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Describing the electronic and excitonic properties of two-dimensional metallic materials is challenging due to
the reduced dielectric screening, which enhances many-body interactions and influences the optical response. In
this work, we present a comprehensive study of many-body effects on the optical properties of two-dimensional
(2D) metallic MXenes—a large family of emerging layered materials with significant potential for optoelec-
tronic, sensing, and energy-harvesting applications. Using state-of-the-art methods, we explicitly treat intraband
transitions and make use of a full frequency description of the screened Coulomb interaction, two aspects
that are particularly important when treating many-body effects in metals. Our results reveal that many-body
effects substantially modify the band structures of these metallic monolayers, reflecting the limited screening
characteristic of atomically thin systems. The GW corrections lead to pronounced changes in the absorption
spectra already at the independent-particle level. In contrast, the inclusion of electron-hole interactions through
the Bethe-Salpeter equation (BSE) produces comparatively smaller modifications, which we attribute to the
finite density of states at the Fermi level in these metallic systems. Overall, our findings highlight the necessity
of explicitly accounting for many-body interactions to achieve reliable predictions of the optical properties of
2D metallic materials, and they establish key design principles for MXene-based optoelectronic applications.

DOLI: 10.1103/hyk9-mqpx

I. INTRODUCTION

MXenes are among the most recently discovered [1]
and most influential families of layered materials, providing
metallic compounds with a variety of stoichiometric and sur-
face functionalizations. MXenes exhibit significant potential
in a wide range of technological applications [2—4], including
sensors [5—12], energy storage [13-15], energy generation
[16,17], catalysis [18-20], transparent conductive coatings,
and antireflection applications [21-23]. These metallic mate-
rials are also ideal candidates for electromagnetic interference
shielding [24-27]. Examples include Ti;CNT, films [28] and
metal-MXene interfaces [29], which exhibit unprecedented
shielding performance due to the absorption of confined
waves through polarization loss caused by electric dipoles at
the interfaces. In addition, MXenes exhibit intriguing optical
properties, such as surface plasmon resonances that enhance
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absorption in the visible and near-infrared regions, depending
on their composition and surface functionalization [30-32].
Although there are theoretical studies that provide insight into
the optical properties of various MXenes, such as Ti,CT, and
TizC, T, [33-36] or Nb,CT, [37], these studies are mainly
conducted at the independent particle level.

The reduction in the dimensionality of materials over the
past two decades has led to a paradigm shift in exciton
physics. The enhanced Coulomb interaction, driven by re-
duced dielectric screening, gives rise to excitons with large
binding energies and long lifetimes, creating new opportuni-
ties for applications in optoelectronics and energy harvesting.
However, from a theoretical point of view, the description
of the electronic and excitonic properties of systems with
reduced dielectric screening becomes challenging, as many-
body effects must be included. While the use of approaches
such as many body perturbation theory (MBPT) is common
for 2D semiconductors, including MXenes [38], metallic 2D
materials have been far less explored in that respect. In fact, an
accurate use of MBPT approaches, such as the GW and BSE
approximations, in systems with metallic screening, requires
an appropriate description of the frequency dependence of
the polarizability, often beyond the largely adopted plasmon
pole approximation (PPA). For instance, for d states, PPA
often fails, and a full frequency description of the screen-
ing is needed [39-41]. Moreover, one needs to accurately
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account for intraband transitions, whose contributions to the
dielectric function become critical in the long-wavelength
limit, ¢ — 0 [40-43]. For bulk systems, it is common to
use a phenomenological Drude-like model [44]. Alternatively,
since in the long-wavelength limit the dielectric function has
a slow quadratic dispersion, it can be approximated as a
constant given by the dielectric function evaluated at small
transferred momentum, q [41]. In contrast, for 2D systems,
when q — 0, the dielectric function exhibits large variations
with q, requiring a dense discretization of the Brillouin zone
(BZ) [45,46]. This problem can be addressed using different
strategies [47-49]. Here, we will use the W-av approach,
which combines the interpolation of the screened potential
between grid points with a Monte Carlo integration scheme
[50]. W-av has recently been extended for metals and has been
shown to drastically accelerate convergence with respect to
the BZ sampling [51].

For bulk-like multilayer metal MXenes, recent studies sug-
gest that the effects of many-body corrections are negligible
[52]. However, for metallic 2D materials, the many-body ef-
fects are expected to be far more significant. Therefore, in
this work, we present a systematic investigation of the effects
of many-body corrections on the optical properties of sev-
eral representative MXene monolayers. Using state-of-the-art
GW and BSE methodologies, we reveal how these many-
body interactions influence the electronic structure and optical
response in metallic MXenes. Our findings provide deeper in-
sight into the optical characteristics of 2D metallic materials,
highlighting their potential for optoelectronic applications and
demonstrating the necessity of including many-body effects
with an accurate description in momentum and frequency
space.

The paper is organized as follows. In Sec. II, we describe
the computational approach used in the study of the mentioned
2D MXenes; in Sec. III, we present the computed electronic
and optical properties and discuss the relevance of the adopted
methodological framework. Finally, in the last section, we
summarize the main results and conclusions.

II. COMPUTATIONAL METHODOLOGY

The structural and electronic properties of metallic MX-
enes were determined using density functional theory (DFT)
calculations performed with QUANTUM ESPRESSO [53,54],
with the Perdew-Burke-Ernzerhof (PBE) [55] exchange and
correlation potential and norm-conserving pseudopotentials
generated from the PSEUDODOJO project [56]. A vacuum sep-
aration of 26.5 A in the out-of-plane direction was used to
eliminate spurious interactions of the monolayers with their
periodic replicas. The energy cutoff for the plane-wave basis
set was 120 Ry, and a I'-centered 42 x 42 x 1 k-point mesh,
was used, with a total energy convergence of 10~'° eV for the
self-consistent iterative procedure. The geometries were fully
optimized up to a 0.001 eV/A threshold for the Hellmann-
Feynman forces on each atom.

The many-body perturbation theory calculations were per-
formed using the YAMBO code [57,58], with the DFT results
as the starting point. Here, GoWj [59] corrections to the
Kohn-Sham eigenvalues were computed using the multi-pole
approximation (MPA) for the frequency description of the
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FIG. 1. The optimized crystal structures, (a) for Ti,CCl,,
Ti,CBr,, Nb,CCl,, and Nb,CBr,; (b) for Ti,C(OH),; (c) for
Ti}CzOz; (d) for Tlng(OH)z

polarizability, introduced in Refs. [41,60]. The integration on
the transferred moment q of the screened Coulomb potential
was done using the recent generalization of the W-av method
for metals [51]. This method considers all intraband contri-
butions to the screening, in particular for q¢ — 0, through
the interpolation of the screened potential between the cal-
culated grid points, complemented with an extrapolation to
the long-wavelength limit. The use of W-av accelerates the
convergence with respect to the k grid and improves the ac-
curacy of the GW quasi-particle energies. The Fermi energy
is recalculated taking into account the GW energy corrections
of the DFT states. The optical properties were determined by
solving the Bethe-Salpeter equation (BSE), including the cou-
pling between the resonant (occupied states) and antiresonant
(unoccupied states) transitions, on a42 x 42 x 1 k-mesh (169
k points). The states considered in the BSE calculations are
the same corrected at the GW level, shown as blue dots in the
band-structure figures. The convergence of the GW and BSE
calculations with respect to the k grid is illustrated in Fig. S1
of the Supplemental Material (SM) [61]. We impose a 9 Ry
cutoff for the dielectric matrix size and 550 Kohn-Sham states
for the description of the screening and 600 for the Green’s
functions, while the static screened Coulomb potential is de-
termined using the W-av approach.

In the next section, we present results for the real, «;, and
imaginary, «,, parts of the polarizability, which are related to
the dielectric function, ¢, through ¢y = 1 + @) and & =

d
% where d corresponds to the layer thickness.

III. RESULTS AND DISCUSSION

A. Electronic properties

We consider a series of metallic monolayer MXene crys-
tals, with two (M, XT5,) and three (M3X,T>) elemental metal
layers in their unit cells, chosen considering their reported
synthesis and characterization [62—64]. All structures are
hexagonal, as seen in the top and side views shown in Fig. 1.
We optimized these crystal structures to obtain their ground-
state lattice parameters, summarized in Table I. The in-plane
lattice parameters are very similar to previously reported val-
ues [34], and to those computed for the corresponding bulk
multilayers [52].
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FIG. 2. Comparison between the DFT/PBE (solid gray lines) and Gy W, (dotted blue lines) band structures of metallic MXene monolayers,
and their total and projected density of states computed within DFT, for: (a), (b) Ti,CCl,, (c), (d) Ti,CBr;, (e), (f) Nb,CCl,, and (g), (h)

Nb,CBr;.

In Figs. 2 and 3, we show the band structure and the
projected density of states (pDOS) of each of the monolayers,
computed at the DFT and GW levels, as described in the
computational methods. The DFT pDOS are in very good
agreement with previous studies [34], and similar to the cor-
responding bulk layered systems [52]. The Ti and Nb d states
cross the Fermi energy, making these systems metallic.

In Fig. 2, we compare the Ti;CT, and Nb,CT, systems,
with T=Cl and Br. The band structures of these compounds
are fairly similar, with a predominance of Ti- and Nb-d states
in the range from —2 to 2 eV, and Cl and Br-p states below

TABLE 1. Optimized in-plane lattice constants (a) of all
materials considered.

System a(A) System a(A)
Ti,CCl, 3.223 Ti,C(OH), 3.061
Ti,CBr, 3.309 Ti;C,(OH), 3.078
Nb,CCl, 3.324 Ti;C,0, 3.034
Nb2 CBI'Z 3.440

—4 eV, as shown in the pDOS plots of panels (b), (d), (f)
and (h) of Fig. 2. As already seen for the multilayer MXenes
[52], the regions with stronger hybridization, in particular
between Ti-3d (Nb-4d), C-2p, and Cl-3p (Br-4p), present the
largest GW corrections. In the case of monolayer systems, this
corresponds to an energy range between —2 and —3 eV (-3
to —4 eV) for the Ti (Nb) compounds, with corrections as
large as 1 eV. For the energies above the Fermi energy, where
d states are predominant, the QP corrections are significantly
smaller. The fact that the GW corrections for the Ti-d orbitals
are smaller than the corrections of the s and p states can be
explained by the enhanced screening of the electron-electron
interaction, possibly due to the larger density of states and the
more localized nature of the d orbitals.

Ti,C(OH), monolayer, shown in Fig. 3(a), has a band
structure similar to those of T=Cl and Br compounds, with
band widths that increase from Br to Cl and OH. For
Ti,C(OH),, the largest GW corrections correspond to the
bands in the range —3 to —5 eV. For all three Ti compounds,
the GW corrections either separate or enhance the energy
separation between the Ti-d and C-p and Cl-p states below
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FIG. 3. Comparison between the DFT/PBE (gray solid lines) and Gy W, (dotted blue lines) band structures of metallic MXene monolayers,
and their total and projected density of states computed within DFT, for: (a), (b) Ti,C(OH),, (d), (e) TizC,(OH),, and (f), (g) for Ti;C,0,.
Panel (c) shows the Brillouin zone corresponding to the hexagonal crystal lattice with the high-symmetry points labeled.

—2 eV. The band separation at M is as large as 1.4 eV for
Ti,CCl, and 1.1 eV for Ti,C(OH),. Nb,CCl, shows a sim-
ilar separation, which is absent in Nb,CBr;. In the case of
Nb,CBr,, the Nb-d bands around the Fermi level are almost
rigidly shifted down in energy by about 0.5 eV with respect to
Nb,CCl, bands, touching the Br-p bands below.

In Fig. 3, one can compare the band structures of two-
and three-metal layer systems. MXene compounds with three
metal layers present a DOS with broader d states. Both
Ti,C(OH), and Ti;C(OH), compounds have Ti-d states
crossing the Fermi level, resulting in the DOS peak centered
at the Fermi energy, which enhances the Coulomb screening.
If we consider only static effects, we would therefore expect
very small GW corrections. However, this simple reasoning
does not hold if we take into account the frequency de-
pendence of the screened Coulomb interaction, in particular
through the effect of the low-energy 2D intraband plasmon.
In fact, this could explain the non-negligible GW corrections
for the first states above the Fermi level, which are as large
as 0.3-0.5 eV. TizC,0,; presents the largest GW corrections
among the studied metallic MXenes, as large as 0.5-0.6 eV

for the first valence states around M, corresponding to the
hybridized Ti-d, C-p, and O-p bands.

B. Optical properties

We next focus on the absorption spectra of the 2D
MXenes under study. In order to assess the effect of the
many-body interactions on the dielectric properties, we show
in Fig. 4 the real, «;, and the imaginary, o, parts of
the in-plane polarizability, computed within the indepen-
dent particle approximation (IPA) with two different starting
points: DFT/PBE and the GW -corrected energy states. At the
IPA@PBE level, the a; of all systems has a peak or a set of
peaks below 1 eV. TizC, 0, is the only compound that exhibits
significant absorption above 1 eV, consistent with valence-
conduction transitions along I'-M. This seems to depend on
the O termination, since Nb,CO, presents a similar spectrum
[37]. Although the two Nb compounds have fairly similar
band structures, their absorption spectra are slightly differ-
ent. Nb,CCl, shows separate peaks, the first around 0.2 eV
from transitions consistent with the band structure states along
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FIG. 4. Real, o, and imaginary, a», parts of the polarizability, calculated with DFT-IPA (blue line) and GW -IPA (orange line) for (a) , (b)
Ti,CCl,, (c), (d) TiaCBry, (e), (f) Nb2,CCly, (g), (h) Nb,CBry, (i), (j) Ti2C(OH),, (k), (1) TizC2(OH), and (m), (n) TizC20,.

I'-M, and the following peaks around 0.5 and 0.7 eV are
consistent with transitions along M-K. Nb,CBr, presents a
series of merged peaks between 0.3 and 1 eV. We show, in
Fig. S3 of the SM [61], the same plot for a more extended
energy scale. For the Cl and Br -terminated MXenes, there is
a small peak in the range from 5 to 6 eV.

The GW corrections result in shifts of both the real and
the imaginary part of the polarizability. The shift in energy
is negligible for the smallest frequencies but progressively
increases: the IPA@PBE «, peaks seen around 0.3-0.5 eV
are shifted upward by about 0.1 eV, whereas the states around
1.5 eV, seen in the Ti3;C,0; spectra, show an upward shift of
about 0.4 eV. Besides the energy shifts, the two systems with
OH termination show an important renormalization of the
peaks, with the appearance of an intense peak around 0.4 eV,
consistent with significant GW corrections around I, for the
states close to the Fermi energy. For Ti;C,0,, the many-body
effects are slightly larger, as already suggested by the large
GW corrections for the states around the I' point described
in the previous section. In fact, the [IPA@PBE peak around

1 eV is shifted to higher energies by more than 0.4 eV in
[PA@GW, resulting in significant absorption for frequencies
up to 2 eV. We show, in Fig. S3 of the SM [61], the same plot
for a more extended energy scale, which shows the absorption
is significant at least up to 6 eV. Since the screening is less
efficient, the many-body effects are stronger for these MXenes
than for the bulk systems [52], which showed energy shifts
below 0.1 eV.

For the multilayer (bulk) MXenes presented in Ref. [52],
the absorption spectra computed at the BSE and RPA level
were similar. With the weaker screening in 2D metals, the
electron-hole interaction may become more relevant. In Fig. 5,
we compare the absorbance for all the monolayer systems
under study, computed at the IPA and BSE levels using the
GW -corrected energy states. The absorbance was computed
from the polarizability using A(w) = 4”7“’012((0). For almost
all systems, the GW -BSE spectra show only a small redshift in
energy, about 50 meV, with respect to the GW-IPA, meaning
that the exciton binding energies are of the same order. In the
case of Ti;C,0,, the electron-hole interaction also results in
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FIG. 5. Absorbance computed, calculated within GW -IPA (orange line) and GW -BSE (blue line) for (a) Ti,CCl,, (b) Ti;CBr,, (c) Nb,CCl,,

(d) szCBl‘z, (e) TizC(OH)Z, (f) Ti3C2(OH)2 and (g) Ti3C202.

a noticeable weight redistribution for the peaks above 1 eV.
The two exceptions are the OH-terminated Ti systems, which
show almost no difference between GW-IPA and GW-BSE.
For these two systems, as can be seen in Fig. 3, the DOS
at the Fermi energy is significantly higher than that of the
remaining systems, resulting in a more efficient screen-
ing of the static Coulomb interaction, thus quenching the
electron-hole interaction. In fact, if we compare the integrated
number of states between —30 and 30 meV, for Ti,CCl, and
Ti,C(OH),, the latter has twice the number of states, i.e., 0.3
and 0.6 states per unit cell, respectively.

The small effect of the electron-hole interaction is consis-
tent with the very weak electron-electron interaction, reflected
in the small GW correction for the states around the Fermi
energy, and consequently for the states involved in transitions
that contribute the most to absorption. On the other hand,
it is possible that dynamic effects on the screened poten-
tial could change this picture. Here, as in most of the BSE
implementations, the frequency dependence of the screened
electron-hole interaction is neglected, which is justified by
the large difference in the magnitude of the electronic plasma
frequency and the exciton binding energy. This difference is
less obvious for systems with metallic screening, as shown,
for example, for doped semiconductors [65]. With increas-
ing doping, the difference between the absorption spectra
computed with or without the static electron-hole interaction
progressively vanishes, but the dynamic effects persist even
for the largest doping levels considered. If we estimate the
density of carriers as the number of occupied states within
a 30 meV range from the Fermi energy, we will have, for
instance, for Ti;CCl,, a carrier density of about 1.5 x 104
electrons/cm?, and twice as large density for Ti,C(OH),. Even
if this is one order of magnitude larger with respect to those
estimated for the doped semiconductors reported in Ref. [65],
it is possible that dynamic effects will slightly downshift the
onset of the spectra and redistribute the peak weights.

C. Momentum and frequency description of the screened
Coulomb interaction

An important challenge that impacts the optical response
of 2D metallic systems is the accurate treatment of the
intraband contributions for the screening at q = 0, which is
done here through the W-av scheme [51], and of the fre-
quency dependence, which is done here using MPA [41,60].
We have shown, in a previous work, that the W-av method,
by accurately treating the ¢ — O limit, greatly accelerates
convergence with respect to the k grid, and therefore improves
the quality of the GW results, making possible calculations
otherwise too demanding computationally, particularly for
2D systems. Moreover, W-av was developed to be compat-
ible with a full frequency description of the polarizability,
particularly important when studying many-body effects in
metals [41]. Therefore, W-av preserves the accuracy of the
GW method, improving the momentum and frequency de-
scriptions, as shown by the unprecedented agreement between
the computed gap renormalization on doped monolayer MoS,
[51] and the photoemission measurements [66]. The BSE
scheme suffers from the same problem as the GW one, since
the screened Coulomb potential W must be computed, even
if only the static part (w = 0) is considered. Using W-av both
at the GW and the BSE level keeps W consistent through-
out the calculations. In the next paragraphs, we illustrate the
effects of W-av on the optical properties. In Fig. 6(a), we
compare the GW band structure computed for Ti,CCl,, with
and without the W-av method (see Fig. S2 of the SM [61]
for the remaining systems). Even though the GW band struc-
tures calculated with and without W-av are not significantly
different (Fig. 6), there are still changes in the states close to
the Fermi level, whose contribution to absorption is important,
and make the absorption spectra very sensitive to the chosen
intraband treatment. Without W-av, the GW-IPA absorption
spectra show an upward shift with respect to DFT-IPA, par-
ticularly for the lowest frequencies, as shown in Fig. S5 of
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FIG. 6. Comparison of the Ti,CCl, band structures computed at
(a) the GW level and (b) the COHSEX level, each with and without
W-av method.

the SM [61]. In contrast, with the inclusion of the intraband
transitions through the W-av method, the upward shift in the
GW -IPA absorption spectra is much smaller, although there is
a noticeable redistribution of the spectral weights.

The intraband contributions also shape the static screened
Coulomb potential that enters the Bethe-Salpeter equation,
with dramatic consequences for the resulting polarizability. In
Fig. 7, we show the real and imaginary parts of the polariz-
ability for Ti,CCl, (see SM [61] for the remaining systems),
computed with and without W-av in the BSE calculation,
resulting in significantly different spectra. Without W-av, the
electron-hole interaction counterbalances the effect of the GW
corrections, resulting in a redshift to energies lower than those
obtained with DFT-IPA, as if leading to an unphysical charge
instability. With W-av, the electron-hole interaction is almost
completely screened, and the spectra are much closer to those
obtained with GW -IPA (see Fig. 5).

Besides the correct treatment of the intraband transitions,
another important aspect is the frequency dependence of W. In
order to understand the importance of the dynamic effects on
the screened Coulomb potential, we show in Fig. 6(b) the band
structure computed using the Coulomb hole plus screened
exchange (COHSEX) approximation [67,68]. Within this
framework, the self-energy is composed of two static terms,
the screened exchange and the Coulomb hole terms, both of
which depend on W (w = 0). As for the case of GW, the use
of W-av in COHSEX decreases the corrections with respect to
the DFT band structure. When compared with GW, COHSEX
overcorrects the Ti-d states, which have almost zero GW
corrections with respect to the DFT bands. In fact, a full
frequency description of the screening is needed for the ac-
curate description of d states, for which even approximations

200 T T 200
— GW(W-av)/BSE(W-av)| |- A . B
00 GW(W-av)/BSE 1 _l Ti,CCl, | =0
B Il 1T 8
< i —100'5
3 0 \ L B =
L v.\/’ e — 50
-100 - — 4
PP I TP IR ) UPTITIN I v SO P Y
0 0.5 1 15 20 0.5 1 1.5 2
ho (eV) ho (eV)

FIG. 7. Real, «;, and imaginary, oy, parts of the polarizability
of Ti,CCl, computed on top of the GW-corrected energy states, by
solving the BSE equation, with and without W-av method.

such as PPA are known to be insufficient [39-41]. COHSEX
corrections are also larger for the p states further away from
the Fermi level, for example, around —4 eV. For the states
above 4 eV above Fermi energy, the sign of the correction is
different - GW corrects the energy states downward, whereas
COHSEX corrects them upward.

IV. CONCLUSIONS

In this article, we presented a systematic study of the elec-
tronic and optical properties of a series of monolayer MXenes,
performed at the GW and BSE level. We use an implemen-
tation that accurately describes the frequency dependence
(MPA) and the intraband contributions (W-av) to the screened
Coulomb interaction. We showed that many-body effects re-
sult in significant GW corrections to the DFT band structure,
in part due to the reduced screening typical of atomically thin
materials. These corrections, similarly to those computed for
the corresponding 3D layered systems [52], are larger for the
states with p — d hybridization. For their localized nature,
states with predominant d character show smaller corrections,
as seen in the bands closer to the Fermi energy.

The GW corrections induce substantial changes in the
absorption spectra, already at the independent particle approx-
imation. The GW corrections result in a shift of the spectra
to higher energies, which is approximately 0.4 eV for all
compounds, except for TizC,0,, for which the shift is 0.7 eV.
Ti;C,0; is also the only compound that presents significant
absorption peaks above 1 eV, confirming previous studies
of other oxygen-terminated MXenes [37]. The inclusion of
the electron-hole interaction through the Bethe-Salpeter equa-
tion has a less dramatic effect, which can be correlated with
the density of states at the Fermi energy of each system. The
BSE absorption spectra show a downshift of about 50 meV
with respect to IPA, for all except the OH-terminated systems.
In the latter case, the GW-IPA and GW -BSE spectra are very
similar, which can be explained by a larger DOS at the Fermi
energy, resulting in more efficient electron-hole screening.

Finally, we highlighted the importance of accurately treat-
ing both the momentum and frequency dependence of the
screened Coulomb interaction when studying 2D metallic sys-
tems, as well as the potential influence of dynamical effects
on the BSE spectra. Overall, our results demonstrate that
many-body approaches are essential for reliably predicting
the optical resonances of 2D metallic layers and for assessing
their suitability for optical sensing and related applications.
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