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First-principles insights onto structural, electronic
and optical properties of Janus monolayers CrXO
(X =S, Se, Te)
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The lacking of the vertical mirror symmetry in Janus structures compared to their conventional metal
monochalcogenides/dichalcogenides leads to their characteristic properties, which are predicted to play
significant roles for various promising applications. In this framework, we systematically examine the
structural, mechanical, electronic, and optical properties of the two-dimensional 2H Janus CrXO (X = S,
Se, Te) monolayers by using first-principles calculation method based on density functional theory. The
obtained results from optimization, phonon spectra, and elastic constants demonstrate that all three
Janus monolayers present good structural and mechanical stabilities. The calculated elastic constants
also indicate that the Janus CrTeO monolayer is much mechanically flexible than the other two
monolayers due to its low Young's modulus value. The metallic behavior is observed at the ground state
for the Janus CrSeO and CrTeO monolayers in both PBE and HSEQ6 levels. Meanwhile, the Janus CrSO
monolayer exhibits a low indirect semiconducting characteristic. The bandgap of CrSO after the

correction of HSEO6 hybrid functional is the average value of its binary transition metal dichalcogenides.
Received 26th October 2021 The broad ab i t f Crso s th id tivated f the visible t ~
Accepted 7th December 2021 e broad absorption spectrum of Cr reveals the wide activated range from the visible to near

ultraviolet region. Our findings not only present insight into the brand-new Janus CrXO monolayers but
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1 Introduction

Two-dimensional (2D) layered-nanomaterials along with gra-
phene' are strongly investigated both theoretically and experi-
mentally*® due to their outstanding properties which meet the
demands of future applications. The large-scale research turned
to search alternate 2D materials including graphene-like
structures when shortcomings of graphene emerged. Conse-
quently, a series of 2D nanomaterials have been reported, such
as phosphorene,”® Xene (stanene,’ silicene'® or germanene),*"*>
hexagonal boron nitride (h-BN),** transition metal chalcogen-
ides (TMDs)*** and so forth. They possess many superior
mechanical, electronic, and photocatalytic properties which do
not exist in 2D forms.'*** Among the 2D materials mentioned
above, the layered TMDs have attracted considerable interest
due to their unique structure, extraordinary physical properties,
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experimental

research for several applications in optoelectric and

and the wide potential applications such as catalysis,* opto-
electronics and spintronics,® electrochemical energy storage,*
nanoelectronics.>* Although, there are several significant
successes and unprecedented efforts which consequence upon
various beyond-graphene 2D systems, the complete potentials
of such systems are still unexplored which may restrict their
usage in devices.

Recently, Janus 2D materials have been considerably inter-
ested in as a brand-new class of 2D layered-nanomaterials.>>°
Owing to the lacking of the vertical symmetry, Janus materials
possess asymmetric structures resulting in many new electronic
and photocatalytic properties with considerable promising
applications such as in energy storage and nanoelectronic
technologies.***> The Janus 2D material reported originally in
2009,* named graphone, was a graphene-based material ob-
tained by hydrogenating only one side of graphene. Since then,
many experimental and theoretical studies have released
diverse Janus structures dominantly based on their binary or
ternary TMDs.*»* Therefore, this work is carried out with
motivation to firstly simulate the 2D Janus CrXO (X = S, Se, Te)
monolayers that can be built from commonly reported transi-
tion metal dichalcogenides or oxide CrX, or CrO,. The TMD
monolayers possess the rich chemical diversity and multiple
phases of crystalline structures such as octahedral (1T),
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hexagonal (2H), and distorted octahedral (1T') structures***’
depending on the arrangements of the Cr and chalcogens
atoms. Among the three major structures, the semiconducting
2D CrX, monolayers with 2H-phases are much interested in due
to their more energetically stable forms.*® The 2H-phases of Cr
dichalcogenides are direct gap semiconductors, whereas its
oxide has an indirect energy gap. Particularly, 2H monolayers
CrO,, CrS,, CrSe, and CrTe, were previously found to be non-
magnetic materials.*** As for the phonon bandgap, which
separates the acoustic vibrational branches from the six optical
ones, all of the 2H-phases of Cr dichalcogenides and oxide
monolayers are found to be absent resulting in the reduction of
thermal conductivity. The 2H-CrO, has the largest phonon
thermal conductance at all temperatures since it composed of
the lightest atoms in the group. Together with the increase in
temperature, the thermal conductance of CrO, increases
significantly.”* However, the structural symmetry along the out-
of-plane direction limits the applications of those TMD mono-
layers. The asymmetric Janus CrXO monolayers not only
inherits the advantages of 2H-phases Cr dichalcogenides but
also play a key role to control optical and electronic properties
which are the crucial deciding factor for various practical
applications.

In the present work, by means of first-principles calculation
based on DFT, we report the first theoretical investigation on
the 2D Janus CrXO monolayers. The current paper is organized
as follows: in Section 2, we describe the computational meth-
odologies. Then in Section 3, we discuss the optimized struc-
tural parameters and dynamical stability via the phonon spectra
examination, followed by the discussion of mechanical stability
via elastic constants survey. The electronic properties are
investigated by analyzing the band structures. Since this is the
first theoretical and experimental research, our obtained result
can provide effective guidance for fabrication, as well as appli-
cation of the 2D Janus CrXO monolayers in future optoelec-
tronic and nanoelectronic devices.

2 Computational methods

All simulations in this study were performed by the DFT method
as implemented in the Quantum Espresso code.*” We used the
project augmented wave (PAW) method to consider the valence
electron-ion core interactions.*” The generalized gradient
approximations (GGA) by the Perdew-Burke-Ernzerhof (PBE)
were used to treat the correlation and exchange functionals. The
spin-orbit coupling (SOC) was taken into account in self-
consistent investigation for electronic characteristics of Janus
monolayers.** Further, the hybrid functional by Heyd-Scuseria—-
Ernzerhof (HSE06)* was also used to correct the band struc-
tures of the investigated monolayers. The DFT-D2 method by
Grimme*® was also used to correct the van der Waals interac-
tions in the layered materials. The cut-off energy for the plane-
wave basis was adopted as 500 eV. A (15 x 15 x 1) k-mesh was
built by the Monkhorst-Pack method to sample the Brillouin
zone. The atomic structures of systems were fully optimized
until the residual forces on atoms were less than 10> eV A",
We inserted a vertical vacuum space of 20 A to reduce the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions between neighbor slabs. Phonon spectra of
monolayers were evaluated by the density functional perturba-
tion theory (DFPT) method.*”” The Born-Huang's criteria were
used to evaluate the mechanical stability of monolayers.

3 Results and discussion
3.1 Geometry and stability

The CrXO (X = S, Se, Te) monolayers can be constructed from
CrX, or CrO,. However, CrO, is unstable at room temperature.*®
It is known that CrX, stably exists in 2H.**** Hence, the 2H
Janus CrXO monolayers can be formed based on 2H CrX, by
replacing the bottom layer of X with O atoms. The most stable
2H structures (have the lowest energies) of the Janus CrXO (X =
S, Se, Te) are optimized and sketched in Fig. 1. It can be seen
that Janus CrXO consists of three layers of atoms, namely, X, Cr,
and O atoms from the top to the bottom. The optimized in-
plane hexagonal unit cell lattice constants a of three struc-
tures and the vertical distance between the oxygen or chalcogen
atoms Ah are listed in Table 1. Both a and Ah values are
increasing from CrSO to CrTeO, although the discrepancies are
quite small, less than 5%. It is noteworthy that the breaking of
the mirror symmetry in the original structure leads to a vertical
asymmetry in the Janus CrXO which is evident in the large
difference (about 12%) in the bond lengths of Cr-O (d¢;-o) and
Cr-X (der-o)- The calculated Cr-O (dc,_o) bond lengths are similar
for all three structures, while those of Cr-X (d¢ro) are quite
different, i.e., the shortest one is found for Cr-S (2.26 A), followed
by Cr-Se (2.42 A), the longest one is found for Cr-Te (2.75 A).
These obtained results can be attributed to the dissimilarity in
ionic radii of S (1.84 A), Se (1.98 A) and Te (2.21 A). Note that the
free-standing Janus structures may be more stable in the curled
forms due to their asymmetry.>® This observation is consistent
with previous predictions that sheets tend to curve in response to
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Fig.1 Different views of optimized atomic structures of Janus CrXO (X
=S, Se, Te) monolayers.
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Table 1 Calculate the lattice constant a, bond length d, thickness Ah, and bond angle ¢ of the Janus CrXO monolayers (X = S, Se, Te)

a (A) dero (A) derx (/o\) Ah (A) ¢ s xcrx (deg) ¢ 2ocro (deg) ¢ sxcro (deg)
CrSO 2.83 1.95 2.26 2.63 77.67 92.85 76.85
CrSeO 2.94 1.96 2.42 2.70 74.55 97.25 75.57
CrTeO 3.09 1.94 2.75 2.86 68.06 105.72 72.74

lattice-mismatch in its structure.® In the present study, bending
curvature is not included in our calculations.

Next, in order to test the dynamical stability of the Janus
CrXO, the phonon dispersion curves along several lines of high
symmetry presented in Fig. 2 are analyzed. The frequency and
phonon dispersion bands of all three monolayers are not quite
different from each other. It is found that these three systems of
the Janus CrXO are dynamically stable since there are no
imaginary modes in the whole Brillouin zones. As depicted in
Fig. 2, the phonon dispersion curves of the Janus CrXO mono-
layers have 9 vibrational branches, including 3 acoustic
branches with low frequencies and 6 optical branches with
higher frequencies. There is no gap between optical and
acoustic branches resulting in the robust optical-acoustic scat-
tering in CrXO monolayers, and hence, thermal conductivity
may be affected. At the I" point, optical phonons include non-
degenerate vibrational modes for CrSO, while for CrSeO and
CrTeO, doubly-degenerate vibration modes are found. The
reduction in the vibration frequencies and the falling into the
lower energy region of the optical branches are found from
CrSO to CrTeO. The acoustic bands are also shifted towards low
frequencies and specifically are confined in a narrow frequency
range. This trend can be attributed to the atomic mass. Since
CrSO monolayer has the lowest atomic mass, the vibrational
frequencies of CrSO are higher compared to others. The less
dispersive acoustic modes, and hence lower group velocity, are
observed due to the downward shift of the acoustic branches.
Moreover, for the acoustic branches, the lowering of the
steepness is the result of weak bonding that is attributed to the
increasing Cr-X bond lengths when moving down on a chal-
cogen atom. This agrees with the previous optimized results.

For more argument of the Janus CrXO monolayers'
mechanical strength, which is essential for their applications,
elastic constants (C;), Young's modulus (Y,p) and Poisson's
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Fig. 2 Phonon dispersion curves of the Janus CrXO monolayers.
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ratio (v) are examined. Young's modulus is a parameter repre-
senting the stiffness of a solid, evaluates the material resistance
to elastic (recoverable) deformation under load. The Young's
modulus is given by Y,p, = (C1,*> — C1,%)/Cy1. Poisson's ratio (v =
C1,/C14) is defined as the ratio of the relative contraction strain
normal to the applied force to the relative extension strain in
the force direction. These two key factors are calculated and
depicted in Fig. 3. In this figure, we show the dependence of Y,
and v on the direction of three monolayers. The circular features
of Y,p and » in the polar diagram indicate the fully elastic
isotropy of the CrXO monolayers. For comparison, the values of
Cy, Yop and v are listed in Table 2. It is noticed that all the
calculated elastic constants (C;) are positive. It is demonstrated
that all three monolayers obey the mechanical stability
constraints, namely Cy; > Cyy, C11 + 2C15 > 0, and Cgg > 0.°> We
obtained the decreasing values of Y,p, in order of CrSO > CrSeO >
CrTeO. This means monolayer CrTeO is the easiest one to
deform under in-plane external force, followed by CrSeO and
CrSO. It is reasonable and in good agreement with the previous
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Fig. 3 Polar diagram for the Young's modulus (a) and Poisson’'s ratio
(b) of CrXO monolayers (X =S, Se, Te).

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07876c

Open Access Article. Published on 13 December 2021. Downloaded on 6/13/2026 9:02:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Elastic constant Cj;, Young's modulus Y>p, Poisson's ratio of
the Janus CrXO monolayers (X = S, Se, Te)

Cu(Nm™) Cp,(Nm™") Ce(Nm™) Y,p(Nm™') »
CrSO 157.86 43.71 57.08 145.76 0.28
CrSeO 137.12 46.46 45.33 121.38 0.34
CrTeO 103.88 83.17 10.35 37.28 0.80

analysis in Section 1 since the Cr-Te bonds are the longest and
deformable compared to those of Cr-Se and Cr-O. In contrast to
the values of Y,p, those of v are increasing from CrSO to CrTeO.
Besides, the calculated Poisson's ratio values are all positive
demonstrating the tendency of expansion (contraction) in the
perpendicular direction when a compressive strain (tensile) is
acted in one direction. One can use the » to evaluate the ductile-
brittle behaviors.>® Our calculated results indicate that CrSO
monolayer is brittle with » < 0.31, while CrSeO and CrTeO
monolayers with v > 0.31 are ductile, where CrTeO is much more
ductile with » = 0.80 (about 80% higher compared to that of
CrSeO). The obtained results for both Young's modulus (Y,p)
and Poisson's ratio (v) are in good accordance with each other.

3.2 Electronic structures

After proving that the Janus CrXO monolayers studies here are
dynamically stable, we use both PBE and HSE06 functionals in
order to examine precisely the variation of electronic properties
of all three systems and confirm our calculations. We calculate
the electronic structure of these systems along the I'-M-K-T"
direction in the energy intervals —3 eV to 3 eV. Our calculations
demonstrate that all three structures of CrXO are non-magnetic
materials. Previously, CrO,, CrS,, CrSe, and CrTe, monolayers
were reported to be non-magnetic semiconductors.*** The
energy band structures plotted in Fig. 4 present the same
profiles for three monolayers by both PBE and HSE06 func-
tional. Unlike their binary counterparts, the Janus CrSeO and
CrTeO monolayers become metallic at both PBE and HSE06
levels. Meanwhile, CrSO monolayer is low indirect semi-
conductor with bandgap of E,"*" = 0.22 eV and E,"*"° =
0.72 eV at the PBE and HSEO6 levels, respectively (Table 3), and
its conduction band minimum (CBM) and valence band
maximum (VBM) points reside at the K and I' points at the
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equilibrium state. The significant enlargement (more than
three times) of the calculated bandgap by HSE06 compared to
PBE is observed and can be attributed to the underestimation
the bandgap problem of semiconductors and insulators by PBE
functional. To get a better insight into the electronic charac-
teristics of the three materials, the weighted bands are also
examined (Fig. 5). From the plotted weighted bands, it can be
estimated the contributions of each atomic orbitals to the VBM/
CBM. It is found that both VBM and CBM of the band structures
of CrSO are constituted due to Cr-d orbitals.

Due to the vertical asymmetry, there is an intrinsic built-in
electric field available in the Janus structures.** Hence, there
is a difference in vacuum levels between two different sides of
the Janus structure. Therefore, the dipole correction® is used in
the calculations for the electrostatic potential as shown in
Fig. 6. Fermi level Eg, vacuum level difference A®, and work
functions ®@x and @, on two different sides of the Janus CrXO
monolayers are calculated to evaluate the electron's ability to
escape from the material surfaces (Table 3). Since the electro-
negativities of the X and O atoms are different, a finite out-of-
plane dipole moment is appeared owing to the transfer of
charges across the metal. The shifting in the vacuum level on
the two sides of the monolayer observed in Fig. 6 can be used to
evaluate the size of this dipole. It is worth noting that the
vacuum level will be different due to the dipole-induced
potential step. The Fermi levels shift up from —3.28 eV to
—2.78 eV, and —1.44 eV with increasing the atomic number
from S to Te, leading to the shifting of d-band away from the
Fermi level, which also causes the most depletion in the band
structure close to the Fermi level of CrTeO monolayer, followed
by that of CrSeO monolayer. This can result in the transition to
metallic properties of Janus CrSeO and CrTeO monolayers from
the direct semiconducting natures of their counterparts, which
is in good agreement with the electronic band structure obser-
vation. Due to the lacking of the vertical symmetry, the work
functions ®@x and @ are different on two sides. For CrSO and
CrSeO monolayers, the difference of work function on two sides,
A®, are similar (about 2.5 eV) and 0.9 eV higher than that in
CrTeO monolayer. This discrepancy could be due to the larger
electronegativity of the S and Se atoms compare to that of Te.

It is well-known that the SOC effect plays an important in the
electronic characteristics of 2D nanomaterials, especially
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Fig. 4 Band structures of CrXO (X =S, Se, Te) monolayers at the PBE (solid lines) and HSEO6 (dashed lines) levels.
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Table 3 Evaluated bandgaps Eq using the PBE, PBE+SOC, and HSEO6 functionals, Fermi level Ef, vacuum level difference A®, and work functions
@y and @ on two different sides of the Janus CrXO monolayers. M stands for metallic characteristic

E,"F (eV) E,"PE50C (ev) E,"SP (ev) Ep (eV) AP (eV) @, (eV) @, (eV)
Crso 0.22 0.21 0.72 -3.28 2.53 7.07 4.54
CrSeO M M M —2.78 2.52 6.55 4.03
CrTeO M M M —1.44 1.60 5.22 3.62
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Fig.5 Weighted band structures of (a) CrSO, (b) CrSeO, and (c) CrTeO
monolayers.

compounds based on heavily elements. In the present study, we
also calculate the band structures of CrXO monolayer by using
the PBE+SOC method to evaluate the influence of the SOC effect
on their electronic properties. The PBE+SOC band structures of
CrXO monolayers are depicted in Fig. 7. Our calculated results
demonstrate that there are band splitting in the band structures
of CrXO when the SOC is included, especially in compounds
containing heavy components such as CrSeO and CrTeO. The
metallic properties of both CrSeO and CrTeO monolayers are
preserved and the band gap of CrSO does not change when the
SOC effect was taken into account. The unchanging band gap of
CrSO monolayer can be explained that there is no too heavy
elements in the CrSO compound.

3.3 Optical properties

Insight into the optical properties of a compound is essential
and significant for many applications and applied research.
Due to the metallic characteristics of CrSeO and CrTeO

39676 | RSC Adv, 2021, N, 39672-39679

Fermi level

O-side

CrSO

Te-side

Electrostatic potential (V) Electrostatic potential (eV) Electrostatic potential (eV)

_10}
200 [CE0 1
_30 L 1 L I

0 5 10 15 20 25

z (&)

Fig. 6 Planar average electrostatic potential of CrXO (X = S, Se, Te).
The horizontal dashed line refers to the Fermi. A® is the vacuum level
difference in the vacuum between two sides.

g
Q_
g
g |
N
g

507 \-=
>

N\
D\

r M K rr M K

%

J

[

M K r

S ky
N

iy
S N

UL

oY N/

rr

Fig. 7 Calculated band structures of CrXO monolayers by the
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monolayers, hence, we only investigate the optical properties of
the Janus CrSO by focusing on the complex dielectric function
¢(w) and the adsorption coefficient A(w). The ¢(w) is one of the
crucial parameters of materials in optoelectronic and photo-
voltaic applications and is defined as ¢(w) = &;(w) + ie;(w), where
&1(w) and ¢,(w) are the real and the imaginary parts of the
complex dielectric function. The real part of dielectric function
¢1(w) can be calculated based on Kramers-Kronig relation®*’
which represents the electronic polarization under the incident
light and the imaginary part ¢,(w) could be obtained from the
momentum matrix elements between the occupied and unoc-
cupied wave functions and describes all the transitions from VB
to CB:*%%

i 4717282 1 ’
& (w) = Vore? (kna|p|kn'a){kn'a|p;|kna)
ke &
X Jin(1 = fi)0(Egy = Epy — i), (1)

where V is the unit cell volume; w and p are the incoming
photon angular frequency and momentum operator, respec-
tively; |kno) and fi, stand for the crystal wave-function and
Fermi distribution function, respectively; e and m are the
elementary charge and electron mass, respectively. The
summations refer to the first Brillouin zone wave vectors.

Fig. 8(a) illustrates the evaluated real part (blue line) and
imaginary part (red line) of the complex ¢(w) for the Janus CrSO
monolayer as a function of incoming photon energy up to 12 eV.
As depicted in Fig. 8(a), ¢1(w) increases with increasing photon
energy at low energy regime, passing through a broad peak of
about 3 eV. Besides, further increase in the energy of photons
leads to a lowering value of ¢;(w). The imaginary part is positive
indicating that light can propagate in this range from 0 eV to
12 eV. The static dielectric constant &(0) is found to be about
2.3 eV.

Based on the complex ¢(w), the absorption coefficient A(w) is
computed for further analysis of the optical properties and can
be defined as®>*®

12
Afw) = @[ Qo ta@? @] @
where c refers to the light speed in vacuum.

From Fig. 8(b), we can see that the optical gap of the Janus
CrSO monolayer is deduced to be about 0.7 eV. This optical gap
agrees well with the previous bandgap by using HSE06

3@
= o
2 — £1(®) 'E
22 — &(®) S
& =
o CrSO =
51 B
& <
00 3 6 9 12 00 3 6 9 12
Photon energy (eV) Photon energy (eV)

Fig. 8 Dielectric function (a) and absorption coefficient (b) of CrSO
monolayer.
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functional. The Janus CrSO monolayer has a wide absorption
spectrum. It has good optical absorption in both the visible and
ultraviolet regions. The first absorption peak is in the near-
ultraviolet region, at 5.37 eV. CrSO has the strongest light
absorption in the near-ultraviolet region and maximum absor-
bance up to 5.26 x 10° cm ™" at the incoming photon energy of
7.82 eV. With a wide absorption spectrum and high absorption
coefficient, CrSO can be a potential material for applications in
optoelectronics.

4 Conclusion

In conclusion, we systematically considered the structural,
mechanical, electronic, and optical properties of the 2D Janus
CrXO monolayers by means of first-principles study. These
three systems are constructed from 2H-phases counterparts Cr
dichalcogenides or oxide. The optimized geometry configura-
tions are obtained. The mechanical stabilities of Janus CrXO
monolayers are demonstrated by phonon spectrum analysis in
which the shift to lower frequencies are found for both optical
and acoustic branches of three Janus monolayers. The stability
of the Janus CrXO monolayers is verified by the satisfaction of
the criteria for mechanical stability. The electronic structure
analysis indicates that while the CrSeO and CrTeO monolayers
are metallic, the CrSO monolayer is a low indirect semi-
conductor, at both PBE and HSEO06 levels. We demonstrate the
shift of metal d-band determines the electronic character of
metal or semiconductor. Subsequently, the CrSO semi-
conductor has absorption in the visible and ultraviolet regions.
Our results revealed the Janus CrXO (X = S, Se, Te) monolayers
possess good properties that are potential candidates for opto-
electronics and energy conversion applications.
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