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This study explores the optical properties of monolayers from transition metal dichalcogenides (TMDs), materials that have gained
attention post-graphene discovery for their unique electronic and optical characteristics. We analyze the crystal structure, Brillouin
zones, and electronic band structures of TMD monolayers, laying the foundation to understand their diverse optical phenomena.
Special emphasis is placed on the energy spectrum across valleys and the use of an effective Hamiltonian for parallel spin bands.
We investigate interband optical transitions, including single-, two-, and three-photon processes, developing equations to calculate
transition probabilities that take into account polarization, light frequency, and temperature. Our theoretical analysis, rooted in
quantum mechanics, sheds light on the matrix elements that dictate these transitions, underscoring the impact of complex
compositions on the optical behavior of TMD monolayers. This work not only advances our understanding of TMD optical
properties but also highlights their potential for optoelectronic applications, marking a significant contribution to the field of
semiconductor physics.
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INTRODUCTION

The discovery of a method for producing graphene [1] sparked significant interest in the exploration of various two-
dimensional (2D) atomic layers of transition metal dichalcogenides (TMDs), which exhibit unique physical properties.
Transition metal dichalcogenides are a class of chemical compounds denoted by the formula M X,, where M represents a
transition metal (e.g., Mo, W) and X denotes a chalcogen (e.g., S, Se) [2-5].

In recent years, two-dimensional (2D) structures such as graphene, monolayers of transition metal dichalcogenides
(TMDs), monolayers of hexagonal boron nitride, and van der Waals heterostructures based on them have occupied a
special place in the field of semiconductor nanosystems [3,4]. The most widely studied representatives among TMDs
include MoS,, MoSe,, WS,, and WSe, monolayers [5-7]. These two-dimensional systems are actively investigated both
experimentally and theoretically. It's noteworthy that the boundaries of the hexagonal Brillouin zone are delineated at the
K, points. In such scenarios, under the dipole approximation, o* or 6~ polarized light is selectively absorbed in the K,
or K_ valleys, respectively [6].

Currently, numerous studies focus on the diverse structures of metal dichalcogenides [6]. However, the optical
properties of samples with intricate structures remain insufficiently explored. In light of this, the theoretical investigation
of single- and multiphoton absorption in monolayers of metal dichalcogenides becomes paramount. This involves a
detailed examination of the matrix elements of optical transitions, which constitutes the core subject of this work. Such
analysis is crucial for understanding the complex optical behaviors of these materials.

BASIC PROPERTIES OF TMD MONOLAYERS

Fig. la,b schematically illustrates the crystal structure and atomic arrangement within TMD monolayers. The
monomolecular layer, characterized by the D3, point group, features a horizontal mirror plane that intersects the metal
atom layer. The unit cell comprises a metal atom flanked by two chalcogen atoms, positioned in planes above and below
the metal plane, respectively. The Brillouin zone is depicted as a regular hexagon (Fig. 1c). The correct exclusion zones
at the K. points are identified by the time-reversal symmetry between them. Near these points, the electron dispersion in
both the valence and conduction bands exhibits a parabolic shape (Fig. 1d). It is important to note that at the K. points,
the band splitting due to spin-orbit coupling vanishes, leading to degeneracy. This symmetry, under the time-reversal
operator, allows for the association of states with opposite spins in different valleys.

As aresult, we derive the effective Hamiltonian matrix for the K, point, which is a 2x2 matrix describing the states
with parallel spins in the conduction and valence bands for spin projection s = +1/2 near this point [6], i.e.
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Here, k, = (kx, ky) represents the two-dimensional wave vector relative to the y point in the Brillouin zone, and
K, signifies a parameter proportional to the interband matrix element of the momentum operator. E; denotes the band
gap. For spin levels within the same valley (s = —1/2), the band gap E; transforms to E;, ,, where A is the sum of the
spin-orbit coupling induced energy splittings in the conduction and valence bands. It is important to note that the band
gap widths in structures based on molybdenum and tungsten exhibit quantitative differences [5-8]. The effective
Hamiltonian for the K_ valley is obtained by the substitution in expression (1) from k,, £ ik, — k, + ik,, [1]. The energy
spectrum of an electron, as described by Hamiltonian (1), is given by the following expression, which is also referred to

as the Dirac-like energy spectrum [8]:
2
Eak = A&y, & = /(Eg/z) +v2k2, )

where T = + corresponds to the conduction band, while T = — denotes the valence band. The distinction in band gaps,
denoted as E, (k L), leads to variations in the energy spectrum, which are depicted in Fig. 1. This figure illustrates how
the energy spectrum varies with different band gap values (Fig. 1a) and electron effective masses (Fig. 1b) [5-10]. The

diverse band gaps and effective masses across different materials result in significant differences in their electronic
properties, as visually represented in these figures.
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Figure 1. (a) is an MX, schematic representation of the monolayer crystal structure of TMD described by the chemical formula.
Blue spheres - metal atoms (M), yellow - chalcogen (X), (b) - arrangement of atoms, (c) two-dimensional Brillouin zone, (d) K4
image of the energy spectrum near points corresponding to the Brillouin zone and the usual rules for choosing radiation for falls.
Here Akc and Axv are the widths of the spin-orbit bands separating the conduction band and valence band, respectively.

In many instances, to streamline the calculations, the energy spectrum of charge carriers for very small magnitudes
of the wave vector (k) can be approximated as follows:

~
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where m* = E;/(2v§) is expressed as effective mass, vy = y/h quantity per unit speed.

Literature sources, including [4], present varying numerical values for the effective mass of electrons and the band
gap in monolayers of metal dichalcogenides. Consequently, Figure 1 illustrates the energy spectra of charge carriers for
diverse values of the aforementioned band parameters: it showcases how the energy spectrum's band gap varies with a
specific effective mass, alongside the results plotted against the two-dimensional wave vector. Meanwhile, Figure 2
displays the energy spectrum as a function of the effective mass and two-dimensional wave vector, with the band gap
held constant.

COMPONENT MATRIX ELEMENTS OF INTERBAND OPTICAL TRANSITIONS

The coefficient of linear-circular dichroism, indicative of the probabilities of optical transitions, is determined by
the underlying matrix elements. These elements facilitate a quantum mechanical analysis of such transitions. Moving
forward, we will conduct a detailed examination of the matrix elements associated with single- and multiphoton optical
transitions, aiming to deepen our understanding of these processes.

Interband single-photon optical transitions. This optical transitions in monolayers of metal dichalcogenides are
influenced by the polarization vector € of light, its frequency, and the temperature of the sample. Assuming the effect of
coherent saturation is negligible, the probability of these optical transitions between the conduction (C) and valence (V)
bands can be expressed as:

WED = 27 (22) s So(F(EL) — FED) I - Ber[28(E, — E- — ho) @

is calculated by the expression, here where (€ - P) ., -pulse operator and the interband matrix element of the scalar product
of the polarization vector of polarized light, the remaining quantities are well-known quantities. (1) the eigenfunctions of
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the Hamiltonian, i.e., the propagation coefficient of the wave functions of current carriers [10] is determined as noted in

the work, and if we pay attention to the fact that the operator k impulse is the first-order derivative obtained from
relation (1) according to wave vector, then (€ - )., the matrix element of the operator of single-photon interband optical
transitions will be noted in the following form

OH, OHy
X Oky tey dky

(clé-pIvy ="2(ce

vy="20— (k){ _[B, + E(kL)] - [—Eg + E(k,)]e. ). ()
Here py = %, k3 =kZ+ ka,, ey = (ex + iey). (Diagonal) matrix element of the pulse operator corresponding to

single-band networks and single-photon optical transitions:

—> _ 4moY _Eiky ko _Eiky Ky (©6)
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is recorded on the form. If we neglect the contribution of the coherent saturation effect, then the squared modulus of the
composite matrix element will be written as

2 2 24,2
(€D] (eAO) 2 Egravikif o 2
|M; (k)| el i E2+2y2k2 (e2 —e2)], (7
Interband two-photon optical transitions. In the general case, two-photon interband optical transitions occur in two

stages: at the first stage - interband single-photon optical transitions, then intraband single-photon optical transitions (and
vice versa at the second stage) [12]. Then the matrix element of the two-photon optical transition has the form

@7 2\ _ (4o [ EPec@EPev  ERev@EBvy
Mev (kJ"e) - (moc) {EC(EL)—EV(EJ_)—hm ho }’ ®)

If we take into account the law of conservation of energy for a given optical transition, then
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Since the energy spectra of current carriers in the conduction band and valence band differ from each other in sign,
the relation (& -p).. = —(&-P)yy is appropriate. Expression (9) takes into account E.(k,) — EV(E 1) —Naw=0
relationships associated with N photon absorption of polarized light (from this relationship we obtain k,(w) =
[(Nhw)? — E_g]l/2 /(2y) expressions. Thus, Mg/) (E 1, €) is determined by the relation
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1 1
where Tf = [(E; +4y%k3)? + Eg] / [Z(E; + 4y2kf)z], also here the squared modulus of the value Mg,)(kl, é) is
determined by the expression
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where,
SRS/) = 4T*k}e?(2ecky + ek ) 91(3) ATre? (eck, + eyky)z,

RD =8 T2 (T2/k2) - [(ky + ky)ex — (kaky)ey] - [(kx — Ky )ex + (ks + Ky ey ] - (eyky + exky)”.

Interband three-photon optical transitions. Now optical transitions involving three photons from the valence band
to the conduction band (interband) occur according to the following scheme

V.ky) = (Vk) = (V&) = (e ku), (VL) = (V. kL) = (e,kL) = (e k),

(V,El) > (C,EL) > (C,EJ_) > (C,EJ_), (V,EL) > (C,EJ_) > (V,El) > (C,EL).

Then the matrix element of interband three-photon optical transitions is represented as
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Then the square of the modulus of the two-photon optical transition (|M§,) (k L e)| ):
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here,

Ray = (T2kte? — 2 ((e2 — ) (k3 — k3) + 4kykyeve, ) k3T?) (EZ + 4y?k3)T2,
Ry = (TH(4y22 + E2)e? — 1282 (e2k2 + k2e2) — 256y2kkye ey )ki],
Ryp = [T4kZed — 27272k3 ((e2 — e3) (k2 — k) + 4kokyecey ) + Tikte?].

CONCLUSIONS

Through this analysis, we have derived matrix element expressions for single-, two-, and three-photon optical
transitions between the spin states of the conduction and valence bands. These expressions enable the classification of
optical transitions based on the angle between the polarization vectors and wave vectors of the charge carriers, as well as
on the band parameters specific to monolayers of transition metal dichalcogenides. Furthermore, they allow for the
determination of the spectral and temperature dependences of the coefficients for single- and multi-photon interband
absorption of light and linear-circular dichroism. These aspects will be thoroughly investigated in subsequent work.

The theory of nonlinear absorption of polarized radiation in two-dimensional, atomically thin layers of transition
metal dichalcogenides has been advanced. It is important to highlight that excluding the effects of coherent saturation
from the analysis of interband single-photon absorption of polarized radiation [11] reveals that linear-circular
dichroism does not manifest in atomically thin metal dichalcogenides. This observation is attributed to the fact that,
under these conditions, the probabilities of single-photon optical transitions are independent of the polarization states
of light.
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OJHO-TA BATATO®OTOHHI OIITUYHI MTEPEXOJU B ATOMHO TOHKIX IIAPAX ITUXAJIBKOI'EHIJIIB
HNEPEXIIHUX METAJIIB
Pycram S1. Pacyaios?, Bokxo6 P. Pacy.os?, Kamouaxon K. YpinosaP, Maxaie A. Mamarosa?, Baxouip B. Axmenos?
@ @epeancokuil OeporcasHutl yrieepcumem, Pepeana, Y3bexucman
b Kokanocwruil OdeposcasHuil nedazoeiunuil incmumym, Koxano, Yzbexucman

VY crarTi 00roBOpIOETHCS BUPOOHUIITBO Ta BIIACTHBOCTI JBOBUMIPHHX aTOMHHX IIapiB JUXaIbKOTeHINIB mepeximaux metanis (TM/I) 3
aKIIEHTOM Ha ONTHYHUX BJIAaCTHUBOCTAX MOHOMIApIB. BiH IOUYMHAETBCS 31 BCTYIly JO BIIKPHUTTS METOIIB BHPOOHMITBA TpadeHy Ta
nojankinoro inrepecy 10 TMD. [leranizoBaHo 0CHOBHI BJIacTUBOCTI MoHoImapie TM/I, iX KpucTamiuHy CTpyKTypy Ta 30HY bpimiroeHa.
VY crarTi JOCHIPKEHO €HEpreTUYHWI CHEKTp CNEKTPOHIB y PI3HMX NOJIMHAX Ta e(QEKTUBHUH TaMiIbTOHiaH, IO ONUCYE CTAaHU B
HapajeIbHUX CIHOBHX 30HaX. OOroBOPEHHs MOLIMPIOETHCS Ha MATPHYHI €JIEMEHTH MiXK30HHHUX ONTHYHUX IIEPEXOIB, BKIIOUAI0UH OJIHO-
, IBo- Ta TpudoToHHI nepexoau. HaBeneHo piBHSHHS U1 pO3paxyHKy HMOBIPHOCTEH ONTHYHUX MEPEXO/IiB, BKIIOYAIOUH Taki (akropy,
SIK BEKTOP MOJISIpH3aLlii, YacToTa CBiTJIa Ta TeMIepaTypa 3paska. BUKIIaaeHO TCOPETUYHHI aHaIi3 CKIIAJJOBUX MATPUYHUX EJIEMEHTIB [UIs
[UX TEePEXO/IiB, HArOJONIYIOYH HAa KBaHTOBO-MEXaHIUYHMX acmekrTax. CTaTTs CpHsie AOCTIIKCHHIO ONTUYHOI MOBEIiHKH MOHOIIApiB
JMXanbKoreHiqiB nepexigaux MeratiB (TM]I), 30kpeMa B CTPYKTypax CKJIAJHOTO CKIIamy.

KnrouoBi cioBa: nonsipuzosanuil ¢pomon; mampuunuil enemenm; ONMUYHI Nepexoou; O0B030HHe HAOAUICEHHS, HOCIT cmpymy,
enekmponnuti I aminemonian, onepamop iMnyavCy, CRiHO8i cmanu





