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Abstract

In this study, we utilize a rigorous ab initio-based finite momentum Bethe-Salpeter

equation to investigate the photoluminescence emission in two-dimensional hexago-

nal tungsten carbide (h-WC). This thermodynamically stable monolayer exhibits an

indirect optical gap, resulting in phonon-assisted emission. We observe that light ab-

sorption is a direct process centered around the direct quasiparticle gap, while light

emission is indirect and requires modes between Γ-M in the phonon dispersion. The

emission lines feature prominent phonon replicas at cryogenic temperatures, particu-

larly near-infrared wavelengths (1.09 and 1.17 eV), and we observe exciton thermal-

ization with the crystal beyond 25 K. Additionally, non-radiative recombination is a
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remarkably fast process, occurring at order of a few femtoseconds (4.8 fs at 0 K and 2.8

fs at 300 K) compared to radiative recombination (2.3 ps at 0 K and 214 ns at 300 K).

These optical characteristics of 2D h-WC may facilitate the promise of photon-emitter

devices for near-infrared signal communication.

Introduction

In two-dimensional (2D) dielectrics, weak non-local screening leads to the formation of

strongly bound electron-hole pairs (excitons), thus intensifying light emission. Benchmark

experiments have proven such intense luminescence and giant excitonic exciton binding

energy (BE) in transitional metal dichalcogenides (TMDCs), such as WS2,1 MoSe2,2 and

MoTe2,3 grown on Si/SiO2 substrates and WSe2 and MoS2 on sapphire.4 Moreover, their

mono-chalcogenides (TMMCs) like InSe,5 and hexagonal-BN (h-BN) on graphite substrates6

have exhibited similarly remarkable luminescence and BE. Such observation starkly contrasts

with conventional bulk structures, where surrounding charges effectively screen the electric

field, resulting in weaker Coulombic interaction.7

The absence of crystalline centro-symmetry in these 2D heavier materials leads further

to significant spin-orbit splitting (SOS) in their electronic states.8–10 Optical transitions

also display selectivity due to the presence of crystalline time reversal symmetry.11–13 In the

presence of an SOS, it is observed that in 2D TMDCs, the intravalley optical transitions may

result in an optically bright state with the same spin-coupling alongside a spin-forbidden,

optically dark state. Instead, intervalley couplings between opposite spins become optically

dark, known as momentum-forbidden dark states, while same-spin couplings yield bright

states.14–16

The presence of intervalley (finite-momentum) excitons is pivotal in understanding light

emission from indirect-gap semiconductors, as exemplified in bulk h-BN. Despite possessing

an indirect quasi-particle gap, bulk h-BN exhibits intense light emission in the deep ultra-

violet region.17 This photoluminescence emission mechanism is attributed to the assistance
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from phonon modes between the Γ-K points of the phonon Brillouin zone (BZ) dispersion,

with an additional contribution from the out-of-plane (ZA) mode. The interpretation is sup-

ported by the group theoretic analyses, where the symmetry between the exciton (excitation

light propagation direction) and transferred phonon mode governs the selection rules for the

indirect emission processes (see Supporting Information (SI) in Cassabois et al.17), and by a

detailed balance perturbative method based on ab initio non-equilibrium Green’s function.18

While 2D TMDCs typically feature a direct quasi-particle gap, negating the require-

ment for phonon assistance in electron-hole recombination, Brem et al.19 instead observed

phonon-assisted photoluminescence emission from hBN-encapsulated WSe2, indicating an

indirect optical gap. Explorations into MX2 materials (M: Mo or W, X: S or Se) unveil

intriguing distinctions. Tungsten-based TMDCs manifest robust phonon-assisted emission,

attributed to the existence of dark excitons beneath the brightest ones, thereby endowing

vibrational character.19 In contrast, molybdenum-based TMDCs lack prominent phonon-

assisted emission due to the absence of dark excitons.19 This observed heterogeneity under-

scores the intricate interplay between material composition and photophysical properties,

thereby advancing our understanding of MX2 systems.

In this work, we extend the possibility of achieving an intense light emission from a similar

tungsten-based 2D carbide: hexagonal tungsten carbide (h-WC), a recently discovered 2D

material (see the SI in Xu et al.20). Group VI transition metal carbides such as Mo2C, W2C,

and WC have long been recognized for their large surface area21 and excellent stability.22

Initially employed in industrial cutting tools23 and hard coatings24 owing to their structural

toughness, bulk WC crystals were experimentally developed in a simple hexagonal close

packing structure. Neutron diffraction measurements along the (100) plane confirmed the

crystal’s point and space group to be D1
3h, with Hermann-Mauguin symbol P6̄m2 and 187,

respectively.25 The Wyckoff positions are 1W in 1a:(0,0,0) and 1C in 1f:(2/3,1/3,1/2).25 Xu

et. al. have developed a chemical vapor deposition (CVD) method to produce high-quality,

defect-free, and large surface area 2D ultrathin WC crystals. These single crystals were
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shown to remain stable under ambient conditions and can be grown in hexagonal and cubic

structures along (001) and (111) directions, normal to the surface.

While clear strategies for understanding light absorption and emission processes in 2D h-

WC remain elusive, we are motivated to investigate its exciton-driven temperature-dependent

light emission. Employing many-body perturbation theory (MBPT), we rigorously utilize

a purely ab initio method to account for correlations between electron-electron, electron-

phonon, electron-hole, and exciton-phonon interactions.26,27 We aim to comprehensively un-

derstand the absorption and phonon-assisted emission processes in 2D h-WC from cryogenic

to room temperatures. We report that 2D h-WC possesses an indirect optical gap and that

light absorption and emission processes occur via distinct channels, with the former being

direct and the latter indirect. At cryogenic temperatures, the emission spectra fall in the

near-infrared region (1.09 and 1.17 eV) and contain rich sources of phonon replicas with

no forbidden phonons. Our analyses are based on the solution of finite exciton momentum

Bethe-Salpeter equation (BSE).28,29 The Supporting Information (SI) contains supporting

discussions on specific results concerning 2D h-WC and the corresponding convergence fig-

ures.

Computational Methodology

Ground state energy calculations

Bulk WC possesses D1
3h point group symmetry. We use the same Wyckoff positions to

create a primitive cell composing W and C atoms. We then add a vacuum-slab-vacuum

configuration with a vacuum of 20 Å to cut down the Coulombic interactions due to the

repeated periodic images of the cell normal to the plane. This leads to the monolayer

WC with C3v(3m) symmetry. Fully-relativistic norm-conserving pseudopotentials with non-

collinear core corrections were then generated.30 In W, the states frozen in the core were [Cd],

and the valence states were 5p, 4f, 5d, and 6s, while in C, the core states were [He] with the
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valence states 2s and 2p. For the exchange-correlation functional, we utilized the Perdew-

Burke-Enzerhof (PBE) functional, which was chosen over the Local Density Approximation

(LDA) as the latter tends to underestimate electron-phonon couplings by about 30%.31

Since W is a heavy element, we switch on the spin-orbit interactions. Finally, a Γ-centered

12×12×1 Monkhorst-pack grid, with all forces and energy cut-offs maintained under 10−5

Ry/Bohr and 10−5 Ry respectively, was found sufficient to converge an energy minimization

process on the unit cell. We found that 80 Ry as the kinetic energy cut-off is sufficient to

converge the energies (See Fig. S21 in the SI). We used the density functional theory (DFT)

based Quantum Espresso open source code32 for all our ground state computations.

Electron-Phonon coupling calculations

All the lattice vibronic energies and electron-phonon self-energy corrections were computed

using the extended PHonon package inside the same code above. To calculate the dynam-

ical matrices, we chose a dense uniform grid of phonon momenta q with discrete sampling

12×12×1. We used a tight self-consistent energy threshold of 10−17 Ry along with the singular

iteration mixing factor of 0.7 Ry. These energy parameters were found sufficient to converge

all the phonon frequencies. Evaluation of the electron-phonon self-energies requires an equal

grid spacing of k (electron momenta) and q. Hence, to speed up the convergence, we inter-

polated the phonon energies on a dense q grid of 60×60×1. A smooth Fourier interpolation

(“double-grid approach”) can then be used to interpolate the electronic energies at k+q.33,34

We therefore fixed the course grid at 12×12×1 and converged the quasi-particle energy-gap

for a variety of dense q grids (see Fig. S16 in the SI for the quasiparticle gap convergence

with respect to q-grids).

The self-energy corrections were calculated using the Density Functional Perturbation The-

ory (DFPT) formalism. Initially, we computed the perturbed self-consistent potential con-

cerning the atomic displacements. The charge density employed here originates from the

self-consistent field calculations conducted during the electronic energy minimization pro-
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cess. Subsequently, we proceeded with the construction of scattered states. Employing these

two procedures, we calculated the first-order electron-phonon matrix elements. However, the

computation of second-order matrix elements proves to be an intricate process, necessitat-

ing the second-order derivative of the potential concerning the atomic displacements. This

poses a limitation in the DFPT calculation. To overcome this challenge, the second-order

derivative can be cast into a partial product of sums akin to the first-order terms, which can

be implemented through Sternheimer’s approach.35 Notably, this approach is not integrated

into the many-body open-source code Yambo.33 Consequently, an additional convergence of

the self-energies with respect to empty states is required, which tends to be slow in general.36

(See Fig. S17 in the SI for the spectral function convergence with respect to q-grids and

electronic empty states).

Linear Spectra: GW and BSE calculations

To incorporate electron-electron and electron-hole correlations, we utilized the Yambo33

open-source code package within the framework of many-body perturbation theory (MBPT).

We focused on computing the G0W0 corrections for the five electronic bands neighboring the

maximum valence band, as these bands play a crucial role in elucidating optical transitions.

The irreducible polarization response function sum encompassed 200 bands, comprising the

lowest 18 occupied bands and the highest 182 unoccupied bands. To account for local field

effects in this linear response sum, we activated the random-phase approximation (RPA)

kernel. In order to converge this sum and capture the non-homogeneity of the system, which

is crucial for GW calculations,37,38 an energy cut-off of approximately 10 Ry proved to be

adequate (refer to Fig. S18 in the SI for Hartree-Fock (HF) and G0W0 energy cut-off con-

vergence). A plasmon-pole model proposed by Godby and Needs39 is employed in this study

to alleviate the computationally demanding screening convolution integrals. To address mo-

mentum divergences in self-energies, a random integration method is adopted.33,40,41 We did

our MBPT calculations on the level of energy self-consistent GW, specifically G2W2 (refer
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to Fig. S19 in the SI for gap convergence).

We solved the rigorous Bethe-Salpeter equation (BSE)42 to obtain the absorption spec-

trum and excitonic strengths and energies. The band-edge corrections from the GW method

are initially applied to adjust the optical transition energies. We consider an in-plane po-

larized light and surpass the Tamm-Dancoff approximation43,44 that uses particle-hole pairs

and anti-pairs with rigorous screen-exchange couplings between them. The same cut-offs are

utilized to construct the exchange electron-hole attractive and repulsive kernels within the

BSE matrix (See Fig. S20 in the SI for convergence analysis with respect to BSE cut-off

energy and transition bands). To reconcile with experimental ambiance, we introduce a

small positive damping parameter (η) in the imaginary dielectric function, set to a value of

40 meV. When relaxing the frozen-phonon approximation, corrections for electron-phonon

interactions on energy bands are introduced following Marini’s method.45 The GW energies

are merged with the polaronic energies and widths and utilized in the BS equation.

Results and Discussions

Temperature dependent absorptance in 2D h-WC

Figure 1(a) illustrates the ground state (Kohn-Sham) electronic dispersion along the high

symmetry Brillouin zone (BZ), revealing 2D h-WC as an indirect wide band gap semicon-

ductor. The valence band peaks approximately at ∼ 1
3 ∣K-M∣, while the conduction band

minimum is situated at ∼ 1
2 ∣Γ −K∣, resulting in a band gap of 1.10 eV. Notably, a direct-gap

is found at ∼ 1
2 ∣Γ −K∣, with a value of 1.31 eV. We further observe atomic charge densities

(see Fig. S1 in the SI) showing an unequal distribution over the W and C atoms, stemming

from the absence of inversion symmetry. This non-cancellation of the electric dipole moment

confirms 2D h-WC as a polar crystal. Lattice vibrations induce long-range Coulomb fields,

splitting the longitudinal optical (LO) and transverse optical (TO) phonon modes at Γ. Pre-

vious studies show that dimensionality causes these modes to degenerate at Γ, with a finite
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Figure 1: (a) Comparison between excited state GW self-consistent dispersion (solid) and
ground state electronic dispersion (dotted). The GW direct and indirect gaps are 2.70 and
2.59 eV, respectively. Respective symbolic colors show these gaps at different moments. The
top of the valence band is at zero reference line. (b) The phonon dispersion is shown along
the BZ. The phonon modes at the vertical dashed lines are responsible for causing an indirect
photoluminescence emission.

LO slope determined by Born-effective charges.46 In Fig. 1(b), which displays the lattice

vibrational frequencies along the BZ, this degeneracy occurs at approximately 621 cm−1,

with the out-of-plane optical mode (ZO) at 706 cm−1, corresponding to Raman active E and

A1 modes, respectively. Notably, we observe no negative frequency mode in the out-of-plane

acoustic (ZA) branch throughout the BZ. The clear parabolic nature of the ZA branch near

the zone center suggests the potential for obtaining a free-standing or isolated WC. Using

ab initio molecular dynamics (MD) simulations, we find that the crystal structure retains its

stability even at 600 K. Apparently, extending the same MD study, we have identified that

h-BN can also become a suitable substrate (see Fig. S3-S4 and corresponding discussion

section S1.2 in the SI).
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A converged Hartree-Fock gap followed by self-consistent quasi-particle energy calcula-

tions by assessing dynamic electron-electron screening28,44,47 is now used. Consequently,

the energy self-consistent GW gap converges to 2.70 eV at the direct point (see Fig. 1(a)),

aligning with the momentum position of the direct Kohn-Sham energy gap at 1
2 ∣Γ −K∣. Con-

versely, the indirect quasi-particle gap of 2.59 eV shifts to M from the Kohn-Sham location

at 1
3 ∣K −M∣. Additionally, these corrections also lead to wide spin-splittings in both the

conduction and valence states at these locations. These details are summarized in Table S1

in the SI.

We now discuss the light absorption of 2D h-WC within the optical dipole limit by solving

the BSE in the absence of lattice vibrations. The absorptance shown in Fig. 2(a) reveals

the excitonic energies as peaks in the spectrum. Three major excitons dominate the spec-

trum situated at 1.26, 1.38, and 1.83 eV, indicating a fundamental optical gap of 1.26 eV

(near-infrared) and an excitonic binding energy of 1.44 eV. These peaks, located below the

quasi-particle direct gap, represent bound excitons. We see that the light absorptance is

approximately 15% for the lowest bound exciton E1. Calculating the two-particle excitonic

wave function and plotting the probability density function over the 2D h-WC lattice reveals

that all major bound excitons consist of doubly degenerate contributions and are optically

bright with large excitonic oscillator strengths (see Fig. S14 in the SI) and with an E-

type symmetry (In this case, we define excitons as bright if their strengths exceed 10% of

the maximum.). The distribution along the out-of-plane direction remains confined to the

monolayer, ruling out exciton interlayer coupling and corresponding Davydov splittings.48

These localized distributions within a few lattices suggest a Frenkel excitonic character for

all the three bright bound excitons.

After characterizing the excitonic symmetries and distributions, we shift our focus to the

impact of lattice vibrations. We note here that a frozen atom (FA) approximation (no atomic

vibrations) is assumed while obtaining the ground state energies. In the presence of lattice

vibrations, excitonic energies undergo renormalization due to electron-phonon self-energies
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Figure 2: (a) The absorptance spectra at various temperatures. The spectra under the frozen
atom condition (no atomic vibrations) are also shown. The vertical dashed lines exhibit
the three prominent exciton states in the absence of lattice vibrations. EQP

gap represents the
location of the self-consistent GW direct quasiparticle gap. The excitonic oscillator strengths
for all excitons are shown as vertical solid lines. (b) Plot of the excitonic energies (≤ 2.5
eV) as a function of temperature, which have an oscillator strength of more than 10% of the
maximum bright exciton. The circle sizes are proportional to the strengths. (c) Non-radiative
line widths of all such excitons in subplot (b) above. Note that with increasing temperature,
a few excitons change their strength from bright to dark, and therefore, they are lost in
the absorption spectrum, and their lifetimes are not reflected in the plot. Similarly, some
excitons become bright from their respective dark states and thus appear in the spectrum
with their corresponding lifetimes. The joint density of states (j-DOS) is shown on the second
y-axis.

and their finite widths. To analyze the non-radiative lifetimes of excitons, we compute the

exciton-phonon coupling function g2Fλ (ω,T ) following Marini’s approach45 for an exciton
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in state λ. This function, often referred to as the Eliashberg function for excitons, offers

insight into the non-radiative lifetimes of excitons and eliminates the need for the ad-hoc

parameter η used in the imaginary dielectric function to manually fit the full width at

half maximum (FWHM) under the frozen atom condition. It’s important to note that this

method is approximate and exact only for weakly bonded excitons. The exciton-phonon

couplings shown are derived from the corresponding electron-phonon matrix elements. In

reality, the BSE must contain the actual exciton-phonon matrix elements.49 Nevertheless,

Marini’s approach has also successfully quantified the excitonic lifetimes and energies.50–53

It was shown that the real part of excitonic energies can be decomposed into two terms. One

term may represent a coherent interaction where an exciton and phonon interact, resulting

in a change in the excitonic basis. This type of interaction typically leads to weak coupling.

The other term may represent incoherent interactions occurring due to separate couplings

between an electron and a hole with the phonon.

We now return to Fig. 2(a), which also displays the absorptance spectra at various tem-

peratures, including the FA spectrum, for comparison. The influence of zero-point renor-

malization (ZPR) is immediately apparent from the redshifting of the peak at 0 K. As the

temperature approaches absolute zero, the Bose occupation factor nB (ω,T )→ 0, resulting in

residual broadening that does not diminish completely due to the “1/2” factor. Consequently,

this shift is approximately 82 meV compared to the FA spectrum, causing a contraction of

the optical gap to 1.18 eV at 0 K. We checked that the band gap contribution coming from

lattice thermal expansion54 is quite small and can be ignored in this case (See Figs. S11-S13

in the SI).

The direction of excitonic peak shifts—whether red or blue—is determined by the inter-

play between coherent and incoherent interactions. Specifically, the strength of the incoher-

ent interaction, quantified by the frequency integral area of Rg2Fλ (ω,T ) function, dictates

the outcome. If this area under the frequency integral is negative (i.e. if g2Fc (ω) < g2Fv (ω),

where c and v represents the electron-hole pairs indices), the mutual cancellation between
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coherent and incoherent interactions decides the peak shift. In the case of weak coherent

coupling, the peaks redshift, whereas strong coherent coupling diminishes the influence of

the second term, resulting in blueshifted peaks (See Fig. S10(c) in the SI).

We observe that the incoherent coupling Rg2Fλ (ω,T ) is negative and displays multiple

peaks corresponding to phonon frequencies. At 0 K, it is prominently broadened in the

low-energy acoustic and high-energy optical regimes. Comparison with the phonon density

of states (DOS) reveals that the lower broadening is attributed to acoustic in-plane and

out-of-plane vibrations, which compress or stretch the 2D h-WC layer and induce out-of-

plane motion. A similar effect is observed at higher energies (600-750 cm−1), where exciton

localization is interfered with, leading to redshifting in the optical spectra, indicative of weak

coherent interaction. Similar trends are observed at other temperatures; for instance, at 150

K, a pronounced peak near the optical LO-TO regime is evident. As the temperature rises

to 300 K, the optical gap contracts to 0.73 eV, accompanied by broadening and attenuation

of the spectrum compared to the 0 K case, indicative of strong exciton-phonon coupling.

In Fig. 2(b), we present the computed excitonic oscillator strengths for excitons with

relative weights exceeding 10% of the maximum brightness. Notably, we observe a distinct

impact of the exciton-phonon couplings on the assigned weights, as indicated by the size of

the circles. Larger circle sizes correspond to bright excitons with high oscillator strengths,

while smaller sizes represent dark excitons with lower oscillator strengths. Interestingly, the

inclusion of finite broadening due to exciton-phonon couplings leads to the emergence of

numerous excitons that were absent in the FA case. We observe a diverse behavior among

excitons with respect to temperature-induced shifts. While some excitons exhibit redshifts

(e.g., those in the 1-2 eV range), others undergo blueshifts. The blueshifting, particularly

evident in resonant excitons above the continuum, arises from the dominance of coherent

interaction over incoherent interaction. A notable observation is the gradual redshifting of

the fundamental E1 exciton as temperature increases. Intriguingly, the presence of exciton-

phonon coupling modulates the excitonic weights, with a close examination revealing weight
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sharing between energetically proximate excitons. Whenever two excitons approach each

other closely, they share their strengths, rendering both bright; conversely, as they separate,

their strengths diminish, leading to a darkening effect. This phenomenon is particularly

pronounced for excitons in the 1-2 eV range. Moreover, with increasing temperature, cer-

tain isolated excitons become dark and vanish, while others reappear. These migrations

and conversions between bright and dark excitons underscore the remarkable features of

electron-phonon interaction, which are entirely obscured in the independent particle (IP)

approximation.

Non-radiative and radiative linewidths

We now delve into the characterization of non-radiative excitonic linewidths. Phenomeno-

logically, we can describe the non-radiative linewidth as55,56

γNR (T ) = γ0 + γacT +
γop

[exp ( Ω
kBT
) − 1]

(1)

Here, γac and γop represent the strengths of exciton-acoustic phonon and exciton-optical

phonon interactions, respectively. γ0 denotes the residual exciton dephasing rate at 0 K,

while Ω is the relevant average phonon energy.

Figures 3(a) and (b) illustrate the locations of excitonic energy levels and their associated

non-radiative excitonic line widths. In Fig. 3(b), we present the ab initio linewidths of the

Table 1: Non-radiative broadening constants of 2D h-WC

Eλ(0) µ2
λ/Auc Mλ τ 0λ ⟨τRTλ ⟩ ⟨τ effλ ⟩ γ0 γac γop Ω τR

τNR

τR
τNR

(eV) (a.u.) (ps) (ns) (ns) (meV) (µeV/K) (meV) (meV) (0K) (300K)

1.256 0.02 7.14 2.3 210 214 67.3 178.5 27.7 80.5 479.1 75x106

fundamental bright exciton E1 as a function of temperature. We segment the temperature

range into 0-125 K (Fig. 3(c)) and 150-300 K (Fig. 3(d)), extracting the respective strengths.

Upon fitting the lower temperature line widths, we observe a significant acoustic phonon
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strength of approximately 178.5 µeVK−1. Additionally, the 0 K limit dephasing rate is

estimated to be around 67.3 meV. This large value of γ0 deserves some comments. As T →

0, nB (ω,T ) → 0, whereas because of the “1
2” factor the residual broadening does not go to

zero and is therefore reflecting the effect of the ZPR. Thus, as T → 0, γNR (T ) (see Eqn. (7) in

Marini45) converge to non-zero value which is γ0. Clearly, a large γ0 implies a strong exciton-

phonon coupling even at 0 K. Consequently, rather than experiencing cancellation between

g2Fc (ω) and g2Fv (ω), they reinforce each other along with a residual Aλ
cv (0K), resulting

in a larger area under the frequency integral. At higher temperatures, the contribution

from optical phonons becomes prominent, with an interaction strength of 27.7 meV for

Ω=650 cm−1 (equivalent to 80.5 meV). Table 1 provides a summary of the non-radiative

broadening constants of 2D h-WC. For a comprehensive comparison, we juxtapose the 2D

h-WC linewidth strengths with those reported for other experimentally studied 2D materials

in Table S2 in the SI.

In Fig. 2(c), we display the linewidths of all bound excitons (≤ 2.5 eV) with oscillator

strengths exceeding 10% of the maximum bright exciton to provide a holistic perspective.

Due to exciton-phonon couplings, when an exciton changes from bright to dark, it is absent in

the absorption spectrum, resulting in missing excitonic lifetimes (as indicated by the absence

of values between 125 K and 300 K in Fig. 2(c)). Conversely, when an exciton changes from

dark to bright, it appears in the spectrum, thereby reflecting its lifetime in the plot.

The intrinsic excitonic radiative lifetimes τλ(0) for 2D materials can be expressed following

Chen et al.57 In SI units, this can be written as

γ−1λ (0) = τλ(0) =
ϵ0h̵2c

e2Eλ(0)
Auc

µ2
λ

(2)

Here, e represents the electronic charge, ϵ0 denotes the vacuum permittivity, and Eλ(0) sig-

nifies the bound excitonic energy in state λ at the optical dipole limit. µ2
λ is defined as49,57,58

∣∑vckA
λ
vck⟨ϕck∣r∣ϕvk⟩∣2/Nk, representing the intensity of the λ-exciton.59 It is computed from
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Figure 3: (a) Intrinsic radiative and exciton-phonon non-radiative lifetimes (solid horizontal
lines) of three bright E1, E2, and E3 excitons. The energy gap between the top indirect valence
(shown by x symbol) and direct valence (shown by ⧫ symbol is 140 meV). The horizontal
dashed line is the location of the lowest indirect exciton EiX and is the indirect optical gap.
The “fancy arrow” shows the indirect recombination channel responsible for phonon-assisted
PL emission. (b) Ab initio non-radiative lifetime of the fundamental E1 exciton within 0-300
K. The horizontal dashed line is the radiative linewidth. (c) Non-radiative lifetime fit at low
temperature 0-125 K, showing dominance of acoustic phonons. (d) Non-radiative lifetime fit
at high temperature 150-300 K, showing the dominance of optical phonons.

the linear combination of the square of the transition matrix elements between electron-

hole pairs in the BS equation, with the excitonic weights Aλ
vck divided by the number of

sampled k -points. Using this, the intrinsic radiative lifetimes of E1 exciton is found to be

approximately 2.3 ps (1.8 meV) respectively. The thermally averaged radiative lifetime at

low temperatures can be obtained using a parabolic excitonic dispersion approximation58

⟨τλ⟩ = τλ(0)
3

4
(Eλ(0)2
2Mλc2

)
−1

kBT (3)
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Here, Mλ represents the effective exciton mass obtained from the sum of the effective hole

and electron masses (m0) at the direct gap. Our calculation yields an effective exciton mass

of 7.14m0 for the E1 exciton. We estimate the corresponding thermally averaged lifetime

⟨τλ⟩ at 300 K to be 210 ns. We observe here that the intrinsic lifetime for 2D h-WC is

almost comparable to that of other known tungsten-based TMDCs (0.15-0.25 ps),58 but the

lifetime at room temperature is quite longer than the contemporaries. We attribute this to

the fact that the effective exciton mass for 2D h-WC is quite large. As the temperature

increases, ⟨τλ⟩ decreases, with a slope of 0.71 nsK−1 (See Fig. S22 in SI for other excitons).

These time constants become larger, indicating a slower recombination process. Additionally,

an effective radiative lifetime ⟨τ effλ ⟩ at higher temperatures, as described in Eq. (4) in

Palummo et al.,58 can also be constructed using the weighted average of ⟨τλ⟩ over the lowest

energy bright and dark excitons. This empirical equation was found to provide a reasonable

match with experimental room temperature lifetimes in 2D TMDCs. For comparison, we

also present the phonon-assisted non-radiative lifetimes at 300 K, summarized in Table 1.

Overall, we find that the non-radiative recombination in 2D h-WC is a very fast process of

few femtoseconds order (4.8 fs at 0K and 2.8 fs at 300 K), which is shorter than monolayer

MoS2 and WS2.55 The ratio of the radiative and nonradiative lifetimes also exhibits the fact

that radiative recombination is a much slower process than non-radiative recombination and

is summarized in Table 1.

Indirect excitons and photoluminescence emission in 2D h-WC

From Fig. 3(a), we observe that the lowest bound exciton E1 in the optical limit resides

below the bottom of the conduction band by approximately 1.44 eV. In Fig. 4, we present

the excitonic energies with non-zero exciton momentum, Q≠0. We employ the rigorous BSE

across all transferred momenta to achieve this. At the zone boundary Γ-point, representing

the optical limit (Q=0), the lowest dark exciton manifests at an energy of 1.25 eV. The sub-

sequent two higher excitons at 1.26 eV are optically bright and consist of doubly degenerate
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Figure 4: (a) Exciton energies over the BZ from the K point to Γ have been shown. The
lowest indirect energy exciton exists at 1.18eV, which is responsible for the phonon-assisted
Photoluminescence. (b) The inset shows the probability distribution function of the indirect
exciton at 1.18 eV.

contributions. Upon introducing Q≠0, this degeneracy is disrupted, resulting in one branch

lowering in energy while the other ascends. Along the off-Γ axis, the dark exciton remains

non-degenerate, featuring an energy minimum of 1.18 eV situated approximately 0.15Q from

Γ. This positioning of the exciton minimum along the off-Γ axis, below the direct optical

gap of 1.26 eV, establishes it as an indirect optical gap. The disparity between the direct

and indirect optical gaps measures 0.07 eV when calculated from the lowest dark exciton at

Γ, and 0.08 eV when computed from the lowest bright exciton at Γ. However, these differ-

ences are less than the Debye energy of the crystal, which is 93 meV, indicating proximity to

the optical phonon. The magnifier reveals the exciton wavefunction at the indirect optical

minimum. We note here that due to the conservation of momentum, the oscillator strength

of all indirect excitons is zero, classifying it as dark.

The transferred momentum also indicates that the lowest indirect exciton represents the

coupling between the conduction band electron and the top valence band hole, as depicted

in Fig. 3(a). Consequently, the recombination of this electron-hole pair can only occur
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with the assistance of a phonon possessing exactly equal transferred momentum, denoted as

Q=Q. In such scenarios, the characteristic absorption and emission spectra are asymmet-

rically situated about the indirect optical gap. Here, we demonstrate that this asymmetry

arises from the indirect emission process, occurring almost at a 1
3 distance from the K point

of the BZ, as illustrated in Fig. 3(a). Thus, we refer to Fig. (1)(b) to identify the phonon

momentum required to balance this emission, represented by the vertical dashed line in the

phonon dispersion curve.

Figure 5: Upper panel: Phonon-assisted emission as a function of temperature in 2D h-WC.
The replicas are clearly visible. The vertical line is the indirect exciton iX located at 1.18
eV. Lower panel: Phonon mode resolved emission showing an individual mode contribution.
The optical limit fundamental absorption (direct exciton dX ) is also plotted, showing an
asymmetry about the indirect optical gap.

Fig. 5 illustrates this phonon-assisted emission processes in 2D h-WC at different tempera-

tures. These spectra are computed by considering the lowest lying excitonic states at Q≠0.

To expedite the rigorous BSE computation, we focus solely on the first five excitons over
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the BZ. These are then correlated with the converged phonon frequencies computed using

the electron-phonon matrix elements. A broadening of about 3 meV is applied to achieve a

reasonable width. The phonon-assisted DOS can be expressed as60

Λ (ω,T ) = ∑
λ,Q,ν

[1 + nB (ων
Q)] exp [−

EQλ − Emin

kBT
] δ (EλQ − ων

Q − ω) (4)

where ν is the phonon branch, EQλ is the exciton energy with momentum Q, and Emin is

the minimum excitonic energy. It’s worth noting that the phonon-assisted spectra presented

here do not account for rigorous exciton-phonon matrix elements and dipoles due to the

considerable complexities involved. Instead, this density of states identifies the location of

the emission peaks derived from the rigorous electron-phonon matrix elements. There may

also be some dark peaks that could be entirely obscured in the absence of exciton-phonon

matrix elements, as shown by Cannuccia et al.18 for bulk h-BN. Nevertheless, in principle,

Figure 6: Exciton thermalization in 2D h-WC. The dots are the excitonic effective tempera-
ture compared to the crystal lattice temperature. The straight line is the best fit with slope
1.15K−1.

the luminescence spectra obtained in this way can also correctly capture the phonon replicas

for emission processes and map to the experiments.17 We note here one crucial point about

the light polarization direction and the symmetry of the modes in the transferred phonon
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momenta branch. Such symmetry conditions impose selection rules about phonon-assisted

emission (see the SI in Cassabois et al.17). For example, depending on whether the Poynting

vector of the photon is lying in-plane or along the z-axis of bulk h-BN, one can switch

on or off the acoustic or optical out-of-plane (ZA/ZO) contribution to the phonon-assisted

emission.

The selection rule for indirect photon emission can be qualitatively understood using

Fermi’s golden rule for transition probability per unit time. Consider the creation of an exci-

ton from its ground state ∣ψi⟩ to its final finite momentum state ∣ψf ⟩ through an intermediate

exciton state ∣ψt⟩. The two sequential events of coupling occur with light (represented by

the operator ξ̂) and then scattering by a phonon (represented by the operator ĝq) to ∣ψf ⟩.

The total event can then be expressed as ⟨ψf ∣ĝ†
qξ̂∣ψi⟩ = ⟨ψf ∣ĝ†

q∣ψt⟩ ⟨ψt ∣ξ̂∣ψi⟩. Since photon

absorption with phonon emission, or both photon and phonon emission, are governed by the

same principle, we use the in-plane dipole operator for the phonon modes and take the tensor

product. From our group-theoretic analysis on the exciton and phonon mode symmetry, the

tensor product in this case becomes (A′ +A′′ +A′′ +A′ +A′′ +A′)⊗ (A′ +A′′) (see the Section

S1.9 in the SI for more discussion). The overall symmetry and orthogonality conditions for

this product lead to a null representation, indicating that there are no forbidden phonons

excluded in the emission process. This is consistent with what is computed in the 2D h-

WC phonon-assisted density of states plot, where the contribution from each of the phonon

modes, including ZA and ZO, towards the indirect emission is retained.

In Fig. 5(a), we observe two prominent sets of bands near 1.09 and 1.17 eV, which

correspond to the photoluminescence emission lines. These lines are redshifted compared

to the indirect exciton at 1.18 eV, indicating the necessity of phonon assistance for this

emission process. From the high-energy tails near the 1.09 and 1.17 eV lines, we observe an

exponential fall-off rate, depicted as dotted symbols for the first few temperatures. As the

temperature increases, we notice a decrease in the corresponding slope. However, this trend

does not hold true for their lower energy sides.
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In the context of optical excitation, high-energy excitons are initially generated. During

the carrier relaxation process, their energy distribution undergoes transformation and even-

tually conforms to a thermal Boltzmann distribution through phonon-assisted scatterings.

To comprehend excitonic thermalization, we employ a similar fitting approach, as demon-

strated by Cassabois et al.,17 to the falling edge of the spectra, employing an exponential

Boltzmann factor with an effective temperature Teff . From the plot depicting Teff against

the lattice temperature Tlat (see Fig. 6), it becomes evident that the excitons thermalize with

the crystal beyond 25 K. This observation aligns with a recently reported case concerning

emission spectra from monolayer h-BN.34

Phonon-assisted emission can also be understood from the presence of phonon replicas,

as depicted in subplot (a) in Figure 5. These replicas are more pronounced at low temper-

atures. The set of replicas near the two emission lines at 1.09 and 1.17 eV corresponds to

the phonon modes shown as dotted symbols in Fig. 1(b). In subplot (b), we resolve the

phonon modes responsible for the emission lines and illustrate it for the 25 K spectra. We

discern that the rightmost emission lines near 1.17 eV arise from the out-of-plane ZA mode.

However, due to the intermixing of the in-plane modes, the subsequent shoulder peaks are

marginally higher than the former. The next set of replicas near 1.09 eV are attributed to

the optical branches, with a maximum peak corresponding to the optical ZO mode. Further-

more, the replicas are overshadowed as the temperature increases due to the larger number

of phonons. Consequently, the energy separation between the replica modes mirrors the

energy separation between the phonon modes in Fig. 1(b). Additionally, we present the

optical-limit absorption spectrum of the lowest exciton in the same subplot, revealing a clear

asymmetry in energy separation from the indirect exciton gap.

In this study, we delve into the optical characteristics of monolayer tungsten monocarbide

in its hexagonal form, employing first principles-based many-body ab initio computations.

We unveil abundant emission peaks at cryogenic temperatures, stemming from underlying

momentum indirect dark states beneath bright excitons. The heightened prominence of
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phonon-assisted peaks at such temperatures emphasizes the narrowness of exciton distribu-

tions, necessitating an indirect recombination pathway. Consequently, bright exciton reso-

nance peaks experience asymmetric broadening at elevated temperatures. Our exploration

elucidates the absorption and emission mechanisms, highlighting the notably swifter non-

radiative recombination of bound excitons compared to their radiative counterparts. These

excitons possess E-type symmetry, with a fundamental binding energy of 1.44 eV, while

absorption and emission proceed through distinct band structure channels featuring phonon

replicas at cryogenic temperatures. This thorough investigation enhances our comprehension

of monolayer tungsten monocarbide’s optical behavior, providing valuable insights pertinent

to emerging technologies and advancements in materials science.

Conclusions

In summary, we use a rigorous finite exciton momentum Bethe-Salpeter equation in a

tungsten-based two-dimensional (2D) carbide hexagonal semiconductor (h-WC) (Xu, et

al.20). Our investigation reveals the presence of dark excitons, characterized by their en-

ergy minima positioned below the direct optical gap. This finding establishes that 2D h-WC

possesses an indirect optical gap. Moreover, we observe that these excitons undergo thermal-

ization beyond 25 K, requiring phonon assistance from both acoustic and optical branches

between the Γ-M dispersion for recombination. This recombination process leads to sharp

phonon replicas in emission lines at near-infrared wavelengths of 1.09 eV (1138 nm) and

1.17 eV (1060 nm) at cryogenic temperatures. Furthermore, at Γ (zero exciton momentum),

our analysis reveals radiative to non-radiative recombination lifetime ratios of 479.1 and 75

× 106 at 0 and 300 K, respectively, signifying the former process to be significantly slower.

This comprehensive study provides valuable insights into exciton-driven ultrafast optical

processes in 2D h-WC.

22



Author Information

Author Contributions

The manuscript was written through the contributions of all authors. All authors have given

their approval to the final version of the manuscript.

Notes

The authors declare no competing financial interest.

Supporting Information Available

The Supporting Information contains the methodology section, supporting discussion, all the

convergence, and supporting figures. The supporting figures are added, showing (in order

of appearance): Electron densities, electronic dispersion, spectral function dependencies,

absorption spectra, bare electronic orbital dispersion, convergence of Hartree-Fock and single-

shot GW, GW linear fit, GW convergence, and optical spectra convergence.

Acknowledgement

The present work is carried out under the India-Czech Bilateral Scientific and Technologi-

cal Cooperation (Indian No. DST/INT/Czech/P-14/2019, Czech InterExcellence program

No. LTAIN19138), the Czech Science Foundation (No. 21-28709S), the European Union un-

der the LERCO project (number CZ.10.03.01/00/22 003/0000003) via the Operational Pro-

gramme Just Transition, and Science and Engineering Research Board (SERB)-MATRICS

MTR/2021/000017, India. A portion of the calculations were performed at IT4 Innovations

National Supercomputing Center through the e-INFRA CZ (ID:90140). The authors ac-

knowledge the National Super Computing Mission (NSM) Paramsmriti at Mohali, India for

the major part of the computations.

23



References

(1) Hanbicki, A.; Currie, M.; Kioseoglou, G.; Friedman, A.; Jonker, B. Measurement of

high exciton binding energy in the monolayer transition-metal dichalcogenides WS2

and WSe2. Solid State Commun. 2015, 203, 16.

(2) Arora, A.; Koperski, M.; Nogajewski, K.; Marcus, J.; Faugerasa, C.; Potemski, M.

Excitonic resonances in thin films of WSe2: from monolayer to bulk material. Nanoscale

2015, 7, 10421.

(3) Robert, C.; Picard, R.; Lagarde, D.; Wang, G.; Echeverry, J. P.; Cadiz, F.; Renucci, P.;
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