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Two dimensional ferroelectric materials are gaining increasing attention for use in ultrathin electronic

DOI:00.0000/000000000x devices owing to the presence of a spontaneous polarization down to one or two monolayers. How-
ever, such materials are difficult to identify, especially those with out-of-plane electric polarizations.
Previous work predicted that a metastable ferroelectric phase exists in the 2D MXene Sc, CO,, while
further studies have predicted that this phase exists in other MXene chemistries. However, questions
remain about the origin of ferroelectricity, the stability of this phase relative to other competing
phases, and the effect of external stimuli in these materials. In this work, we use density functional
theory calculations to investigate 12 M, CT, MXenes (M = transition metal, T = surface terminating
group) and determine which have the ferroelectric phase as their ground state. We compute these
materials’ polarizations, densities of states, phonon band structures, Bader charges, and Born effec-
tive charges in the ferroelectric phase to elucidate the reasons for its stabilization. We demonstrate
that this ferroelectric phase can be preferentially stabilized in non-ferroelectric MXenes through full
chemical substitution of Sc or O, alloying of the Sc sites, or application of epitaxial strain. Finally,
we show that these materials have excellent piezoelectric properties as well. This work provides a de-
tailed understanding of ferroelectric MXenes and show how the number of 2D ferroelectric materials
can be increased through chemical substitution or application of external stimuli.

1 Introduction electric is to look towards layered or van der Waals stacked mate-

Ferroelectric materials have been actively studied for decades
due to their controllable and switchable electronic characteris-
tics. These materials display a spontaneous polarization that is
reversible by applying an external electric field and have been
utilized in a variety of significant applications, most notably non-
volatile memory™3 and field-effect transistors, 4 but also for hy-
drogen cells,© catalysis,7? and energy storage™@I. Recently,
however, the desire for increasingly smaller electronic compo-
nents has driven a search for ultrathin ferroelectric materials.
Typical bulk oxide ferroelectrics, such as BaTiO3 or PbTiO3, were
long thought to be impossible to scale down, as they often lose
their spontaneous polarization below a critical number of unit
cells owing to suppression by a depolarizing field.12 Although it
was recently demonstrated that BiFeO3 and PZT (PbZr,Tiy.g03)
both retain a a spontaneous polarization even when approaching
the 2D limit, 2314 an alternative path to identify ultrathin ferro-

@ Department of Chemical and Materials Engineering, New Jersey Institute of Technol-
0gy, Newark, New Jersey 07102 USA

T Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.
¥ Corresponding author. Email: jyoung@njit.edu

rials as they are easier to exfoliate down to the monolayer.

Such so-called two-dimensional ferroelectric materials (2DFEs,
or one-/few-layer materials which display a switchable electric
polarization), have attracted increasing interest as ways to sur-
pass Moore’s Law. A wide variety of 2D materials have been dis-
covered or predicted to be ferroelectric in the past years, such
as transition metal dichalcogenides (e.g., MoS, and MoTez),
hexagonal boron nitride (h-BN),@] and In2$e3. How-
ever, one significant challenge is finding 2DFEs such as CIPS
(CuInPZSG)[Z] or the aforementioned In,Se; with large out-of-
plane polarizations (which is better for device operation), as most
discovered thus far display in-plane ones.

To this end, it was recently predicted by Chandrasekaran et
al. from first principles calculations that the MXene compound
Sc,CO, displays a metastable ferroelectric phase with an out-of-
plane polarization.?5 MXenes are a large family of materials that
was first discovered from exfoliation of the conventional MAX
phases by Naguib et al.,28 and are typically carbides and nitrides
with chemical formula M,,, X,, where M is a transition metal, X
is carbon or nitrogen.2730 The unique structure and chemistry of
MXenes has made them good candidates for a variety of applica-
tions such as water splitting, 2132/ Li-ion batteries,?334 and super-
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Fig. 1 Crystal structures for M>XT; in the (a) carbon-top symmetric phase, (b) ferroelectric mixed phase, (c) carbon-top asymmetric phase, and (d)
metal-top symmetric phase from the side and top. M atoms are green, X atoms are brown, and T atoms are red.

capacitors.?% Furthermore, MXene surfaces can be functionalized
to create M, 1X,T,,1 compounds, where T is a surface termina-
tion group such as -0, -F, or -OH (although there are many other
possibilities). In the n =1 case (such as the aforementioned
Sc,;CO,), the monolayer MXenes consist of five atomic layers: two
layers of M interspersed with a layer of C or N, with a layer of T
on both surfaces (Figure . The relative orientation of
the two T layers to one another and to the M/X atoms in the
MXene influences the symmetry and structure, and therefore the
properties, of the material.

Chandrasekaran et al. studied four possible phases with dif-
ferent T termination orientations, denoted as symmetric carbon-
top, mixed, asymmetric carbon-top, and metal top (Figure [Th{I{,
respectively); the naming convention comes from whether the T
atoms are above or below the M or X atoms. While the symmetric
carbon-top and metal-top phases form in a non-polar P3m1 space
group, the asymmetric carbon-top and mixed structures both dis-
play the polar P3ml space group, allowing for the presence of a
spontaneous electric polarization. Indeed, they found the mixed
phase does display a small ferroelectric polarization (1 uC/cm?),
while the polarization in the asymmetric carbon-top phase is 0
owing to the alternating up and down displacements of the C
atoms. However, the asymmetric carbon-top configuration is the
ground state of Sc,;CO,, making the ferroelectric mixed phase
only metastable. Despite this, ferroelectric Sc;CO, has been in-
vestigated for use in a number of applications such as gas sen-
sors4941l and magnetoelectric devices and spintronics. 4243

Two further studies expanded upon these results.  First,
Zhang et al. performed a screening of 110 M, X,T,.1 MXene
chemistries, with M = Sc, Ti, V, Cr, Y, Zr Nb, Mo, Hf, Ta, W; X
=C,N;and T = OH, S, O, F, clL4 They computed the relative
stability of each compound in the aforementioned metal-top, sym-
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metric carbon-top, and mixed structure types, and found 9 cases
where the ferroelectric mixed phase is lowest in energy: Sc,CO,,
Y,CO,, Sc,CS5,, Y,CS,, Nb,CS,, TayCS,, Zr, C(OH),, Hf, C(OH),,
and Mo,NCl,. They then classify the resulting polar mixed phases
into three types based on how the inversion symmetry is broken.
This work showed it is possible to expand the number of possi-
ble 2D ferroelectric MXenes via chemical substitution. However,
because the asymmetric carbon-top configuration was not consid-
ered in their work, some results are in contrast to the previous
work by Chandrasekaran et al., which predicts zero polarization
in the Sc,CO, ground state. Furthermore, Berry phase calcula-
tions were not used to compute the out-of-plane spontaneous po-
larizations.

Another study was performed by Wijethunge et al. in which
they performed screening of 72 MXene structures to look for pos-
sible ferroelectric metals. > Interestingly, they found that Nb,NF,
has both a spontaneous polarization and metallic character, lead-
ing to a new potential 2D ferroelectric metal.
though they investigated 6 different MXene surface termination
and structure types, the asymmetric carbon-top configuration was
again not considered as a possible polymorph; as such their study
again found Sc,;CO; to have a ferroelectric ground state. Further-
more, no polarization magnitudes were reported.

However, al-

Finally, a recent computational study was performed on Hf,CF,
by Wang et al.48 Although this compound’s ground state is the
metal top configuration, the authors found that moderate com-
pressive strain causes one layer of F to shift such that the com-
pound is now in the mixed ferroelectric phase. This also causes
the compound to go from metallic to semiconducting. They also
found that the domain walls are metallic, and elucidated some
possible polarization switching paths.

Although all of these works generate excellent insight into the
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possible ferroelectricity in MXenes, a number of questions still
remain, which we seek to answer in the work. Through the
use of density functional theory (DFT), we systematically study
a number of M,CT>» MXene carbides. For the transition metals,
we selected Sc, Y, La, Ti, Zr and Hf; for the purpose of study-
ing the effect of surface termination groups, we selected O, S, F,
and Cl. Therefore, in this paper, we report detailed results for
12 MXene compositions as following: Sc,CO,, Sc,CF,, Sc;CCly,
$,CS,, Y,CO,, Y,CF,, Y,CCly, Y,CS,, Zr,CO,, Hf,CO,, Ti,CO,,
and La;CO;. For each of these, we first compute the relative
energetic stability of each in the symmetric carbon-top, mixed,
asymmetric carbon-top, and metal-top configurations shown in
Figure [1} finding that 3 have the ferroelectric mixed phase as
their ground state. However, to better understand the origin of
ferroelectricity in this family of materials, we perform a detailed
analysis of all compounds in the ferroelectric phase by computing
their polarization, density of states, Bader charges, dielectric and
piezoelectric properties, and Born effective charges. We find that
polarization arising from C off-centering is caused by a hybridiza-
tion of the C and O atoms, and that Sc/Y and O/S is required for
stabilization of a ferroelectric phase. Finally, we investigate the
effect of alloying on the M site and application of external strain
in Sc;CO,, and show that both can be used to preferentially stabi-
lize the ferroelectric phase. These results demonstrate numerous
new possible routes to the stabilization of the ferroelectric mixed
phase in surface functionalized MXenes.

2 Computational Details

The first principles density functional theory (DFT)%Z calcula-
tions were performed by the Vienna ab initio Simulation Package
(VASP) using the projector augmented wave (PAW) methods®8 42
The general gradient approximation introduced by Perdew, Burke
and Ernzerhof (PBE-GGA) was adopted to describe the exchange
correlation.”% A 550 eV plane wave cutoff was used for all cal-
culations. Geometry optimizations were performed for each
chemistry in four different phases (symmetric carbon-top, mixed,
asymmetric carbon-top, and metal-top, Figure [I). Due to the
shape difference of the unit cell, the Monkhorst-Pack k-point
mesh of 15x30x1 was used for the asymmetric carbon-top
phase, while 30x30x1 was used for the symmetric carbon-top,
mixed, and metal-top phases. In order to avoid the interac-
tion between vertically repeated unit cells, more than 15 A of
vacuum was included for each structure. Considering the fact
that the PBE approximation typically underestimates the band
gaps, the Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional
was adopted for calculating the band gaps.21>2/ A less dense k-
point grid of 4x4x1 was used for all HSE calculations. The dy-
namical stability of our fully relaxed geometries were checked
using density functional perturbation theory (DFPT) and the
Phonopy code.>? DFPT was also used to compute the piezoelec-
tric constants and Born effective charges. The spontaneous polar-
ization was calculated by the Berry phase method.”# The Bader
charge calculations were performed using the code from Henkel-
man et al.>>%®7 The piezoelectric strain was calculated based on
the stress tensor and the compliance tensor (inverse of the elastic
tensor). The expression of the calculation is: d;; = ej x Sk;.

Nanoscale

3 Results and Discussion

3.1 Structures and Phases of MXenes.
We first investigated the structures of 12 2D single layered M,CT;
compounds: Scy,CO,, ScyCF,, ScyCSy, ScyCCly, Y,CO,, Yo2CFs,
Y2CSz, Y2CC12, ZI'2C02, HszOg, TizCOz, and L32C02. These
were chosen because both O- and S-termination often lead to the
ferroelectric phase while F- and Cl- often does not,** and our goal
is to investigate the reasons for this competition. We did not se-
lect the -OH group for investigation here because, although such
termination can result in the mixed phase being stable, this only
happens for the Zr and Hf compounds which does not lead to the
necessary C displacements for a large spontaneous ferroelectric
polarization.## Finally, we note that recent work has opened up
the potential for such exotic terminations on MXenes; for exam-
ple, Kamysbayev et al. used novel exchange reactions to exper-
imentally synthesize Ti,C and Ti3C, MXenes terminated with O,
S, Se, Te, F, Cl, and NH groups.>®

Previous studies reported four major phases for 2D single lay-
ered MXene materials (Figure ,2559‘60 which are the carbon-
top symmetric phase (symmetric), ferroelectric mixed phase
(mixed), metal-top asymmetric phase (asymmetric), and metal-
top symmetric phase (M-top). The structural differences among
the four phases arise from the relative position of their surface
termination layers. As can be seen from the top view of Figure
O atoms in both the top and bottom layer are above the C atoms
in the two carbon-top phases, while in the M-top phase the O
atoms sit above M atoms in both layers. The mixed phase (Figure
[Ip) is unique in that one O layer is above the M atoms while one
is above C atoms. Because of these differences in coordination,
the symmetric phase and the M-top phase are centrosymmetric
(space group P3m1), whereas the mixed phase and the asymmet-
ric phase are non-centrosymmetric (space group P3ml) and can
exhibit ferroelectricity.6 Indeed, in the mixed phase (Figure[ib),
all C atoms can cooperatively shift, resulting in a spontaneous
electric polarization. In the asymmetric phase, however, the al-
ternating up and down C displacements cancel, leading to a net
zero polarization.

asymm. | mixed | symm. | M-top
ScCO;, 0 8.997 | 32.58 155.8
ScpCS, 117.9 0 359.4 1211
ScyCF, 221.5 95.66 | 220.3 0
Sc,CClL, 155.4 75.39 155.4 0
Y,CO, 1.501 0 26.39 | 90.59
Y,CS; 200.9 0 440.9 1258
Y,CF, 202.0 97.72 | 202.0 0
Y,CCl, 120.0 58.07 120.1 0
Zr,CO, | 526.6 | 384.3 | 171.3 0
Hf,CO, 660.2 192.5 428.4 0
Ti,CO, | 315.2 | 99.01 | 291.5 0
La;CO, 104.7 0 22.44 | 98.27

Table 1 Relative total energies (meV /atom) for each MXene composition
in each of the four phases with respect to their lowest energy phase.

We calculated the total energies per atom for the 12 studied
materials under the four different phases using DFT by fully opti-
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mizing the lattice parameters and atomic positions of each (Table
11). The relaxed geometries of the Y,CO, MXene are shown in
Figure [Th-d, while those of all materials are given in the Sup-
plemental Information as Figures S1-S9. For most of the com-
positions, the M-top phase is the energetically favorable phase,
in agreement with the aforementioned previous works.4442 The
asymmetric phase is the most energetically favorable phase for
Sc,;CO,, which shows agreement with the original work by Chan-
drasekaran et al.%22 In contrast, Y,CO, is more stable in the mixed
configuration, although the asymmetric phase is higher in energy
by a very small 1.5 eV/atom. The three other compounds which
display a non-M-top phase as their ground state are Sc,CS,,
Y2C82 and LHQCOQ.

Because we are interested in the possibility of a stable or
metastable ferroelectric phase, we computed the phonon band
structures for each compound in the mixed phase (Supplemen-
tal Figures S18-S28). All materials except three display no neg-
ative frequencies (the observed very small negative frequencies
near the I'-point are likely caused by numerical noise owing to
the vacuum region®). The three exceptions (Sc,CS», Y»CS»
and La;CO,) all display significant negative frequencies in their
phonon band structure (Supplemental Figures S20, S23, and S24,
respectively), as previously discussed by Zhang et al. (at least
for Sc,CS, and Y,CS;). Following their procedure, we froze
the atomic displacements corresponding to these negative modes
into the three structures, and re-optimized them; in agreement,
Sc,CS; and Y,CS, actually show some antisymmetric displace-
ments of the Sc/Y and S atoms (Figure [2a and b, respectively),
although the cooperative displacements of the C atoms are still
present. The energies of these phases are the ones reported in
Table [1} and this structure was used for all subsequent calcula-
tions involving Sc,CS; and Y,CS,. This procedure did not work
for La;CO,, implying its mixed phase is dynamically unstable. Fi-
nally, none of the materials showed the symmetric phase as the
ground state. Our results of the predicted ground states now re-
sult in complete consistency between the works on ferroelectricity
in MXenes by Chandrasekaran et al., Zhang et al., and Wijethunge
et ql.125/44145

Interestingly, for every compound that displays the M-top con-
figuration as its ground state, the mixed phase is the next lowest
in energy (with the exception of Zr,CO,). This energy difference
between the M-top and mixed phases is the smallest in the M
= Sc and Y compounds with monovalent anions (F, Cl). Ti,CO,
has a slightly larger difference than these, with Hf,CO, having
the largest of the studied compounds. As such, as reported for
Hf,CF, by Wang et al.,*®l it should be relatively easy to stabilize
the mixed phase with external stress.

We put our results in the context of the potential for stabiliza-
tion of these ferroelectric phases in the functionalized M = Sc
and Y MXene carbides; to the best of our knowledge such sys-
tems have not been experimentally realized but have been stud-
ied computationally for a variety of applications. 404143163765/ A].
though the phonon band structures indicate dynamic stability of
this phase in these compounds, the ability to chemically synthe-
size these materials should be discussed as oxycarbides can be
difficult to create. Several studies have investigated the thermo-
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Fig. 2 Structure of the mixed (a) ScuCS; and (b) Y>CS; phases.

dynamic stability of some of these MXenes, which we review here;
we note, however, that these studies did not study or propose the
ferroelectric phase.

First, Khazaei et al. used DFT calculations to predict the sta-
bility of various M;X carbides and nitrides functionalized by T =
O, F, and OH groups. By computing the formation energy (AH)
of a functionalized MXene with respect to the unfunctionalized
monolayer and 7, gas molecule, they found that Sc,C function-
alized with any of these is stable with a negative AH (the stabil-
ity order is Sc,CF, > Sc,C(OH); > ScpCO,). 00 A later study by
Xiong et al. also investigated Sc,C7, with these same T species
and found that the cohesive energy for each (i.e., the energy of
Sc,CT; relative to the constituent Sc, C, and 7 atoms by them-
selves) is similar to many other 2D materials, further indicating
the possibility for the stability of these compounds.Z However, a
study Ashton et al. found that, although the binding energy for
T atoms to Sc,C surfaces are negative (i.e., favorable), and that
functionalization by F over O is preferred, computing AH with
respect to the most stable compound with the same stoichiome-
try gave a very large (i.e., unfavorable) value of 0.7 eV/atom for
Sc,CO, .28 Therefore, a ferroelectric Sc,CT5 has the potential to
be stable relative to the constituent parts, but questions remain
about whether this monolayer would thermodynamically form in
this phase. Furthermore, these results indicate that Sc, CF, should
be easier to synthesize than Sc,CO,, but the ferroelectric phase is
not the ground state. However, the ferroelectric phase in Sc,CF,
is 100 meV/atom lower in energy than the ground state, so a sim-
ilar approach of applying external stimuli as in Hf,CF,4® could
potentially be used.

Functionalization of Sc,C by S has been significantly less stud-
ied,©? although it should be possible given the large amounts of
species shown to be possible to functionalize Ti,C and Nb,C.”Z%
Finally, while the Y,C monolayer has been predicted to be stable
by DFT calculations,”! any functionalization of it has not been
investigated except for the aforementioned ferroelectric MXene
studies. It is therefore difficult to anticipate stability of these com-
pounds, but we anticipate that similar results would hold for the
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E, (eV) P (uC/cm?) Bader Charge be_t1 (A)
PBE HSE C M1 M2 T1 T2 AM AT
Sc,CO, 1.81 | 2.73 0.64 -1.07 | 155 | 1.69 | -1.02 | -1.15 | 0.14 | 0.13 2.19
Sc,CS; 1.50 | 1.91 0.52 -1.40 | 1.40 | 1.53 | -0.58 | -1.40 | 0.13 | 0.82 1.94
Sc,CF, 0.95 | 1.47 0.17 -1.75 | 1.58 | 1.61 | -1.72 | -1.72 | 0.03 0 2.27
Scp;CCl, | 0.74 | 1.43 0.08 -1.81 1.52 | 1.54 | -0.62 | -0.62 | 0.02 0 2.33
Y,CO, 1.35 | 2.07 0.58 -1.32 1 1.88 | 2.00 | -1.17 | -1.38 | 0.12 | 0.21 2.38
Y,CS, 1.50 | 2.19 0.49 -1.54 | 1.74 | 1.83 | -0.77 | -1.23 | 0.09 | 0.46 2.49
Y,CF; 1.05 | 1.53 0.21 2121 1.86 | 1.92 | -1.82 | -1.82 | 0.06 0 2.53
Y,CCl, 0.96 | 1.38 0.06 -2.15 1 1.79 | 1.82 | -0.72 | -0.73 | 0.03 | 0.01 1.97
Ti,CO, 0.67 | 1.31 0.05 -146 | 1.65 | 1.73 | -0.95 | -0.96 | 0.08 | 0.01 2.19
Hf,CO, 1.07 | 1.65 0.04 -1.80 | 1.98 | 2.07 | -1.11 | -1.13 | 0.09 | 0.02 2.21

Table 2 The band gaps (E,, eV) for MXene compositions in the mixed phase using PBE and HSE06 methods. Magnitude of the out-of-plane
spontaneous electric polarization (P, uC/cm?) in the mixed phase of each compound. Bader charges for each element in the MXene compositions in
the mixed phase, where C represents the carbon atom, M1 and M2 represent the transition metal (Sc, Y Hf and Ti) in the top layer and bottom
layer, respectively, and T1 and T2 represent the surface termination group (O, S, F and ClI) at the top layer and bottom layer, respectively.

Y-based compounds as the Sc-based ones owing to their relative
positions in the periodic table. Finally, despite concerns about sta-
bility of these materials, it is instructive to investigate the ferro-
electricity, piezoelectricity, and electronic structure in these com-
pounds fully to understand their properties and the origin of the
potential ferroelectricity.

3.2 Polarization and Ferroelectricity
We first computed the polarization (P) for each MXene composi-
tion that has a stable mixed ferroelectric phase as their ground
state or second lowest energy phase (Table[2). We obtained out-
of-plane spontaneous polarizations and found the largest polar-
ization in the Sc;CO, mixed phase (0.64 uC/cm?). This is smaller
than that reported by Chandrasekaran et al.2> (1 uGC/cm?), but
relatively close; computation of the polarization quantum shows
this value is accurate in our case (Supplemental Figure 30). Upon
substitution of the anion, we find that the polarization decreases,
with the trend that Sc,CO, > Sc;CS; > ScpCFp > Scp CCly. There-
fore, substitution of O by a larger species (S) causes the polariza-
tion to decrease. Substitution of Sc by a larger atom (Y) causes a
small decrease in the polarization, but not nearly as pronounced
as anion substitution. Indeed, the second largest polarization is
observed in Y,CO, (0.58 uC/cm?), and a similar trend appears for
anion substitution in these Y-based MXenes. Finally, in La,CO,,
the C displacements are still present; however, we did not com-
pute the polarization owing to the fact that the ferroelectric phase
is dynamically unstable.

As mentioned above, substitution of a divalent T species with
a monovalent one (F or Cl) results in a loss of the off-centering C
displacements. This also occurs in the case of substitution of Sc/Y
by Ti or Hf, which results in a polarization of almost zero. As
can be seen by the structure in the aforementioned Supplemental
Information, this is because upon optimization of the mixed phase
of SCQCFz, YQCFQ, SCQCCIQ, YQCCIQ, HszOQ, and TizCOz, the C
atoms no longer cooperatively displace. Interestingly, in both M
= Sc and Y, while replacement by Cl results in a near complete
loss of P as expected, the F-based compounds still display a non-
negligible polarization despite the fact that the off-centering C
displacements are not present.

In addition to the magnitude of the polarization, questions still
remain about its appearance in these MXene materials, as de-
tailed analyses of the ferroelectric phase transition have not been
performed. Here, we discuss Y,CO, as a representative exam-
ple as it has the ferroelectric mixed phase as its ground state.
We first computed the phonon band structure of the symmet-
ric Y,CO; phase (Supplemental Figure S31), which, like Sc,CO»,
shows negative frequencies at the M and K point.Z2 An analysis
of these unstable modes show that they both have off-centering
of the C atoms, with the K mode actually leading to a polar P3m1
space group. This shows that, in the symmetric phase: (1) the C
off-centerings are energy lowering displacements leading to the
ferroelectric phase, and (2) these cooperative C displacements
alone are sufficient to break inversion symmetry. However, these
C displacements driving the phase transition must be coupled
with some shifting of the O displacements to lead to the observed
mixed phase; indeed, this cooperative motion was investigated by
Chandrasekaran et al.’> during the Sc,CO, ferroelectric switch-
ing pathway calculations and can be observed in the video pro-
vided in their Supplemental Information. Using the ISODISTORT
software,Z2 we further investigated the P3m1 symmetric Y,CO,
phase and found that there are M2~ and K3 modes which have co-
operative C displacements and lead to a P3m1 space group. There
is also a possible I~ mode consisting of such displacements and
leading to a P3ml space group, but there are no unstable fre-
quencies at the I'-point in the symmetric phase of these materi-
als. While this analysis gives some insight into the appearance of
the spontaneous polarization in these materials, a more detailed
analysis of the phase transition mechanism should be performed
to fully understand these materials.

Finally, it is worthwhile to discuss the details of the ferroelectric
switching mechanisms in these materials. Because this has been
extensively studied in previous works,22 we will not repeat the
calculations here but provide a summary and put them in context
of our new results here. In general, these materials switch by a
cooperative switching of the C displacement direction and a lat-
eral shift of the bottom X-termination layer. However, the details
are more complex. First, Chandrasekaran et al.,** using nudged
elastic band (NEB) calculations, showed that Sc,CO, switching
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Fig. 3 Decomposed density of states for (a) Y2CO3, (b) Y2CS,, (¢) Y2CCl, and (d) Hf,CO,. Spin up and spin down density of states are both shown.
Charge density contours for (e) Y2COz, (f) Y2CSz, (g) Y2CCly and (h) Hf,CO,. Region in yellow represents the negative charge cloud.

proceeds via a two-step mechanism. The poled-up ferroelectric
phase first transitions to a carbon-top anti-ferroelectric phase over
a 0.52 eV barrier through a symmetric phase; overcoming a sec-
ond 0.52 €V barrier transforms this into the poled-down ferroelec-
tric phase. Zhang et al.*® followed up on this and also used NEB
calculations to study the switching of a number of other MXene
ferroelectrics. First, they found that Y,CO, goes through the same
two-step switching procedure through an anti-ferroelectric phase
as Sc,CO, with a similar barrier (0.53 €V). Sc,CS, and Y,CS,
(also investigated in this work) also proceed the same way with
barriers of 0.53 €V and 0.57 €V, respectively, although the anti-
ferroelectric intermediate is much higher in energy than either of
the ferroelectric end points; this is in agreement with our energy
calculations showing that the difference in energy between the
asymmetric and mixed phases in Sc,CS, and Y,CS; is two orders
of magnitude higher than in the equivalent X = O compounds.
Overall, the compounds which the ferroelectric mixed phase as
their ground state show relatively small switching barriers of ap-
proximately 0.5 eV.

3.3 Electronic Structure

We next computed the density of states (DOS) of each compound
in each phases. First, both PBE and HSE06 were used to calculate
the band gaps; the values for all of the mixed phases are shown
in Table [2] The total DOS at the PBE level for all compounds in
each phase are shown the Supplemental Information as Figures
S10-S17. As expected, the PBE band gaps are much lower than
the HSE band gaps, in agreement with the fact that typical DFT
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methods underestimate them. Due to the correction from the
Hartree-Fock method, values from the HSE06 method are closer
to the experimental values and become a more reliable result in
understanding the band gaps of our materials. According to Ta-
ble[2} the values from the HSE calculations range from 1.3 €V to
2.7 €V, showing that these MXene compositions all have semicon-
ducting band gaps in their mixed phase. Replacing Sc with Y does
not have a significant effect on the band gap; in both the Sc- and
Y- based compounds, however, substitution of the divalent anions
(O, S) with monovalent ones (F, Cl) results in a significant band
gap reduction.

Next, as shown in Figure [3p-d, orbital-decomposed DOS were
plotted for Y,CO,, Y>CS,, Y,CCl,, and Hf,CO,. As predicted by
Chandrasekaran et al.25, the polarization in the mixed phase is
likely induced by C-O hybridization. This is observed in the DOS
of Y,CO, (Figure [3h) and Y,CS, (Figure [3p), where both C(p)
and O(p)/S(p) orbitals overlap near the Fermi level to around
-1 or -2 €V. On the other hand, no overlap between C and Cl
are observed in the Y,CCl, DOS (Figure ). A similar effect is
observed in Hf,CO,, with little C-O orbital overlap resulting in
no displacement of the C atoms. This can also be seen in a plot
of the charge density for the compounds, where large amounts
of charge can be seen along the C-O and C-S bond in Y,CO, and
Y,CS, (Figure |3 and , respectively). As can be seen in Figure
and , the charge density remains centered on each atom
in Y,CCl, and Hf,CO;, and the C atoms do not displace in thse
compounds.

Finally, we computed the average Bader charges of each el-
ement in the mixed phase compositions, which are reported in

Page 6 of 11



Page 7 of 11 Nanoscale

Piezoelectric coefficients Born effective charges Dielectric constants
Index | e (C/m?) | d (pC/N) | Atom | Z7, Z, Zi Index | e¢lec | gion glot
Sc,CO, 15 0.06 244 C -2.84 | -2.84 | -0.11 11 3.49 | 2.33 | 5.81
22 0.26 10.3 o1 -1.43 | -1.44 | -0.61 22 3.49 | 2.33 | 5.81
31 0.03 0.33 02 -3.07 | -3.07 | -0.52 33 3.14 | 0.02 | 3.16
33 0.01 16.5 Scl 4.10 4.10 0.63
Scl 3.25 3.25 0.61
Y,CO, 15 0.05 193 C -2.80 | -2.77 | -0.14 11 2.39 | 1.77 | 4.16
22 0.32 13.3 01 -1.52 | -1.49 | -0.70 22 2.39 | 1.76 | 4.15
31 0.04 0.51 02 -2.90 | -2.90 | -0.59 33 1.26 | 0.07 | 1.33
33 -0.02 -6.90 Y1l 3.90 3.91 0.73
Y2 3.32 3.26 0.70
Sc,CS, 15 0.03 340 C -2.81 | -2.81 | -0.17 11 3.49 | 2.33 | 5.81
22 0.48 42.7 S1 -1.27 | -1.27 | -0.22 22 3.49 | 2.32 | 5.81
31 0.02 0.35 S2 -2.79 | -2.79 | -0.28 33 3.14 | 0.02 | 3.16
33 0.01 30.6 Scl 4.16 4.16 0.31
Sc2 2.71 2.71 0.35
Y,CS, 15 0.02 398 C -2.78 | -2.78 | -0.23 11 2.77 | 1.95 | 4.72
22 0.43 126 S1 -1.35 | -1.35 | -0.27 22 2.77 | 1.95 | 4.72
31 0.02 0.38 S2 -2.69 | -2.69 | -0.35 33 2.54 | 0.02 | 2.56
33 0.01 50.3 Y1 4.02 4.02 0.40
Y2 2.80 2.80 0.44

Table 3 The computed results of piezoelectric coefficients at selected matrix index. The Born effective charges Z* at the diagonal positions of the

matrix and the dielectric constants are also presented.

Table T1 and T2 represent anions (O, S, F and Cl) in the top
layer and bottom layer, while M1 and M2 represent the same
for the metal atoms (Sc, Y, Hf, and Ti); AM and AT represent
the absolute difference in the Bader charge between the M and
T layers, respectively. In general, it is expected that the charge
on the top and bottom layers of terminating anions and metals
should be the same without any distortions (i.e., AM and AT are
close to zero); indeed, this is what we find for the mixed phases of
compounds with near zero polarization (Sc,CCl,, Y,CCl,, Ti,CO»,
and Hf,CCl,). Interestingly, we also find that AT = O in the T =
F phases as expected since they do not have any C displacements;
as mentioned before, however, they do display a small non-zero
polarization. Only in the compounds which do not have the M-top
phase as their ground state (Sc,CO,, Sc;CF», Y,CO,, and Y,CS,)
is AT non-zero; as expected, it is much larger in the 7 = S com-
pounds which have anti-symmetric S displacements. However,
in both the M = Sc and Y families AM increases and C gets more
negative as the polarization increases. Finally, we report the aver-
age C-T bond length in each compound (Table[2), although there
is not a strong correlation with magnitude of the polarization.

3.4 Piezoelectric Tensors

As shown in the previous sections, we obtained the out-of-plane
polarization in the mixed phase of MXene compositions, which
was generated due to the cooperative off-centering of C atoms.
However, all ferroelectric materials are also piezoelectric. There-
fore, to further understand these materials’ electronic proper-
ties, we calculated their piezoelectric stress (e;;) and piezoelec-
tric strain (d;;) coefficients, as well as their dielectric constants
(TableB). There are eight components in the P3m1 (point group
3m) piezoelectric tensor, with four of them being independent. In

this section, only compositions having mixed phase as the ground
state will be discussed, which are Y,CO,, Sc,CS, and Y,CS,.
Sc,CO, has mixed phase as a meta-stable phase, but since the
energy difference between its ground state phase and meta-stable
phase is relatively low, the piezoelectric properties are also impor-
tant to study. Interestingly, all four of these compounds display
a relatively large d3; component (ranging from 6.9 to 50 pC/N),
which is best for device applications. The largest component in
each case is the off-diagonal d;5, while the smallest is d3; Finally,
all calculated piezoelectric tensor compounds are larger in the T
= S compounds than the 7 = O compounds; this is likely related
to the fact that these materials have slightly smaller polarization,
meaning larger polarizations can be caused from external stress
and strain.

We next computed the Born effective charges (BEC) for each
compound (Table [3). In prototypical ferroelectrics such as
BaTiOs, the BECs are anomalously large (i.e., above +7 for Ti**
and nearly -5 for 027).”4 For all studied MXene compounds here,
the out-of-plane BECs (Z3;) of all atoms are much smaller than
their nominal value (less than -1 for C and T and less than +1
for M). This is in agreement with calculations on other 2D fer-
roelectrics like In,Ses, which also display much smaller than ex-
cepted out-of-plane BECs.7578 Indeed, this is similar to the fam-
ily of hyperferroelectrics investigated by Garrity et al.;“Z in such
materials, small out-of-plane BECs lead to a weak depolarization
field and therefore can be polarized even when the depolarization
field is unscreened. As such, small Z3; in 2D ferroelectrics such as
the MXenes studied here is one reason for the presence of a spon-
taneous out-of-plane polarization even down to the monolayer.

The in-plane BEC (Z}, and Z3,), on the other hand, are not
anomalously small; because Z}, and Z3, are nearly equivalent
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in all studied materials here, we will not distinguish between
them in this discussion. In the MXene compounds which have
the mixed ferroelectric or asymmetric antiferroelectric phase as
their ground state (those shown in Table[3)), the average in-plane
BECs of each atomic species do not deviate significantly from the
excepted oxidation state of +3 for Sc/Y, -2 for C, and -2 for O/S.
We do point out, however, the in-plane BECs depend on the layer
of the atoms; the Sc/Y (O/S) atoms that are in the top layer (i.e.,
closer to the displaced C atoms) are more positive (less negative)
than those in the bottom layer. When we look at the average
in-plane BECs of the mixed phase MXenes which do not show
that phase as their ground state (Supplemental Information, Ta-
ble S1), we find slightly different results. The expected oxidation
states for the Sc- and Y-based monovalent anion compounds are
+3 for Sc/Y, -4 for C, and -1 for F/Cl. Here, although the F/Cl
atoms average in-plane BECs are -1.3 to -1.4, those for the Sc/Y
atoms are above +4 (in addition, the layer dependence of the
BECs is still present); for C in these compounds it is below -5.
On the other hand, in Ti,CO, and Hf,CO,, the average in-plane
BEGs are slightly higher than expected for M (5.47 for Ti** and
5.09 for Hf*") while for C it is around -4.4 in both (close to the
nominal value of -4).

Finally, we computed the dielectric constants (e'”, Table|3)) for
each MXene in the mixed phase. In each material, € is small
(less than 6). Furthermore, the out-of-plane dielectric constant
is less than 50% of the in-plane dielectric constants. This is also
similar to other 2D ferroelectrics like In,Ses, which, when scaled
down to the monolayer display small dielectric constants.Z®

3.5 External Strain and Alloying

Finally, we investigated the possibility of preferentially stabilizing
the mixed ferroelectric phase in Sc,CO,. First, we applied tensile
and compressive biaxial strain to the two lowest energy phases of
Sc,CO, (mixed and asymmetric) from -2% to 2% in increments
of 0.5%; at each point, the in-plane lattice parameters were fixed
and the atomic position fully optimized. The total energy as a
function of in-plane lattice parameter is shown in Figure [4p. Al-
though the asymmetric phase remains the most stable under com-
pressive strain, the ferroelectric mixed phase become more stable
under only 0.5% tensile strain. Similar to the work by Wang et
al.,4® the application of external strain resulted in a shift of one
layer of the terminating O atoms from being over the C atoms to
being over the Sc atom; because the other layer remained over
the C atoms, the mixed phase results. This is in contrast to the
previously studied Hf,CF, monolayer, which switched from the
metal top to the mixed configuration, rather than C-top as shown
here. This difference also likely partly contributes to the fact that
compressive strain is needed for Hf,CF,, while tensile strain is
needed for Sc,CO,.

We next investigated alloying Sc,CO, and Y,CO; together to
create a series of mixed S1y(1-x) Y2, CO2 phases (x = 0, 0.25, 0.5,
0.75, and 1). In many 2D materials, alloying of both cations and
anions has been shown to be a good way to preferentially stabi-
lize metastable phases and tune their properties.©278-80 Tq deter-
mine the most energetically favorable Sr/Y position in each alloy
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Fig. 4 (a) Relative energy (AE) of Scy;CO; in the mixed (black) and
asymmetric (red) phases as a function of lattice parameter. The dashed
line indicates zero strain. (b) Relative energy of Sry(_,)Y2,CO, phases
in the mixed and asymmetric phases as a function of concentration. (c)
Change in polarization in Sc;CO; as a function of strain. (d) Change in
the band gap of the mixed and asymmetric phase of Sc,CO; as a function
of strain. (e) Change in the polarization of Sry(;_,)Y2,CO3 as a function
of concentration. (f) Change in band gap of the mixed and asymmetric
phase of Sry(;_,)Y2,COz as a function of concentration.

we tested all possible relative orientations and took the lowest en-
ergy one; all structures tested at each concentration in the mixed
and asymmetric phases are shown in Supplemental Figures S28
and S29, respectively, with the lowest energy one highlighted. Af-
ter fully relaxing each alloy in the mixed and asymmetric crystal
structures, we found that although the asymmetric phase is the
most favorable for Sc,CO, (as previously discussed), the ferro-
electric mixed phase becomes more stable at all concentrations
of Y investigated. Because of this, the energy difference between
the mixed and asymmetric phase is larger in the alloys than it is in
Y,CO,; this indicates that this could be another route to the pref-
erential stabilization of this phase since the two won’t compete as
strongly. Finally, calculation of the convex hull demonstrates that
each of these alloyed phases is thermodynamically stable (Sup-
plemental Figure S27).

Following this, we computed the change in the polarization and
band gap (at the HSE level) upon application of strain. First,
we found that compressive strain increases the polarization of
Sc,CO, (0.75 uC/cm? at -2% strain), while tensile strain de-
creases it (0.52 ,uC/cmz at 2% strain). This is shown in Figure
[k. As the lattice parameter shrinks, the magnitude of the C dis-
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placements gets larger, and correspondingly get smaller as the
lattice expands; this could also point to an explanation as to why
the polarization of Sc,CO, and Sc,CS, are larger than Y,CO, and
Sc,CS,. However, because the mixed phase is only stable under
tensile strain, any observed polarization is likely to be smaller
than expected from DFT calculations. The band gap also changes
monotonically as a function of strain (Figure [4d), with compres-
sive strain resulting in a band gap opening and tensile strain re-
sulting in a shrinking. Overall, however, the change in the band
gap under strain is small, only 0.26 €V for the mixed phase and
0.22 for the asymmetric phase.

We then investigated these same property changes upon alloy-
ing of the Sc site with Y. Interestingly, the polarization decreases
upon substitution or 25% Y and reaches a minimum at the equal
50% Sc/Y mixture (0.40 uC/cmz), before increasing again as the
Y concentration becomes larger (Figure [dk). An analysis of the
structure shows that the magnitude of the C displacements do
not change significantly, so this seems to solely be due to changes
in the M atoms; indeed, as shown in Table [2] the charge density
distribution (as found using Bader charge calculations) is differ-
ent for the atoms in Sc;CO, and Y,CO,, which can lead to the
observed changes to the polarization. The band gap changes are
slightly different in the alloying case than the strained case. In
the mixed phase, the changes are quite small up to the 75% Y
compound, at which point it begins to decrease as the band gap
in mixed Y,CO; is lower than Sc,CO,. However, in the asymmet-
ric phase, the reverse is true as the band gap of Y,CO; is higher
than Sc,CO,; there is a dramatic increase of 0.4 €V from low to
high Y concentration. Overall, however, it is clear that beyond
changing the stability the phase, strain and alloying can influence
the properties of this family of ferroelectric compounds as well.

4 Conclusions

In this work, we used density functional theory (DFT) calcula-
tions to study changes in the stability of a ferroelectric phase in
12 M,CT, MXenes upon chemical substitution of M cations and
T anions. We found that Y,CO,, Y>CS, and Sc,CS, are three
compounds that having the ferroelectric mixed phase as their
ground state, while Sc,CO, displays an asymmetric antiferroelec-
tric phase, leading to agreement between several previous com-
putational studies; we discuss the potential for stabilizing these
materials given the results of thermodynamic analyses by previ-
ous studies. From calculation of the density of states and Bader
charges, we also showed that the out-of-plane polarization in
these 2D MXene materials occurs from an orbital overlap between
C and the surface atoms. In addition to ferroelectricity, we find
that these materials also show good piezoelectric properties; fur-
thermore, the small out-of-plane Born effective charges and the
small dielectric constants of the MXenes show agreement with
other monolayer 2D materials. Finally, we showed that alloying
of the M sites and application of external strain can preferentially
stabilize the metastable ferroelectric phase. These results lead to
a better understanding of these materials and gives agreement be-
tween results of different studies in the literature, and will hope-
fully help in the discovery of new 2D materials with out-of-plane
polarizations.
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