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The already intriguing electronic and optical properties of the MXene Sc,C family can be further

tuned through a wide range of possible functionalizations. Here, by means of Density Functional
Theory, we show that the 36 possible elements of the Janus MXT (M:Sc,C, X:O, F, OH, T:C, N, S)
family, built by considering the four possible structural models (i) FCC, (ii) HCP, (iii) FCC + HCP,
and (iv) HCP + FCC, are all potentially stable. The analysis of their mechanical properties shows
the excellent mechanical flexibility of functionalized MXenes (f-MXenes) under large strain, making
them more suitable for applications where stress could be an issue. Interestingly, while Sc,C presents
a metallic character, Sc; COS, Sc,CFN and Sc; COHN are found to be semiconductors with bandgaps
of 2.5 €V (indirect), 1.67 eV (indirect) and 1.1 eV (direct), respectively, which presents promising
applications for nano- and optoelectronics. Moreover, Sc, CFC presents a ferromagnetic ground state
with the 2x2x1 supercell magnetic moment of 3.99 uB, while the ground state of Sc;COHC might be
antiferromagnetic with a magnetic moment of 3.98 uB, depending on the environment. Remarkably,
the band structures of ScoCFC and Sc;COHC present a half-metallic character with an HSE06
fundamental band gap of 0.60 eV and 0.48 eV, respectively. Our results confirm the extraordinary
potential of the Janus MXT (M:Sc,C, X:O, F, OH, T:C, N, S) family for novel applications in 2D
nano-,opto- and spintronics.
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1 Introduction to their potential applications in sensors, electronic devices, catal-

ysis, storage systems, energy conversion, and spintronics (120
MXenes are generally synthesized by selectively etching ‘A’ layers
from M, 1AX,, phases IZJ-I?S]’ where M is an early transition metal,
A is an element from the IIIA or IVA groups, and X is either carbon
or nitrogen (n =1, 2, or 3). ‘A’ atoms are removed from the MAX
phase during the etching process.

The unique properties triggered by the reduced dimensionality ™4
of two-dimensional (2D) electronic materials have been object
of exhaustive investigations since the discovery of graphene by
Novoselov et al.B. Several families of 2D materials, such as transi-
tion metal dichalcogenides (TMDs), hexagonal boron nitridesm,
few-layer metal oxides ®, or metal chalcogenides (e.g. MoS,2,
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WS,1% have been recently identified and investigated to be used
in semiconductor devices, rechargeable ion batteries, and cataly-
sis devices. Recently, a new family of 2D transition metal carbides
and carbonitrides (MXenes) have received special attention due

@ Department of Physics, Aksaray University, 68100 Aksaray, Turkey. E-mail:
sozkaya@aksaray.edu.tr

b Department of Atomic, Molecular and Nuclear Physics & Instituto Carlos I de Fisica
Tedrica y Computacional, Faculty of Science, Campus de Fuente Nueva, University of
Granada, 18071 Granada, Spain.

T Electronic Supplementary Information (ESI) available:
supplementary information available should be included here].
10.1039/cXCP00000x/

¥ Additional footnotes to the title and authors can be included e.g. ‘Present address:’
or ‘These authors contributed equally to this work’ as above using the symbols: , §,
and 9. Please place the appropriate symbol next to the author’s name and include a
\footnotetext entry in the the correct place in the list.

[details of any
See DOI:

For MXenes, surface termination with functional groups (-O,
-OH, or -F) passivate the outer-layer metal atoms. Many theo-
retical studies show that most of the MXenes are metallic and
that the majority of them still remain metallic after surface pas-
sivation. Exceptionally, while pristine monolayer Sc,C is metal-
lic, monolayer Sc,CT, (T = OH, F, and O) are semiconductors
with a bandgap of 0.45—1.80 eV after surface functionalization
(-0, -OH, or -F) 2627 which opens an exciting path towards the
controlled design of 2D MXenes with selected properties. Be-
sides the impact on the electronic structure, surface functional-
ization might also effect other properties such as the thermody-
namic stability, elasticity, and electronic and thermal transport
of the MXenes 1828129 por instance, S-terminated MXenes have
lower diffusion barriers (related to the electronic mobility and
charge/discharge rate of the electrode material) than their O-
functionalized counterparts 3931 hence providing new candi-
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dates for the selection of the most adequate electrode material
for batteries. Shao et al. investigated the stability and electronic
properties of nitrogen-functionalized MXenes with the help of a
detailed ab initio pseudopotential calculation 22, Their results in-
dicate that Nb,CN, and Ta;CN, Mxenes are direct bandgap semi-
conductors with ultrahigh carrier mobility. Following this result,
Xiao et al.®3 presented first-principles total-energy calculations
that proved that Ti,C and its derivatives,Ti,CC,, Ti;CO,, and
Ti,CS, have excellent potential for their use as anodes in Na-ion
batteries.

Following these enticing results, Janus materials created from
MZXenes with different surface termination (i. e., different func-
tional groups on each of the two surfaces) have already been in-
vestigated for varied applications=4Z, Due to the two different
chemical surfaces, the mirror asymmetry of Janus materials in-
troduces an out-of-plane structural symmetry, which can lead to
new properties such as an intrinsic out-of-plane electric field or
spin-orbit-induced spin splitting. These exciting possibilities have
generated a surge of interest in these materials’3®,

Structural symmetry-breaking, as the one found in 2D Janus
MXenes, which present different terminations on each of their
two surfaces, is key in defining the electronic properties of two-
dimensional materials. Many efforts have been taken, for in-
stance, to breaking the in-plane symmetry of graphene (see, for
example, Zhang et al. B2 and references therein), and van der
Waals heterostructures (see, for instance, Hunt et al. 4Y). The
direct electronic band gaps of transition metal dichalcogenide
monolayers are due indeed to this in-plane inversion asymme-
try. Additionally, it has been shown that, by breaking the out-of-
plane mirror symmetry with either external electric fields 4142
or with an asymmetric out-of-plane structural configuration 43,
similar to the one that exists in 2D Janus MXenes, an additional
degree of freedom allowing spin manipulation can be obtained.
Hence, creating such asymmetry can lead to a wealth of physical
phenomena not present in standard MXenes. For instance, while
silicene lacks a sizeable energy gap, thus preventing it from being
used as a semiconductor in 2D nanodevices, Sun et al. reported
that the Janus silicene, a silicene monolayer asymmetrically func-
tionalized with hydrogen on one side and halogen atoms on the
other, exhibits good kinetic stability, with a band gap that can be
tuned between 1.91 and 2.66 eV 44, Based on Density Functional
Theory (DFT) calculations, it has been reported that the band
gap of other asymmetrically functionalized MXenes such as Janus
Cr,C - Cr,CXX' (X, X’ = H, F, Cl, Br, OH) can be effectively tuned
by a selection of a suitable pair of chemical elements (functional
groups) ending the upper and the lower surfaces 42, State-of-the-
art DFT calculations found that the monolayer Janus transition
metal dichalcogenides (JTMDs) WSSe and WSeTe exhibit supe-
rior mobilities than conventional TMD monolayers such as MoS,
46

Some of these Janus 2D materials have already been syn-
thesized. For instance, in 2013, Janus graphene was success-
fully fabricated by Zhang et al.4Z. In subsequent works,Janus-
functionalized graphene (asymmetrically terminated by H, F, O)
was synthesized by several groups#849. Recently, Zhang et al.
29 developed a Janus MoSSe by substituting the top Se layer
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of MoSe; with S atoms. This approach, which breaks the out-
of-plane structural symmetry of transition metal dichalcogenide
monolayers, was also followed by Lu et al®?, who found that this
material presents an optically active vertical dipole, making it a
2D platform to study light-matter interactions where dipole ori-
entation is critical, such as dipole-dipole correlations and strong
coupling with plasmonic structures. Recently, thermodynamically
stable 2D Janus monolayers SWSe, SNbSe, and SMoSe were syn-
thesized for the first time by Qin et al.*Y, showing excellent ex-
citonic and structural quality and making them very valuable for
optoelectronic applications.

Inspired by the experimental achievements of Janus 2D mate-
rials, the synthesis of Janus MXenes with asymmetrically surface-
functionalized groups is expected in the near future.

As the functionalization of quality surfaces plays an essential
role in many applications, such as high-speed electronic devices
22 the search for new functional groups or atoms to enable
the design of Janus MXenes for next-generation devices becomes
mandatory. Besides, experimentally obtained MXenes are usually
covered with functional groups such as O, -OH, and F. Indeed,
sulfur is a promising functional group for MXenes owing to its
earth abundance, low cost, and environmental benignity, and S-
terminated MXenes could be thus employed as anode material
in Na- and K-based batteries. The aim of this work is hence to
provide a comprehensive study of all possible 2D Janus materi-
als based on the Sc,CX MXene (X=O, F, OH) when functional-
ized with some of its most common functional groups (T=C, S,
N) on both surfaces. We must note, however, that structures with
mixed passivation might also be obtained experimentally. Further
work is necessary to assess their relative stability with respect to
the structures studied here and to determine their electronic, me-
chanical and magnetic properties. Our results will help to iden-
tify those structurally stable materials with the desired electronic
properties based on their electronic character, gap size, and mag-
netic properties.

2 Method

All the calculations were carried out with the use of the Vienna Ab
initio Simulation Package (VASP)2320 based on Density Func-
tional Theory (DFT). In this method, the Kohn—-Sham single par-
ticle functions are expanded based on plane waves up to the cut-
off energy of 51 Ry. The lattice constants were optimized and
atoms were relaxed without any constraint until the Hellmann-
Feynman forces became less than 0.003 eV/ A. The Fermi level
Gaussian smearing factor was set to 0.05 eV. The electron-ion in-
teractions were described by using the projector augmented-wave
(PAW) method®>>27, For electron exchange and correlation terms,
a Perdew-Zunger-type functional®®2? was used within the gen-
eralized gradient approximation (GGA)2Z in its PBE parameter-
ization ©2, To overcome the well-known underestimation of the
band gap values by this functional, we have refined our calcula-
tions by using the Heyd-Scuseria—Ernzerhof (HSE06) functional,
which has been proven to provide more accurate band gaps and
band edge positions than the PBE. For metallic MXenes, we found
that their HSE06 band structures are similar to the ones found
using the GGA-PBE ©1-63| (Fig, S1 in the supplementary mate-



rial). However, for semiconductor MXenes (Sc,COS, Sc,CFN, and
Sc, COHN) the band gap obtained when using the hybrid (HSE06)
functional increases significantly compared to that obtained by
GGA-PBE. The HSE06 functional was also used to calculate the
spin-polarized band structure of the MXenes.

The self-consistent solutions were obtained by employing a
(50 x 50 x 1) Monkhorst-Pack®®¥ grid of k-points for the integra-
tion over the Brillouin zone. To prevent spurious interaction be-
tween isolated layers, a vacuum layer of at least 15 A was in-
cluded along the direction normal to the surface. The elastic ten-
sor of each system is derived from the stress—strain approach ©,

3 Results and Discussions

Firstly, we fully relaxed the pristine Sc,C. The ground-state struc-
ture of pristine Sc,C is found to be a hexagonal crystal struc-
ture with equilibrium lattice parameters a=b=3.29 A. Once the
ground-state crystal structure of pristine Sc,C was obtained, we
explored different functionalizations of the Sc,C MXene mono-
layer with X= O, F, OH; T=C, N, S.
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Fig. 1 Side views of the four possible models for Sc;CXT (X = O, F,
OH; T = C, S, N) MXenes. Sc atoms are shown in purple, C atoms in
brown, X (X = O, F, OH) atoms in red, and T (T = C, S, N) atoms in
yellow. Please note that stoichiometry is the same for the 4 structures:
the seemingly duplicated atoms are an artifact of the periodic boundary
conditions in the figure.

MXT Janus MXenes have four possible functional group mod-
els. As presented in Fig. 1, we label them as FCC, HCP, FCC+HCP,
HCP+FCC. In the FCC model, each of the X and T atoms is aligned
with one of the Sc atoms, whereas in the HCP model these sur-
face atoms are positioned directly below and above the C atoms.
As for the FCC+HCP model, the X atoms are placed in the same
position as in the FCC model (aligned with the Sc atoms) and
the T occupies the same position as in the HCP model (below the
C). Reversely, in the HCP+FCC model T atoms are located as in
the FCC scheme and the X atoms are placed as in the HCP. The
calculated lattice parameters (a), relative total energies with re-
spect to the most stable model structure for each material (AE),
and formation energies (AE) of these four configuration models
are listed in Table 1. Formation energies are calculated to get the
most stable configuration based on equation 1:

AE; = Eyot(MXT) — Exot(M) — Exot(X) — Eqor(T) €h)

where E;yy (MXT), E;or (M), E;r (X), E;r (T) are the total energy
of the fully functionalized MXT (f-MXT), the total energy of pris-

tine Sc,C, and the total energy of (1/2) (O,, F,, (OH), in the gas
phase), C, N, and S (their stable bulk forms), respectively. For the
most stable configurations of each material, the thickness of the
monolayers (L) and the bond lengths between the surface Sc and
the functional group (ds._x and ds._7) have been calculated and
are presented in Table 2. From now on we will focus only on the
9 most stable geometries out of the 36 studied potential mono-
layers. As seen in Table 1, all the formation energies (Es) of the
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Fig. 2 Band structures for the most stable models of (a) Sc,COT, (b)
Sc,CFT and (¢) Sc;COHT monolayers, (T= C, S, N). The Fermi energy
is set at zero.

MXT under study indicate that the synthesis of these MXenes is
highly possible (in our convention, more negative formation en-
ergy indicates a more stable structure.) This stability is further
confirmed by the fulfillment of all the materials of the Born cri-
teria for 2D hexagonal materials, as we describe in more detail
below. The most favored model is the FCC+HCP, with 4 of the 9
possible structures presenting their most stable geometry in that
model. It is followed by the HCP (3 structures) and the FCC (2
structures) models.

Our results show that, for any given X = O, F, OH, the further
functionalization of the opposite surface with nitrogen makes the
MXT monolayers more stable than the functionalization with C
or S. This can be explained by looking at the electronegativity
of these species. Indeed, E; becomes more negative with the in-
crease of the electronegativity of T (C, S, or N) atoms. The Sc-T
bond is formed by the electrons transitioning from the Sc to the
T atoms, which causes the T atoms to gain more electrons, hence
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Table 1 Lattice parameters a (in A), relative energies with respect to the minimum energy for each model AE (in eV), formation energies E (in eV),
and band gaps (in €V) for the Sc;CXT (X= O, F, OH; T= C, N, S) in the four possible models. Here, M, D, and ID indicate the metallic, direct or
indirect bandgap semiconductor character, respectively. E; and E; are shown only for the most stable model of each structure.

FCC HCP FCC+HCP HCP+FCC
Material a AE a AE a AE a AE Ef E,
Sc,COC 3.33 3.15 3.54 2.66 3.58 0.00 3.35 3.45 -4.50 M
Sc,COS 3.32 0.98 3.51 0.48 3.62 0.00 3.55 0.40 -7.88 2.45 (ID)
Sc,CON 3.36 2.87 3.45 0.55 3.49 0.00 3.51 2.03 -9.85 M
Sc,CFC 3.29 1.83 3.56 0.00 3.62 0.87 3.25 2.39 -3.83 M
Sc,CFS 3.28 0.00 3.43 1.11 3.25 0.40 3.24 0.64 -7.77 M
Sc,CFN 3.36 2.87 3.45 0.55 3.49 0.00 3.51 2.03 -8.95 1.67 (ID)
Sc,COHC 3.30 1.98 3.57 0.00 3.68 0.26 3.24 3.86 -4.49 M
Sc, COHS 3.30 0.00 3.45 0.90 3.31 2.79 3.28 1.59 -4.36 M
Sc, COHN 3.47 1.96 3.48 0.00 3.29 5.80 3.26 5.29 -10.43 1.06 (D)
F— SCOC Sc,COS

Fig. 3 The charge-density isosurfaces of VBM and CBM states of (a)
Sc,COS, (b) Sc;CFN, and (¢) Sc;COHN. Sc atoms are shown in purple,
C atoms in brown, O atoms in red, H atoms in white, F atoms in orange,
S atoms in yellow, and N atoms in blue.

further strengthening the Sc-T bond and thus resulting in a more
negative Er. Due to the stronger bond of Sc-N, the ds._y bond
length of MXN is also shorter than that obtained for the other
functional species ds._r (T=C, S), as seen in Table 2. The oxygen
functionalization indicates a strong Sc-O interaction, which leads
to the shortest dg._o bond length.

The electronic properties of bare MXenes will be as well af-
fected by surface functionalization. While the Sc,C monolayer
has a metallic character, previous reports show that surface
functionalization of the Sc;CO,, Sc,CF, and Sc, C(OH), mono-
layers transform them in semiconductors with a band gap energy
(Eg) of 1.76 eV (indirect band), 0.94 eV (indirect band), and 0.51
eV (direct band), respectively. To analyze the potential change
in the electronic properties of the Janus Sc,CXT studied here,
we present in Fig 2. the corresponding energy band structures,
where the conduction band is shown in yellow in those cases
where a change from the metallic to a semiconductor character is
found. Of the 9 Sc,CXT MXenes, six retain their metallic charac-
ter, while three of them become semiconducting upon functional-
ization: both Sc,0S and Sc,FN are semiconductors with indirect
band gaps of 2.45 and 1.67 eV, respectively, while Sc, COHN is a
direct band gap semiconductor with a band gap of 1.06 eV. This
gap value makes Sc;COHN a valuable candidate for its use in so-
lar cells, whereas the metallic Sc,CXT monolayers would be much
better candidates to act as high-performance electrode materials
, than, for instance, the semiconducting MoS, monolayer 67168
19
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Fig. 4 Projected Density of States (PDOS) of the most relevant orbitals
for different elements for the (a) Sc;COT, (b) Sc;CFT and (c) Sc;COHT
(T=C, S, N) Janus monolayers. The Fermi level is set to zero.

To understand the charge distribution of the electronic states
near the gap, we have calculated the charge-density isosurfaces
of the valence band maximum (VBM) and conduction band max-
imum (CBM) states of the semiconducting Janus monolayers. As
seen in Fig.3, the VBM is primarily derived from the d orbital of
the Sc atoms. The bonds between the d orbitals of the Sc atom
and the sublayer atoms (C, S, or N) present a & bonding charac-
ter. The CBM is primarily derived from the p, orbitals of the O
atom for Sc,COHN, the Sc d? states and the p; orbitals of O and
F atoms for Sc,COS and Sc, CFN, respectively.

To gain further insight into the electronic properties we have
calculated the partial density of states (PDOS) for the nine Janus
MXenes. As seen from Fig. 4, the valence states are dominated
by the Sc (d) states and C (p) states, while the conduction band
is dominated by the Sc (d) states for all structures. The strong
hybridization between the Sc 3d states and C 2p states is respon-
sible for the mixed covalent/metallic/ionic character of the Sc-C
bonds ©2.



Table 2 Calculated monolayer thickness (L) and bond lengths between the Sc and the functional groups (dsc—x, ds.—-r) and between the Sc and C

atom (ds._-c) of Sc;CXT (X= 0, F, OH; T = C, S, N) MXenes.

dse—x(A)  dse—7(A)
2.12 2.14
2.14 2.46
2.09 2.06
2.9 2.08
2.20 2.58
2.27 2.03
2.99 2.08
2.26 2.58
2.36 2.04

Material L(A) dsc—c(A)
S, COC 354 704
Sc,COS 3.97 2.20
Sc,CON | 3.66 2.25
>¢c CEC 3.96 2.50
Sc,CFS 5.47 2.32
Sc,CFN | 3.84 2.34
SC,COAC | 5.00 735
Sc,COHS 6.51 2.33
Sc,COHN 5.00 2.31

o o°
o [ O]
r T T T
HCP  FCCHHCP

1
L«
v
.

Fig. 5 Electron localization function isosurfaces of the (a) Sc,C,
(b)ScaCON, (c) ScoCFT and (d) Sc;COHT (T = C, S, N) Janus mono-
layers. The magnitude bar for the ELF is shown in the top left panel.
The insert panel at the top right shows the structural models for the
Janus monolayers.

To analyze the electron distributions, we examined the elec-
tron localization functions (ELF) 2% within the (110) plane of the
Sc,CXT Mxenes. Since the ELF is similar for both the Sc,COT
and Sc; CON MXenes we only show the results obtained from the
Sc,CON analysis. From the ELF map in Fig.5 we can see that
both the Sc,C and the Sc,CXT surfaces have a cloud of lone-pair
electrons. For Sc; CFS and Sc, COHS (the FCC structures) the elec-
trons are mainly located around the F, OH, and S atoms.

In addition to the electronic properties, the mechanical prop-
erties of 2D materials play also a critical role regarding their po-
tential technological and practical applications. We have then
investigated the mechanical stability of Janus MXenes according
to the Born criteria /Y. Based on the Born stability criteria, 2D

hexagonal crystals should obey the following conditions:

Ci1 >0, Co6 >0, 2% Cgs = C11 —Ci2, and Cy1 > |C12] @)

The elastic constants Cgg,Cj1,Cio are tabulated in Table 3. As
we can see, all Janus MXT MXenes satisfy the mechanical sta-
bility criteria, which shows that they are mechanically stable.
Due to the hexagonal symmetry, the elastic constant Cy; is higher
than Cj,. Specifically, we have found that the elastic constant
C}; increases for N-terminated surface MXenes. The dg.-_y bond
lengths of these Sc,CXN (X:O, F, OH) MXenes are smaller than the
other bond lengths, given in Table 2. The stronger bonds between
Sc and N atoms hence resulting in larger C; elastic constants.

To further characterize the mechanical properties of these ma-
terials, we calculated Young’s modulus Y, Poisson’s ratio v, the
shear modulus G, and the in-plane stiffness B, derived from the
elastic constants as 2174,

Y =(C11—C12)/Cr1, v=C12/C11,G=(C11 —C12)/2, B=Y /2%(1-V)
3)
While Poisson’s ratio v reflects the mechanical ductility and
flexibility, Young’s modulus (Y) reflects the stiffness of materials.
If Young’s modulus value is high, the material is stiffer. The stiffest
crystal found here is Sc;FN. To put in context these results, we
compare our calculated Y with that of other well-known 2D ma-
terials. The Y values calculated here for the Janus MXenes family
are within the range of 103.527 and 145.857 N/m, much less
stiff than that of graphene (341 N/m) 2 and comparable with
the values obtained for the TMDC family 72, On the other hand,
the Y values of the Janus MXenes studied here are much larger
than that of silicene (62 N/m)Z® and germanene (44N/m)Z°. The
Poisson’s ratios of the Sc, CXT MXenes studied here are in a range
between 0.286 and 0.341 N/m, comparable with those for MoS,
(0.3 N/m) 72,
mechanical flexibility under large strain, making them excellent
materials for applications where strain is going to be an issue.

This demonstrates that f-MXenes can maintain

Finally, we have analyzed the magnetic properties of this novel
class of Janus MXenes. Since the recent discovery of magnetic
order in 2D materials”“Z"72, the possibility of exploring new phys-
ical phenomena and designing truly novel 2D devices has be-
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Table 3 Elastic constants (C;; in N/m), Young's moduli (Y in N/m), in-plane stiffnesses (B in N/m), shear moduli (G in N/m), and Poisson’s ratios

).

Material Ci Ci» Ces Y B G v

Sc,COC 135.180 45.921 44.629 119.580 90.590 44.630 0.340
Sc,COS 137.358 41.169 48.094 125.018 89.300 48.094 0.300
Sc, CON 157.733 53.363 52.185 139.680 105.500 52.185 0.338
Sc,CFC 117.189 40.012 38.588 103.527 78.550 38.588 0.341
Sc,CFS 129.088 36.981 46.054 118.494 82.980 46.054 0.286
Sc,CFN 155.300 38.294 58.503 145.857 96.850 58.503 0.247
Sc, COHC 119.908 39.593 40.158 106.835 79.730 40.158 0.330
Sc,COHS 127.867 37.777 45.045 116.706 82.770 45.045 0.295
Sc, COHN 152.177 39.448 56.364 141.951 95.780 56.364 0.259

come a reality that is already being explored experimentally82,
In particular, the search for half-metallic magnets (HMMs) and
spin-gapless semiconductors (SGSs)®L has been very intense, due
to their intriguing tunable physical properties, and we have ex-
plored this possibility in this work. It is worth mentioning that the
Sc,CO, monolayer actually exhibits ferroelectric polarization®2,
and the exploration of the ferroelectric properties of the Janus
Sc,CXT (X = O, F, OH; T = C, S, N) family needs to be addressed
in the near future.

To explore the magnetic character of the Sc;CXT (X = O, F,
OH; T = C, S, N), we have calculated the total energies of the
ferromagnetic (FM), non-magnetic (NM), and antiferromagnetic
(AFM1 , AFM2, and AFM3) spin ordering of the nine most stable
materials studied in this work in a 2x2 supercell. This is the mini-
mum supercell size needed to properly study all the possible AFM
configurations, as depicted in Figure 6.

Our results are tabulated in Table 4 for the magnetic structures
and Table S1 for the NM ones. The ground state of all structures
is NM except for Sc,CFC and Sc, COHC. For Sc, CON, the total en-
ergy difference between the FM and NM state is very small, which
means that the ground state could easily be unstable in a specific
environment. Then, the transition to an FM ground state might
occur under certain conditions, and for this reason we have also
explored the magnetic properties of Sc;CON (presented in SI).
Our results show that Sc,CFC is FM with a supercell magnetic
moment of 3.99 uB, while the ground state of Sc;COHC is AFM1
with a supercell magnetic moment of 3.98 uB. If the ground state
of Sc;CON became magnetic, it would be FM with a supercell
magnetic moment of 2.24 uB. The magnetic moments of the in-
dividual atoms for Sc, CFC and Sc, COHC are also given in Fig S2.

o o o [+] o
O O © 6 6 0 © 0 0 o
o o o ] o
Qo 0o¢ ©o Qo0 Qo Ooo O O O O
NM FM AFMI1 AFM2 AFM3
Fig. 6 The non-magnetic and four different magnetic configuration mod-
els: NM, FM, AFM1, AFM2, AFM3 considered in the calculation. Mag-
netic state configurations. In Sc atoms, “+" represents spin-up, and “—"
represents spin-down.
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Fig. 7 The band and spin-resolved density of states structures of
(a)Sc2CFC, and (b)Sc;COHC. The Fermi level is set at 0 €V. Bands
and DOS for spin-down (up) are shown on the left (right) panels. The
black and blue arrows show the HSE06 band gap and the fundamental
band gap, respectively.

The spin-dependent electronic band structure and DOS for the
ground states of Sc,CFC (FM) and Sc, COHC (AFM) are shown in
Fig. 7 ( the spin-polarized bandstructure and DOS of Sc;CON in
the FM state are shown in Fig. S3.). Remarkably, their band struc-
tures present a half-metallic character, where the majority (spin-
up) electrons show semiconducting behavior with an HSE06 half-
metallic (or fundamental) energy gap of 0.60 €V and 0.48 eV,
respectively, while the minority (spin-down) electrons present a
metallic behavior. Half-metallicity is a very much searched for
quality in nanomaterials, since, provided the half-metallic energy
gap of the majority electrons is wide enough, the electronic trans-
port in this material would be totally spin-polarized, dominated
by the minority-spin electrons. Similar results have been found
for other Janus materials®2!8389 n our case, the values of the
fundamental bandgaps found for Sc, CFC and Sc, COHC are larger



Table 4 The total energies (in €V) of non-magnetic Eyy, ferromagnetic Epy and antimagnetic Eqpai, Eapma and Egpys states (eV), Curie or Néel
temperatures (K), and Magnetic Anisotropy Energy (MAE) (u €V per Sc atom ) for the high symmetry directions of Sc;CFC and Sc, COHC for a

2x2x1 supercell.

Material EFM ENM EAFM] EAFMZ EAFM3 TC/N (100) (010) (110) (001) (111)
Sc,CFC -147.578 -147.435 -147.576 -147.576 -147.576 22 32 32 32 24 0
Sc,COHC | -171.452 -171.284 -171.453 -171.452 -171.453 9 8 8 8 0 5

than those typically found for chalcogenides and some types of
perovskites, making them much more suitable for spintronics ap-
plications. A small fundamental band gap means that the half-
metallic character could disappear under certain conditions, such
as strain, so having a half-metallic gap larger than at least half an
eV is essential to preserve this important property.

The Curie or Néel temperature (T¢ or Ty) of Sc,CFC and
Sc, COHC was calculated based on the mean-field theory approx-
imation (MFA), which is estimated by kpT(yz4)= (2/3) A(E) 20
Here, kg and A(E) are, respectively, the Boltzmann constant and,
for Sc,CFC (which has a FM ground state), the energy difference
between FM and AFM (all the AFM energies are equal), or, for
Sc;COHC (which has a AFM ground state), the energy difference
between FM and AFM1 (the energy of AFM1 is the same as the
AFM3, and smaller than AFM2). The T¢ of Sc,CFC, and Ty of
Sc,COHC were calculated to be 22 K, and 9 K, respectively. Al-
though these values are low, the energy difference between the
magnetic and non-magnetic states in both systems is large enough
to likely maintain the magnetic features at a temperature close to
room temperature, as in the case of Sc,NO, 2192/

The Magnetic Anisotropy Energy (MAE) determines the FM or-
dering in 2D materials. We have examined the impact of spin-
orbit coupling (SOC) and electron localization on the magnetic
properties of Sc,CFC, and Sc;COHC. The MAE is defined as the
difference in energy between the system with a given spin orien-
tation, and the energy of the most stable spin orientation, which
is called an easy axis. To understand the nature of FM order-
ing in these materials, we consider the in-plane a (100), b (010),
and a+b (110), and the out-of-plane ¢ (001) and (111) high-
symmetry axes. Since the changes in energies are very low, we
used a dense k-mesh of 21 X 21 X 1 for more accurate en-
ergy convergence. As we can see in Table 4, both Sc,CFC and
Sc,COHC exhibit an out-of-plane easy axis, which are the (111)
and (001), respectively. The calculated MAEs are 32 and 8 ueV
(per Sc atom) for (100), (010), and (110) directions. These val-
ues are similar to previous calculated results for 2D materials 23,
but larger than those found for Fe (1.4 ueV per Fe atom) and Ni
(2.7 peV per Ni atom) bulks 24,

These features make Sc,COHC, and especially Sc,CFC, very
promising candidates for spintronic applications.

4 Summary

We have presented a full ab initio study of the atomic geometry,
stability, electronic and magnetic properties of a new family of
functionalized Janus MXenes, Sc,CXT (X:O, F, OH; T:C, N, S). Fol-

lowing energetic and mechanical criteria, we have shown the high
stability of these materials. In some cases, functionalization with
the appropriate groups changes the metallic character of the origi-
nal Sc,C MXene into a semiconducting one, with either a direct or
indirect band gap, depending on the actual surface termination.
In addition, the analysis of the mechanical properties proves the
excellent mechanical flexibility of f-MXenes under large strain.
Finally, we found that three of the Janus MXenes under study in
this work present ferro- or antiferromagnetic characteristics, par-
ticularly a half-metallic character with a significant fundamental
energy gap. All these remarkable properties make the Sc,CXT
(X:0, F, OH; T:C, N, S) Janus MXene family a valuable candidate
for future optoelectronic and spintronic nanodevices.
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