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StTiOs is one of the most studied transition metal oxides. Recently, a breakthrough was achieved with the
fabrication of freestanding SrTiO; ultrathin films down to the monolayer limit. However, the many-body effects
on the quasiparticle and optical properties of monolayer SrTiO; remain unexplored. Using state-of-the-art many-
body perturbation theory in the GW approximation combined with the Bethe-Salpeter equation, we study the
quasiparticle band structure, optical, and excitonic properties of monolayer SrTiO;. We show that quasiparticle
corrections significantly alter the band-structure topology; however, the widely used diagonal GoW, approach
yields unphysical band dispersions. The correct band dispersions are restored only by taking into account the
off-diagonal elements of the self-energy. The optical properties are studied both in the optical limit and for finite
momenta by computing the electron energy loss spectra. We find that the imaginary part of two-dimensional
polarizability at the long wavelength limit is dominated by three strongly bound excitonic peaks and the direct
optical gap is associated to a bright exciton state with a large binding energy of 0.93 eV. We discuss the character
of the excitonic peaks via the contributing interband transitions and reveal that the lowest bound excitonic state
becomes dark for finite momenta along I"'-M, while the other two excitonic peaks disperse to higher energies and

eventually merge for momenta close to M.

DOLI: 10.1103/PhysRevMaterials.8.024001

I. INTRODUCTION

Transition metal oxide (TMO) perovskites have attracted
wide interest in the last years due to the many intriguing
physical properties and possible technological applications
in various fields as oxide electronics, spintronic, or catalysis
[1-4]. Among them SrTiO3 has acquired a prototypical role:
it’s one of the most studied perovskites and has been employed
as a proving ground to propose or compare different computa-
tional schemes [5,6], including many-body ab initio methods
[7-11] and machine-learning based algorithms [12,13]. The
impact of its electronic structure on the conducting, mag-
netic, and optical properties has been widely investigated,
and intriguing phenomena such as superconductivity or two-
dimensional electron gas [14,15] have been identified and
analyzed. In particular, several theoretical works [8—10,16]
analyzed the role of electronic correlations and localized d
states in the optical response, and highlighted how including
an explicit description of excitonic interactions is necessary to
achieve a satisfactory agreement with the experimental data.
Recently, an important breakthrough was achieved by Ji et al.
[17] through the synthesis of freestanding two-dimensional
(2D) perovskites SrTiO3 and BiFeOs films with a thickness
reaching the monolayer limit. Their work proves that TMO
perovskite films can be realized with thicknesses below the
critical limit previously proposed as necessary for crystalline
order stability [18]. A year later, freestanding PbTiO3 films
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were fabricated with thicknesses down to four unit cells by
Han et al. [19]. These results sparked notable interest towards
ultrathin perovskites [20] and prompted a series of experimen-
tal and theoretical works aimed at exploring their structural,
electronic [21-29] and mechanical properties [19,30,31]. Su-
perelasticity was identified in BaTiO3 [32], while the presence
of a ferroelectric transition was recognized in SrTiO; and
PbTiO; 2D compounds [19,33,34]. Another line of research
investigated how the electronic properties can be tuned by
engineering strain or employing heterostructures approaches
[35-38]. Nevertheless, to the best of our knowledge, a com-
prehensive study of the excitonic and optical properties of
SrTiO; in the monolayer limit has not been discussed yet
in literature. Low-dimensional systems have been intensely
studied due to their fascinating optical and excitonic physics:
these systems exhibit a significantly enhanced electron-hole
interaction, stemming from substantially reduced nonlocal
screening when compared to their bulk counterparts [39-50].
Furthermore, excitonic effects dominate the optical response
and lead to binding energies exceeding those found in bulk
semiconductors up to one order of magnitude [47,51,52].
The experimental synthesis of freestanding TMO perovskites
monolayer presents therefore the opportunity to expand this
analysis from the bulk phases to 2D structures. In this work
we present a first-principles study of the optical spectra and
the underlying excitonic transitions of monolayer SrTiOs,
determined through the solution of the Bethe-Salpeter equa-
tion (BSE), where the quasiparticle (QP) eigenstates and
screened Coulomb interactions are computed by the GW
method. Our simulations indicate that DFT with semi-local
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functionals predicts incorrect hybridizations between Ti-d and
O-2p orbitals for the lower conduction bands, thus yielding
incorrect band characters. This leads to a severe failure for
the diagonal GoW, method when taking semi-local DFT en-
ergies and orbitals as a starting point. Taking into account
the off-diagonal self-energy elements allows to restore the
correct band dispersions at GW level and describe the correct
hybridizations of the conduction bands. Furthermore, recent
studies [21,26] on the SrO-terminated monolayer structure
using the HSEO06 [53] and GGA + U approaches report a con-
flicting description of the conduction bands character, which
differs depending on the functional employed. Our study con-
tributes therefore to address the shortcoming of the HSE06
functional and the role of nonlocal contributions. Moreover,
we find that excitonic effects significantly alter the optical
spectra. Reduced dimensionality effects induce a considerable
enhancement of exciton binding energies with respect to the
bulk phase, yielding a binding energy as large as 0.93 eV
for the first excitonic state. In addition to the spectral weight
transfer visible also in bulk, new bound exciton peaks appear
in monolayer SrTiOs; the origin of these excitonic peaks is
clarified by analyzing the coupling components of the BSE
eigenstates associated to these peaks.

II. METHODS AND COMPUTATIONAL DETAILS

Our calculations were performed using the VASP software
[54,55], with the GW versions of the projector augmented
wave (PAW) potentials [56,57]; the norm-conserving PAW
were used for Sr and Ti [8]. The QP band structures were
computed using the ab initio GoW( method [58-60]. In
many-body perturbation theory, the QP wave functions and
eigenvalues are determined by a Schrodinger-like equation in-
volving the self-energy X:

[T + Vir + Vexdp (r)+ f (r, v, )% (r')dr’
= EX 3 (1), )

where T is the kinetic term, Vi is the external potential, and
Vy is the Hartree potential; the self-energy operator ¥ in the
GoW approximation is given by

: 00
Sr.r, o) = 2L / Go(r, ¥, 0+ )
m J_

[ee]

x W()(r, rl’ w/)eia)’Oerw/’ (2)

where the screened interaction Wy and the Green function
Gy are calculated from the DFT one-electron energies and
orbitals, and Wy is determined by the random phase approx-
imation (RPA). Two different GoW, schemes are discussed
through this work. In the GoW{"' approach the Hamiltonian is
constructed starting from the full self-energy matrix expressed
on the basis of DFT states (¢DFT| % |¢2£T) [61-64]. The
scheme employed is described in Ref. [61]: in the first step
the self-energy is linearized around the DFT energy and the
equation is recast as a generalized (non-Hermitian) eigenvalue

problem

[T +V+2(ELT) —e(EZEL] o) O

H(EDFT)

DFT
= Eu[1 - §(Ex )] o)
———
S(EDFT)
with £(E,x) = aE(E:") In the second step, the Hermitian part
of the Hamiltonian and of the overlap matrix S are determined
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The QP wave functions and eigenvalues are then determined
by diagonalizing the corresponding Hermitian eigenvalue
problem

S, "V2H,S,”?U = UA, ®)

where A is the diagonal eigenvalue matrix and U is a uni-
tary matrix. The QP wave functions are given by qbnk =
>, Um®PET. The off-diagonal elements are computed for
a subspace spanned by the first 64 bands. The second one
is the widely used one-shot approach based on the diagonal
approximation of the self-energy %, referred to as GyW§ %

T SEXT)Vee [o ), (6)

where Z, is the renormalization factor

DET -1
an — [1 _Re <(¢DFT 22 (Eilk ) |¢,?kFT))i| . (7)

This approach implicitly assumes that the matrix elements
(¢RI =V, |¢PFT) are band diagonal. A 24 x 24 x 1 k-point
mesh guaranteed a convergence of the QP and optical direct
gaps of ~0.05 eV, and a vacuum region of 40 A along the
direction perpendicular to the monolayer was introduced to
avoid spurious interactions with the periodic images. The
vacuum width of 40 A was established through a convergence
study on the GoW*® QP gaps with a convergence threshold
of 0.05 eV. Ninety-six frequency points were employed to
represent the screened potential and the self-energy. The con-
vergence study for the energy cutoff and the number of empty
bands was carried out using the GoyW{*® scheme. The interde-
pendence of these parameters [65—67] was taken into account
by employing a standard convergence framework [11]: the
direct and indirect gaps were evaluated as a function of the
number of bands at a constant energy cutoff (the number of
bands did not exceed the maximum number of plane waves
compatible with the given cutoff), and then the procedure was
repeated for several cutoff values. To achieve a convergence of
the QP gaps within ~0.03 eV it was necessary to employ 2200
empty bands and a cutoff of 600 eV (with an energy cutoff for
the response function set at 325 eV). In contrast, utilizing the
same energy cutoffs, the inclusion of 1100 bands only results
in a convergence of 0.10 eV for the QP gaps. To reduce the
expensive computational cost of the GoW{'!! simulation, the
GoW{"! results were obtained with the inclusion of 192 bands
and finite basis errors were corrected through the introduction
of a scissor operator. The scissor shift was determined as the

ES =EXN" + Z (o
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difference between the QP direct gaps of two GOngag calcu-
lations using a different number of bands: in the first one 192
empty bands were used to calculate the screened potential and
self-energy, while the second one was conducted with the con-
verged value of 2200 bands. Both runs maintained a 600 eV
energy cutoff, 40 A vacuum, and a 24 x 24 x 1 k-point mesh.
To further accelerate the computation, the GoW“® runs were
performed within the plasmon pole model [58,68] and the
GPU version of the YAMBO software [69,70]. The full com-
putational details regarding the convergences and the YAMBO
setup are compiled in the Supplemental Material [71] (see also
Refs. [72,73] therein). The optical properties were calculated
by solving the (momentum-dependent) Bethe-Salpeter equa-
tion (BSE) [74-76]:

H™(q) A, q) =EYN@) A, @), ®)

Aq) =) > Al @lv.k—q)lc.k), (9
v,e k

where E*(q) and A2 are the BSE eigenvalues and eigenvec-
tors amplitudes, and v, ¢ refer to the valence and conduction
bands. The equation was solved within the Tamm-Dancoff ap-
proximation [75], including eight valence and ten conduction
bands. The static screened Coulomb matrix elements used to
build the BSE kernel were recalculated separately with the
inclusion of 1100 bands. The response function xg—o.G'=o
with the inclusion of excitonic effects is defined as

| Zv,c,k Aql;\ck (q)pvkck+q |2

, (10
w—EM+in (10)
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where 7 is a positive infinitesimal and the transition matrix el-
ements p are defined as pykck+q = (¢, kK + (| €97 |v, k). The
key quantity linked with the optical absorption in 2D systems
is the 2D polarizability [77]

L1
=—lim —— , ), 11
a@) = = lim 504, @) (an

where L is the size of the cell in the nonperiodic direction.

III. RESULTS AND DISCUSSION

The geometry of the stoichiometric monolayer SrTiOj
(001) was determined through a structural optimization start-
ing from the relaxed cubic bulk phase. The optimization
results in distortions along the z axis [see Fig. 1(b)], in agree-
ment with previous works [22,78]: The Ti and Sr atoms are
displaced toward the inner side, with a larger displacement
associated to the Sr atom, corresponding to the C4v symmetry
group. The dynamical stability of the relaxed cell is validated
by the stable phonon spectra reported in Ref. [22]. Further-
more, the absence of any imaginary frequency was confirmed
in a subsequent study conducted by Juraschek et al. [79].
The distortions give rise to a polarization perpendicular to
the monolayer plane [22] (see Fig. 1), which was calculated
to be 0.069 |e|A using the Berry phase method [80]. This
value is consistent with the one estimated by the approximated
expression Py = Zi AR;Z} (where AR; are the atomic dis-
placements and Z; the Born effective charges) which gives
0.062 |e|A.

—~~
Q
N—

o))

Energy (eV)

= Gowl o)
DFT == Sr

FIG. 1. (a) DFT (grey lines) and orbital-projected GOW(f)““ band
structures. Colors represent the O (green), Ti (red), and Sr (blue)
characters, respectively, The two right panels show the orbital-
projected unoccupied bands along X-I" calculated by GyW§"® and
DFT. (b) Stoichiometric monolayer SrTiO; structure.

A. Electronic properties

To obtain accurate optical properties, an accurate de-
scription of the QP band structures is indispensable [81].
Remarkably, the QP corrections for monolayer SrTiO; are
not just rigid energy shifts, but rather prove to be k-point
and band-dependent. As displayed in Fig. 1, the DFT band
structure shows markedly different conduction bands disper-
sion with respect to GoW™!! predicted ones: this difference is
connected to an inadequate description of orbital characters
by DFT with semi-local functional.

In the DFT band structure [grey lines in Fig. 1(a)] the
conduction manifolds are dominated by Ti-d states; by con-
trast, the conduction manifolds predicted by GoWi!! exhibit
a sizable hybridization between Ti-d and Sr and O-p states.
In particular, the lowest conduction band possesses a con-
siderable mixing of Sr states (up to ~40%) and O-p (up to
~20%) along I'-M and X-I". The valence bands characters
are unchanged between GoW™! and DFT and are clearly
contributed by the O-p states. In fact the QP valence bands can
be successfully modeled using a typical scissor plus stretching
correction.

It is instructive to compare these results with the widely
used diagonal GoW, approximation. Since the GOWSlalg
method retains a pronounced starting point dependence

[74,82-85], it is not so surprising that GOngag on top of
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TABLE 1. Direct and indirect QP and optical gaps for the mono-
layer and bulk SrTiO;. Both GoW™! and GOWSlag predicted QP
gaps are shown. The optical gaps and the associated exciton binding
energies E,;, for the monolayer structure are determined by solv-
ing the Bethe-Salpeter equation starting from GoW{!! predicted QP
eigenstates. The data for the bulk phase are from Refs. [8,11].

Monolayer Bulk
Dir. Ind. Dir. Ind.
BSE@G,W, 3.588 2.891 3.73[8] -
Ey 0.93 0.98 0.21[8] -
GoWi! 4514 3.870 - -
GoWy e 4743 4.099 3.94[11] 3.55[11]
DFT 2427 1.781 2.23 1.86

the incorrect DFT band characters results in unphysical band
dispersions and multiple crossings long X -I" among the lower
conduction bands [see Fig. 1(a)]. The failure of Gowglag orig-
inates from the neglect of off-diagonal matrix elements of
the self-energy: the full self-energy operator correctly couples
the single particle Kohn-Sham orbitals and restores the cor-
rect hybridizations, thus avoiding the multiple band crossings
[see Fig. 1(a)]. Similar behaviors were observed in several
bulk materials, such as topological insulators [86—88] and
compounds with strong p-d hybridizations [§9-92]. However,
only a very limited number of works in literature on 2D mate-
rials [93] report such a significant impact of the off-diagonal
> terms. A valuable example is the study of Forster et al.
[93], which points out that the omission of off-diagonal X
elements results in non-physical features in the GW band
structure of few-layer Sb,Te; and Bi,Se;. The crucial ef-
fect of the ¥ operator beyond the diagonal approximation
has never been reported for 2D transition metal oxides and
never in the monolayer limit. Moreover, recent studies based
on the HSEO6 functional [26] and the GGA + U approach
[21] of the SrO-terminated SrTiO3; monolayer provide a con-
flicting description on the conduction band minimum (CBM)
band character. The GGA + U introduces a contribution of
Sr 5s states to the CBM, while the HSEO6 determines a
CBM predominantly formed by Ti-d states. Likewise, the
HSEOQ6 functional applied to the stoichiometric monolayer
(discussed in this work) depicts a CBM characterized by min-
imal hybridization, closely resembling the DFT description,
and therefore, is not able to cure the nonphysical dispersions
when used as a starting point for GoW{ ¢ (see SI Fig. 3). By
increasing the short range Fock exchange fraction o the HSE
scheme is able to reproduce the CBM hybridized character
(although the corresponding HSE band structure reproduces
only partially the GW one, see SI Fig. 5). This behavior can be
clarified by recalling that the short-range exchange fraction o
can be related to the screening properties, and in particular, to
the inverse dielectric constant o >~ eo‘ol [94,95]. Since the 2D
screening is associated to a smaller dielectric constant, a larger
« is therefore needed to obtain an improved description. The
fundamental quasiparticle band gaps of monolayer SrTiO; are
summarized in Table I. The DFT fundamental band gap is
indirect, with the valence band maximum (VBM) at M and
the conduction band minimum (CBM) at I, while the DFT

direct gap is defined at I'. Despite the strong effect of QP
corrections, the GoW™! indirect and direct gaps are opened
at the same k-points (I'-M and I'), and are equal to 4.514 eV
and 3.870 eV, respectively. The small difference between the
GoW! and GoW{*¢ QP gaps is due to the different degree of
hybridization of the CBM orbital. By contrast, bulk SrTiO3
exhibits a decreased band gap (3.55 eV), as predicted by
GOWSllag [11]. This band-gap reduction is in line with the
typical trend when going from monolayer to the bulk structure
[96,97]. A notable difference is, however, visible in the nature
of the gap, which displays a pure p-d character in the bulk
phase and involves the degenerate Ti-ty, states at I' [9]. This
degeneracy is broken in the monolayer limit, and the band
becomes substantially hybridized at I.

B. Optical and excitonic properties

The optical response of monolayer SrTiO; is dominated
by excitonic effects. The direct optical gap is associated to a
large excitonic binding energy of 0.93 eV (see Table I). Com-
pared with ultrathin transition metal materials, the predicted
value falls within a comparable range to the highest observed
E,; in transition metal dichalcogenides (TMD) [47,98,99]
(~0.8-0.9 eV for freestanding WS, and WSe, [47]) and MX-
enes (considering ~0.8 eV for Zr,CO, [100] and ~0.7 eV for
Sc,CF; [101]). This value is roughly four times larger than the
one estimated for the bulk phase (~0.2050.240 eV [8,9,16]);
this increase is a typical consequence of the decreased screen-
ing of 2D materials [48,49,77]. Moreover, several researchers
proposed a screened hydrogen model which establishes an
explicit dependence between E,, and the 2D polarizabil-
ity app [100,102,103]; In clear contrast to the bulk case,
the model considers (in the large polarizability regime) the
binding energy independent of the exciton reduced effec-
tive mass. By extracting app from the ab initio data and

employing the model’s equation E:by dmodel — 302 /4705 we
obtain E ?g dmodel _ 1 02 eV, in good agreement with our BSE

(a)3 v
— 2
2 --=- QP gap
£
0 . :
3 4 5 6 7 w(eV) 8
(d) ] I | ‘ |
AU/ Ay \
! . ; | ] —
3.5 4.0 4.5 dark bright

5.0w (eV)5'5

FIG. 2. (a) Imaginary part of 2D polarizabilities with excitonic
effects (BSE) and in the independent particle approximation (IPA).
The vertical dashed line represents the fundamental direct gap. The
BSE eigenvalue spectrum is given in (b), with an insert zooming
over the bound exciton region. The color coding indicates the asso-
ciated oscillator strength with the maximum of the scale being set to
that of A,.

024001-4



QUASIPARTICLE AND EXCITONIC PROPERTIES OF ...

PHYSICAL REVIEW MATERIALS 8, 024001 (2024)

)]

Energy (eV)
S

(EM =3.588eV |

;E"l =4.386eV | ;EAZ = 5.406ev:

max

FIG. 3. Upper panels: Fatband analysis on the optical transitions associated with Ag, A, and A, states. The fatness of the bands is

proportional to the square of the amplitude of the electron-hole coupling coefficients |A}, .

A 12 with v, ¢, k, and A denoting the valence band

index, conduction band index, k-point, and BSE eigenvalue, respectively. For A,, the O-p — Ti-d,, + Ti-d,; optical transitions, discussed in
the text, are highlighted by a light blue color. Lower panels: Distribution of the BSE eigenvectors in the Brillouin zone for the corresponding

BSE eigenvalues. The color coding denotes ), AR 1%

prediction. The BSE-predicted imaginary part of the 2D po-
larizability in Fig. 2 is dominated by two very intense and
narrow peaks. This is in marked contrast to the one computed
from the independent particle approximation, which exhibits
a long absorption tail. The first narrow peak is located below
the QP direct gap and is determined by the excitonic state
Aj. A low-intensity feature is visible at the optical direct
gap and is associated to the lowest bound exciton A, with
a considerable redshift at the onset energy of ~1.0 eV. Ag
is related to a bright exciton, albeit with a very weak oscil-
lator strength (less than 5% of A;). The continuum region
displays a single prominent structure, in the form of sharp
peak (i.e., A, with the strongest oscillator strength) plus a
shoulder. Now we turn to the analysis of the fine structure
of bound excitons in Fig. 3. The lowest state Ag is dou-
bly degenerate and weakly optically active, with a modest
oscillator strength. The contributions to the excitonic wave
function in reciprocal space Aﬁ;’c are predominantly localized
at I' and originate from optical transitions from the valence
O-p states the CBM. The low oscillator strength can be ex-
plained in terms of orbital characters of the CBM. Specifically,
the conduction band minimum retains a substantial O-p and
Sr hybridization; in particular, the Sr hybridization at I" is
mainly composed by Sr-s and Sr-p characters. This is, in
turn, associated to a partial suppression of the optical ma-
trix elements between the valence O-p states and the CBM.

The major A][(\ch terms correspond to interband transitions

localized near I from the two highest valence bands formed
by O-p./p, states (doubly degenerate at I'), to the second
conduction band of Ti-d,, character (see Fig. 3). The BSE

eigenstate Aﬁ;c in the continuum mixes the (previously cited)
O-p,/py — Ti-d,, optical transitions with a second excitation
channel (highlighted with a different color in Fig. 3), from the
O-p, valence states to the nondispersive conduction bands in
the regions around I'-X and I'-M at ~ 6.0 eV, dominated by
Ti-d,, /Ti-d,, states (with a negligible hybridization with other
states, less than 12%). The high intensity of the A, feature
can be associated to the localization of the Ti-d states in the
nondispersive regions at ~ 6.0 eV. We note, moreover, that all
O-p valence orbitals involved in A; and A, originate from
the oxygen atoms situated in the Ti plane. Due to the par-
ticular screening environment of 2D compounds, the orbitals
perpendicular to the monolayer plane (e.g., the ones involved
in the O-p, — Ti-d,,/Ti-d,; channel) experience a reduced
screening with respect to the plane confined ones [104]; this
effect concurs to explain the large ~2.0-2.1 eV redshift of the
A, peak. Next, we turn to the investigation of the excitonic
dispersion at finite q, that is beyond the optical limit. This
allows us to further characterize and discriminate the excitonic
properties in 2D systems [41,44,46,105,106]. The excitonic
dispersion can be accessed experimentally by means of elec-
tron energy loss spectroscopy (EELS) or resonant inelastic
x-ray spectroscopy (RIXS) [46]. In particular in the EELS
technique the cross-section depends on the Loss function
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FIG. 4. Loss function for transferred momenta along the high-
symmetry direction I'-M, from q = M/8 to q = M. Each curve
is multiplied by ¢, following Cudazzo and coworkers [46,105].
The insert shows the excitonic band structure for the lowest two
excitons along X—M-I"; the zero energy is set at the eigenvalues
minimum at M.

L(q, ®) = —Im[e~'(q, ®)]. Our computed Loss functions for
various q are plotted in Fig. 4 along I'-M (corresponding
to the indirect gap direction). It’s interesting to find that the
doubly degenerate lowest excitonic state Ao, that yields a low-
intensity feature for ¢ — 0 becomes completely dark along
I'-M. Furthermore, the analysis of exciton dispersions (insert
in Fig. 4) shows that the double-degeneracy is splitted away
from I', and the two resulting excitonic bands reach their
minimum at q = M, in correspondence of the indirect QP
band gap. The lowest (dark) excitonic band shows a parabolic
dispersion around M, with an associated binding energy of
0.98 eV (at q = M). Upon increasing momentum transfer, the
peak associated with the A state disperses to higher energies
and progressively merges with the high-intensity structure at
~5.5 eV (identifiable with the A, transition). At large q a new
feature appears at transition energies around 4.1 eV, which
originates from the interband transitions from the three high-
est valence bands to the lowest conduction band. In particular,
for @ = M a nonnegligible contribution to the BSE eigenstate
Ayek(q = M) (up to 30% of the total spectral weight) is ob-

tained by the transitions from valence O-p, states, which are
also involved in the A, excitonic transition.

IV. CONCLUSION

In summary, we investigated the quasiparticle and exci-
tonic properties of freestanding monolayer SrTiOs;, using an
ab initio approach based on many-body perturbation GW
theory and Bethe-Salpeter equation. We demonstrate that the
inclusion of off-diagonal self-energy matrix elements in the
GoWy scheme is crucial to correctly describe the strong hy-
bridization of the lower conduction bands (which is wrongly
accounted for by semi-local DFT) and hence prevents the
appearance of unphysical dispersions. In the second part the
excitonic properties both in the optical limit ¢ — 0 and for
finite momenta have been studied. We find that the spectra at
q — 0 is dominated by excitonic effects, with a large binding
energy of ~0.93 eV at the direct optical gap. The analysis
of the BS coupling components shows that the most intense
peaks are originated from the O-p — Ti-d interband transi-
tions, in conformity with the bulk description. In particular,
the transitions from the in-plane O-p./p, orbitals to Ti-d,,
orbitals and from out-of-plane O-p; orbitals to Ti-d,;/d,, or-
bitals form separate excitation channels, which allows us to
differentiate the two peaks. At finite q, the lowest exciton
becomes dark with a parabolic excitonic dispersion around
the transition minimum at ¢ = M, an energy lower than the
direct optical gap. Considering the enhanced excitonic fea-
tures described in monolayer SrTiO3, we anticipate this work
will serve as a starting point to stimulate further studies on
the optical properties of the other synthesized 2D perovskites
and on the interplay between the excitonic interaction and
the effects of strain and doping. Furthermore, the insights
on the shortcomings of the semi-local and hybrid functionals
reported in this work can provide a methodological reference
when exploring the quasiparticle and optical properties of 2D
TM perovskites.
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