ω →
ω + iδ.

3 Frenkel Exitons on Donors

FEs stem from the electronic excitations of neutral D or A molecule and can
be transferred between neighbor identical molecules. Dipole-active FEs possess
transition dipole moments as follows:

(a) perpendicular to the layer PFz . We call those FEs Bz excitons;
(b) parallel to the layer. Due to the isotropy in the plane (xy), those FEs are

double degenerate.
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According to the approach of Ref. [6], we introduce two circularly polarized
excitations in each molecule

Bl,r =
1√
2

(Bx ∓ iBy) , (7)

where Bx and By are operators of annihilation of the molecular excitations with
transition dipole momentum h directed along x (y) axis

P̂mol = h[x̂Bx + ŷBy + h.c.] . (7a)

In this Section we treat FEs which stem from donors. D molecules create simple
hexagonal lattice and the Hamiltonian of Bz excitons is [12]

ĤFz =
∑
k

(EF + 2V1µ)B+
zkBzk , (8)

µ = cos(k1γ) + cos(k2γ) + cos[(k1 − k2)γ] ,

where EF is the excitation energy, γ = a
√

3/2 and V1 = P 2Fz/(4πε0a31) is
their transfer integral (a1) being the length of coordinate vectors (~a1,~a2), see
Figure 1). Bz exciton in each molecule is coupling with six CTEs Ci,nm and the
coupling part of the Hamiltonian is

Ĥ
(z)
F,CT = D

∑
k; i=1,6

[B+
z,kCik + h.c.] . (9)

In calculations of the component χzz of the linear optical susceptibility, the fol-
lowing operators of transition dipole moment is used in formulas (4) and (5):

P̂z = PFzBz,k=0 + pz
∑
i=1,6

Ci,k=0 + h.c. (10)

Then, one obtains

χzz = − 1

υD1
[P 2

Fzα22 + 12PFzpzD + 6α11p
2
z] , (11)

where

α11 = −(EF + 6V1) + ~ω , (12)
α22 = ~ω − (EC + 2Je + 2Jh) , (13)

D1 = α11α22 − 6D2 . (14)

Two levels of the linear absorption appear at D1 = 0, as result of FE–CTEs
couplimg

~ω1,2 =
EF + 6V1 + EC + 2Je + 2Jh

2

±
√(EF + 6V1 − EC − 2Je − 2Jh

2

)2
+ 6D2 . (15)

32



Excitonic Spectra of Dual Hexagonal-Trigonal 2D Donor-Acceptor Lattices

The components χxx = χyy can be calculated using the operator P̂xy which is
sum of operators (3) and (7a).

The most essential part of FEs–CTEs coupling is in the plane (x, y) and can
be calculated as coupling of r and l-combinations of CTEs, formula (2b), and
(r,l) combinations (7). In the center of Brillouin zone, k = 0, one obtaims the
following coupling part:

Ĥ
(xy)
FC (k = 0) = E

{
B+
x [C1 − C4 + (1/2)(C2 − C5 − C3 + C6)]

+B+
y (
√

3/2)[C2 − C5 + C3 − C6] + h.c
}
. (16)

The components χxx = χyy are as follows:

χxx = χyy = − 1

υD2
[h2α22 + 6hqE + 3q2α11],

where

α11 = ~ω − (EF1 + 3V2) ;

α22 = ~ω − (EC + Je − Jh) ;

D2 = α11α22 − 3E2 .
(17)

In formulas (17), EF1 is the excitation energy of the degenerate excitons with
operators of annihilation (Bx, By) and V2 = −h2/(4πε0a31) is the transfer in-
tegral of r- and l-excitons between neighbor donor molecules (EF1 and EF may
be different). In these polarizations, the levels of the linear absorption defined
as zeros of D2 = 0, are

~ω3,4 =
EF1 + 3V2 + EC + Je − Jh

2

±
√(EF1 + 3V2 − EC − Je + Jh

2

)2
+ 3E2 . (18)

4 Frenkel Exitons on Acceptors

Two acceptor molecules in unit cell make excitonic spectra more complicated.
We begin with the case of z-excitons polarized perpendicularly to the layer. Each
acceptor molecule a(b) has three closest neighbors b(a) at a distance of a1/

√
3

and six second neighbors a(b) at a distance of a1. Hamiltonian of FEs(z) on
acceptors is the following [7, 8]:

ĤF,z =
∑
k

[EF2 + 2V3µ][Ba+zk B
a
zk +Bb+zk B

b
zk]

+
∑
k

[M(1 + eik1γ + eik2γ)Bb+zk B
a
zk + h.c.] , (19)
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where V3 = P 2
zA/(4πε0a

3
1) and M = 3

√
3V3.

The FEs(z)–CTEs coupling can be expressed taking into account that a-acceptor
is coupled with CTEs 2,4 and 6, whereas b-acceptor FE is coupled with CTEs
1, 3 and 5 (see Figure 1). The corresponding part of the Hamiltonian is the
following:

Ĥ
(z)
F,C = E1

∑
mn

[
(C+

2,mn + C+
4,m+1n + C+

6,mn+1)Ba
z,mn

+ (C+
5,m+1n+1 + C+

1,mn+1 + C+
3,m+1n)Bb

z,mn + h.c.
]
. (20)

In momentum space (k1, k2) one obtains

Ĥ
(z)
F,C = E1

∑
k

[
(C+

2k + C+
4ke
−ik1γ + C+

6ke
−ik2γ)Ba

z,k

+ (C+
5 e
−i(k1+k2)γ + C+

1 e
−ik2γ + C+

3 e
−ik1γ)Bb

z,k + h.c.
]
. (21)

One obtains the following operator of transition dipole moment:

P̂ (z) = pz
∑
i=1,6

Ci,k=0 + P
(a)
F,z(Ba

z,k=0 +Bb
z,k=0) + h.c. (22)

since A molecules are identical and identically positioned at the nodes hexagonal
lattice.

We apply formulas (4) and (5) in calculations of components χzz and obtain

χzz = − 1

υD3
{2(P a

F,z)
2α22 + 12pzP

a
F,zE1 + 6p2zα11}, , (23)

where

α11 = ~ω − (EF2 + 6V3 + 3M) ;

α22 = ~ω − (EC + 2Je + 2Jh)], ;

D3 = α11α22 − 3E21 .
(24)

The absorption levels at D3 = 0 can be expressed with analogous formula of
(15) but with 3E21 instead of 6D2. Two A molecules cause Davydov splitting but
second Davydov state is not active in linear absorption.

Four branches of (xy)-excitons are coupled, two of them originate from
molecules a and two – from molecules b. Here we consider the case k = 0,
in the center of Brillouin zone, manifested in linear absorption. One obtains the
following parts of Hamiltonian which describe FEs and FEs–CTEs coupling:
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Ĥ
(xy)
F (k = 0) = (EF2 − 3V4)(Ba+

x Ba
x +Ba+

y Ba
y +Bb+

x Bb
x +Ba+

y Ba
y)

− 9
√

3

4
V4[Ba+

x Bb
x +Ba+

y Bb
y + h.c.] , (25)

Ĥ
(xy)
FC (k = 0) = E3

{[
C+

4 −
1

2
(C+

2 + C+
6 )
]
Ba
x +

√
3

2
(C+

2 − C
+
6 )Ba

y

+
[
C+

1 −
1

2
(C+

3 + C+
5 )
]
Bb
x +

√
3

2
(C+

3 − C
+
5 )Bb

y + h.c.
}
,

(26)

where V4 = h21/(4πε0a
3
1). Transition dipole moment of FEs is

P̂
(xy)
F = h1[Ba

x +Bb
x +Ba

y +Bb
y] + h.c. (27)

In formulas (25)–(27) all operators concern excitonic states with k = 0. The full
transition dipole moment operator is the sum of (27) and (3).

We apply again formulas (4) and (5) and find the followin expressions for the
components chxx = χyy:

χxx = χyy = − 1

υD4

{
2h21α22 + 6E3h1q + 3q2α11

}
, (28)

where

α11 = ~ω − [EF2 − 3V4(1 + 3
√

3/4)] ,

α22 = ~ω − (EC + Je − Jh) ,

D4 = α11α22 −
3

2
E23 .

(29)

5 Conclusions

Our study treats a theoretical model of molecular donor–acceptor 2D structure
which is arranged in dual hexagonal–trigonal lattices. The molecular crystal of
that structure is not realized but modern technology and curiosity to 2D struc-
tures increase the expectations for future studies of hexagonal 2D substances.

The following results can be important:

1. The symmetry analysis and the demonstrations of the electronic excita-
tions can be applied in the explorations of hexagonal 2D structures in-
cluding semiconductors and other crystals.

2. The excitonic spectra, which consist of both FEs and CTEs, as well as
their coupling strongly depend on the anisotropy of the model structure
(in 2D layer and perpendicular to it).

35



I.J. Lalov

3. Our model includes two acceptor molecules in unit cell and, hence, two
effects are expected: Davydov splitting; and the splitting caused by FEs–
CTEs coupling. Davydov components which are silent in linear absorp-
tion can be studied using the same Green function methods.

A possible continuation of the present studies on dual hexagonal–trigonal lat-
tices could be the calculations of their vibronic spectra influenced by the exciton-
phonon coupling [6–8].
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