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‘We investigate the properties of oxygen-functionalized carbides of lanthanide elements with the composition

M,CO, (M = Gd, Tb, Dy) that form two-dimensional structures. Our ab initio calculations reveal that oxygen
termination turns M,C monolayers into semiconductors with two dynamically stable phases. Of these, the
energetically favored o phase becomes ferroelectric, whereas the 8 phase turns antiferroelectric. Applying
in-plane biaxial strain may transform one phase into the other, changes the ferroelectric polarization of the «

phase in a linear fashion, and modifies the size and nature of the fundamental band gap from direct to indirect.
The structure with a direct band gap exhibits in-plane isotropic electronic and optical properties. This previously
unexplored class of systems also exhibits excellent photon absorption in the ultraviolet range.
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I. INTRODUCTION

Since the discovery of ferroelectricity in Rochelle salt in
1920s [1,2], ferroelectric materials have captured ample atten-
tion of the scientific community due to their complex behavior
and unique applicability in electronic devices. The interest
in two-dimensional (2D) materials, ignited by the successful
exfoliation of graphene, led to the exploration of ferroelec-
tricity not only in three-dimensional (3D) materials, but also
in lower dimensions. Early studies focused on intrinsic fer-
roelectric behavior in 2D compounds including In,Ses [3,4],
CulnP,S¢ [5,6], and in elemental materials such as 2D «- or
3-Se [7]. Among the plethora of 2D structures, however, only
very few have been found to exhibit intrinsic ferroelectric be-
havior. With few 2D systems available that show ferroelectric
behavior, which moreover is not very interesting, hope for
useful applications of 2D ferroelectrics started to dwindle.
A useful change appeared when intrinsically nonferroelectric
2D materials were decorated by functional radicals that in-
duce ferroelectric behavior. This was first demonstrated when
graphene turned ferroelectric following the functionalization
by OH groups [8]. Functionalization by different radicals
offers almost unlimited possibilities to fabricate 2D ferro-
electrics. In this paper, we focus on 2D electrides consisting of
carbides of lanthanide elements that are terminated by oxygen.

Electrides form a family of materials where interstitial
anionic electrons are trapped in cavities within the sublattice
of positive ions [9-13]. In 2013, layered electride Ca;N was
successfully synthesized [9] and Ca,N monolayers were sub-
sequently isolated in 2016 using liquid exfoliation [14]. Since
then, various 2D layered electrides have been synthesized
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experimentally or predicted theoretically [15-23]. However,
these layered electrides are only stable under very specific
conditions. These include a nitrogen atmosphere or selected
organic solvents for monolayers of Ca,N [14], ultrahigh vac-
uum conditions for Y,C [16], and high-purity Ar environment
for Gd,C [17]. The presence of highly delocalized electrons,
which are trapped in between individual layers, make these
materials very reactive. Exposure to air leads to undesirable
property changes due to the oxidation of —Cl, —OH, —H,
and —F functional groups [24-34]. Sensitivity to specific
environments has also been observed regarding magnetic po-
larization. For example, —Cl or —Br termination of Gd,C
causes antiferromagnetism with out-of-plane Néel ordering,
whereas termination by —I leads to a zigzag antiferromagnetic
(AFM) ordering [34]. Not only magnetic, but also electronic
properties can be modified and tuned by different functional
groups. Monolayers of Gd,C [33] become semimetallic when
covered by hydrogen on one side, but turn insulating when
hydrogen covers both sides. With this richness in behavior,
we expect that ferroelectricity can be induced in many 2D
compounds by specific functional groups.

Our paper investigates previously unexplored carbides of
lanthanide elements with the composition M,C (M = Gd, Tb,
Dy), which form 2D structures. Our ab initio calculations
show that termination of these 2D compounds by oxygen
to M,CO;, turns these systems into ferroelectrics. We find
two stable phases of these systems with different ferroelec-
tric properties. The ferroelectric o phase with out-of-plane
polarization is generally more stable than the antiferroelectric
B phase. We focus mainly on the « phase, which may be
of interest for applications, and discuss its relation to the B
phase with a sublattice of flipped dipoles. Semiconducting
o — M,CO; has an indirect fundamental band gap that can
turn to a direct gap by applying specific in-plane biaxial
strain, which also monotonically changes the polarization.
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Our results also reveal excellent photoabsorption capability
of the direct-gap M,CO, system, which increases its value for
applications.

II. COMPUTATIONAL TECHNIQUES

Our calculations of the atomic structure, electronic, and
optical properties have been performed using the density
functional theory (DFT) as implemented in the VASP [35,36]
code. We used the Perdew-Burke-Ernzerhof (DFT-PBE) [37]
exchange-correlation functional for most of the study. Specific
calculations of the band structure and the optical absorption
coefficient were performed using the hybrid DFT-HSE06
functional [38,39] with the default mixing parameter o =
0.25. Periodic boundary conditions have been used through-
out the study, with monolayers represented by a periodic
array of slabs separated by a 20-A-thick vacuum region. The
calculations were performed using the projector augmented
wave (PAW) method [36] and a 520 eV energy cutoff. The 2D
Brillouin zone (BZ) in the reciprocal space has been sampled
by a fine 10x 10x 1k-point grid in the o phase and 10x6x 1 k-
point grid in the B phase [40]. All geometries have been
optimized using the conjugate gradient (CG) method [41],
until none of the residual Hellmann-Feynman forces exceeded
1072 eV/A. The polarization was calculated using the
standard Berry phase approach [42,43] as implemented in
the VASP code. The phonon spectrum was determined using
4x4x1 supercells, and the real-space force constants in
the supercells were calculated using the density-functional
perturbation theory (DFPT) as implemented in VASP [44].

III. RESULTS

A. Atomic structure and stability of O — terminated 2D
lanthanide carbides M,CO,

We find O — terminated 2D lanthanide carbide structures
with the composition M,CO, (M = Gd, Tb, Dy) to be stable.
Specific results for Gd-based systems are presented in the
main text and those for Tb- and Dy-based systems in the
Appendixes.

Thin slabs of Gd,C contain three atomic layers. Gd atoms
form the top and bottom layers and are separated equidis-
tantly by a C layer in the middle. Since the Gd,C layer is
chemically unstable in air [17], we studied a potentially more
stable compound formed by oxidizing both surfaces of Gd,C.
We found two stable allotropes of Gd,CO,, namely, the o
phase shown in Fig. 1(a) and the 8 phase shown in Fig. 1(b).
Since Tb and Dy are neighbors of Gd in the lanthanoid series,
their compounds show similar chemical behaviors and physi-
cal properties as those of Gd.

The optimum lattice constant in the o phase is a = a; =
a; =3.77 A. In the B phase, the optimum lattice constants
are a; = 3.70 A and a, = 6.44 A. Based on DFT-PBE re-
sults, the « phase of M,CO, is more stable than the 8 phase
by 29 meV/unit cell for M = Gd, 26 meV /unit cell for
M =Tb, and 25 meV /unit cell for the Dy-based compound. In
all systems, the C atoms have moved from their initial central
position in-between the M layers. In the « phase, all of the
C atoms bond to O atoms in one of the terminating layers and
acquire a net positive charge. The carbon layer remains planar,

B-phase

FIG. 1. Atomic structure of 2D M,CO, (M = Gd, Tb, Dy) in
the (a) « and (b) B phases. The unit cells of the 2D structures are
highlighted by the transparent blue areas. a = a; = a, is the length of
the equally long Bravais lattice vectors in the « phase. The direction
of the electric polarization is indicated by the red arrows.

but is no longer equidistant to the terminating M layers. As
seen in the top panel of Fig. 1(a), its separation d; from one
terminating M layer is shorter than the separation d, from the
other terminating layer. We characterize the deviation from
equidistance by the quantity Ad = (d, — d;)/2. The « phase
shows a P3m1 symmetry and exhibits a net out-of-plane elec-
tric polarization.

In the B phase with P2;/m symmetry, the C atoms in the
middle layer bond alternatively to oxygen atoms in one or
the other terminating M layer. As seen in the upper panel
of Fig. 1(b), the carbon layer is no longer planar. The local
polarization changes along the alternating displacement direc-
tion of the C atoms. As a result, the 8 phase exhibits zero net
polarization.

We also calculated the phonon spectra of the two Gd,CO,
phases and present the phonon band structure in Fig. 2. The
frequency spectrum of both phases is free of imaginary fre-
quencies, which means that both allotropes are dynamically
stable. We reach the same conclusion about the dynamical
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FIG. 2. Phonon spectrum of (a) o —Gd,CO, and (b) B —
Gd,CO,.
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FIG. 3. (a) Electronic band structure E (k) and density of states (DOS) of @ — Gd,CO,. Results based on DFT-PBE are represented by
the solid black lines and DFT-HSEQ6 results by the dashed red lines. (b) Illustration of the transformation process from o — Gd,CO, to
B — Gd,CO,. Starting from the initial & phase, displacement of O atoms, indicated by the green arrows, leads to the transition phase (T’
phase). Subsequent displacement of the O atoms along the direction of the yellow arrows moves the system to the  phase. (c) Energy changes
AE per unit cell during the transition process that flips dipoles and reverses the electric polarization. Ferroelectric FE(+) and FE(—) states are
energetically degenerate eigenstates with opposite polarization direction.

stability of Tb,CO, and Dy,CO; based on their phonon spec-
tra that are presented in Appendix A.

In the following text, we will focus on the electronic and
the optical properties of M,CO, structures in the « phase,
which is more stable and exhibits nonzero electric polariza-
tion. As we discuss in Appendixes A and B, we find «-M,CO,
systems to be not only thermodynamically stable at room
temperature but also dynamically stable even under moderate
compressive strain.

B. Electronic structure and polarization behavior
of  — GdzCOz

Metallic behavior of the layered 2D electride Gd,C origi-
nates from itinerant electrons accumulated in between layers.
Functionalizing the terminating layers with O engages un-
paired electrons in new chemical bonds with the central C
atoms. This changes the electronic structure of the system
that is now free of itinerant electrons. As shown in Fig. 3(a),
DEFT calculations indicate that « — Gd,CO, turns to a semi-
conductor. We find the valence band maximum (VBM) at the
K point and the conduction band minimum (CBM) at the I’
point, indicating an indirect band gap.

We should note here that the interpretation of Kohn-
Sham eigenvalues as self-energies is strictly incorrect and that

DFT-based band gaps are typically underestimated. We find
this to be the case also when comparing band-gap values based
on DFT-PBE and the hybrid DFT-HSEO6 functional, which
is believed to be superior to DFT-PBE in terms of optical
spectra. The band gap of o — Gd,CO; is 1.17 eV based on
DFT-PBE and 2.15 eV based on DFT-HSE(06. As seen in
Fig. 3(a), and as expected, the band dispersion is the same
in both functionals. We find the same to be true also for the
band structure of @ — Tb,CO; and o — Dy,CO; discussed in
Appendix C.

As mentioned above, the positively charged C atoms are
displaced from their center position towards one of the ter-
minating Gd layers in ¢« — Gd,CO;. As a result, the system
acquires a macroscopic electric polarization in the out-of-
plane direction. We use the standard Berry-phase method
to calculate the polarization and obtain P = 0.107 pC/cm
for o« — Gd,CO,. Similarly, we get P =0.113 pC/cm for
a — TbyCO, and P = 0.148 pC/cm for o« — Dy, COs.

C. Energy barrier for polarization reversal in ferroelectric
o — Gd2C02

Since the origin of polarization in the « phase is a uni-
form displacement of the central C layer towards one of the
terminating layers, the polarization can be reversed when the
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C layer is displaced uniformly towards the other terminating
layer, as can be simply inferred from Fig. 1(a). The possibility
to reverse the polarization makes the « phase ferroelectric.
Displacing alternatively every other C atom in one or the
other direction leads to the 8 phase, shown in Fig. 1(b). The
absence of net polarization in spite of nonzero alternating
dipole moments makes the 8 phase antiferroelectric.

As mentioned, the polarization of the o phase could be
reversed by displacing all C atoms at once, yielding an en-
ergetically degenerate « phase with opposite polarization.
Rather than displacing all C atoms at once, the carbons could
be shifted up or down alternatively, resulting in the 8 phase
as a locally stable transition state. We illustrate this process
from the o to the B phase in Fig. 3(b) using the unit cells
that contain four C and four O atoms. Starting with the o
phase, this transition starts by displacing only one O towards
its closest C neighbor and attracting it to form a metastable
state 7. Similar displacement of the second O atom in the
unit cell causes a transition to the 8 phase. The energy bar-
rier AE associated with the polarization reversal process in
o — Gd,CO; has been determined using the nudged elastic
band (NEB) method and the results are shown in Fig. 3(c).

The barrier value 757 meV /unit cell for polarization re-
versal in Gd,CO;, which has been obtained in this way, is
rather high. Even though this value is per unit cell and not per
atom, it is significantly larger than kg7 ~ 0.02 eV /atom and
thus should protect the polarization direction at room temper-
ature. Applying an external field beyond the coercive field, a
common way to reverse electric polarization in dielectrics, is
unlikely to succeed in view of this high energy barrier. Not to
dismiss this system as a dielectric based on the energy barrier
alone, we wish to refer to a different system, a LiNbO3-type
corundum derivative FeTiO3, with an even higher activation
barrier of 763 meV /unit cell. In spite of this high barrier,
ferroelectric behavior has been postulated in a theoretical
study [45] and later on confirmed experimentally [46].

The approach we used to determine the activation barrier
for polarization reversal is based on an artificial coherent
process extending to the entire system, where every unit cell
undergoes the change simultaneously. This view is oversim-
plified and clearly overestimates the barrier height to values
unsurmountable at room temperature. As we expand upon
in the Discussion section, the barrier in a realistic system,
where the transition proceeds by defect motion that modifies
domains, is significantly lower.

In Gd,CO, and other related systems we consider here,
we found that applied strain may change the energetically
favored phase. As shown in Fig. 4, the energetically favored
phase of Gd,CO, changes from « to 8 under compressive
strain € < &;. Since the transition strain value &~ — 1.3% in
Gd,CO; is relatively moderate, the possibility of phase stabil-
ity reversal needs careful consideration when determining the
effect of strain on the band structure, optical absorption and
ferroelectric behavior of the system.

Even though the ferroelectric « phase becomes less stable
than the B phase in the compression range associated with
a direct band gap, it is protected from a spontaneous transi-
tion to the B phase by the above-mentioned high activation
barrier. We have confirmed that even under compression, this
activation barrier remains high, so the electronic and optical

1.0 ,
Gd,CO, [ o B
,>\08 “ : —_——a _
f 0.6 N & ==1.3%
\ 1 '-o
< 04 s\ : ""
-..~ s‘ : ".
0.2 —
"Weea - ”.
0 ------------------------- 1“'-}--—-_.__,,‘a _____________
-3.3 20 g 07 0 +07
€(%)

FIG. 4. Energy change AE as function of in-plane biaxial strain
¢ applied to the o and B phases of Gd,CO,, with ¢ = 0 referring to
o — Gd,CO; in equilibrium. We emphasize the region where the o
phase is more stable by the purple background and the region where
the B phase is more stable by the red background. The dashed line at
&, separates the regions where both phases are equally stable.

properties of ferroelectric @ — Gd,CO, can be depended
upon.

We have also performed analogous calculations for the
other M,CO, systems, Tb,CO; and Dy,CO,. We report polar-
ization changes in these systems in Appendix C and stability
differences between the « and the 8 phase in Appendix D. We
find these results to be very similar to those for Gd,CO,.

D. Effect of in-plane strain on the electronic properties
and electric polarization of « — Gd,CO,

It is well-known that lattice distortion can modify physical
properties of materials. Applying external strain is a common
way to modify the lattice structure. We use the common def-
inition of strain € = Aa/a. In this study, we apply in-plane
biaxial strain on the 2D Gd,CO, monolayer, with —4% <
& < 42% to modify the the electronic band structure and the
electric polarization. Before distorting the lattice, we investi-
gated the energy needed to apply the strain and present our
results in Fig. 5(a). Applying compressive strain of ¢ = —4%
requires AE = 300 meV /unit cell and applying tensile strain
of ¢ = +2% costs AE ~ 60 meV /unit cell. These values are
close to those found in layered bulk black phosphorus [47],
indicating similar mechanical properties.

(@ 0) e
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30.
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0 - 0.05
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FIG. 5. (a) Energy changes AE as function of in-plane biaxial
strain ¢ applied to & — Gd,CO,. (b) Changes in the electric polariza-
tion P and the electric dipole D as function of in-plane biaxial strain
¢ applied to @ — Gd,CO,.
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FIG. 6. (a) Dependence of the electronic band gap E, on the
in-plane biaxial strain ¢. Compression beyond a specific value &, < 0
turns the system to a direct gap semiconductor. The direct gap
semiconducting region ¢ < ¢&; is highlighted by pink and the indirect
band gap region by light blue. (b) The electronic band structure E (k)
of @« — Gd,CO, strained at ¢ = ¢,. Results based on the DFT-PBE
functional are represented by the solid black line and results based
on the DFT-HSEOQ6 functional by the dashed red line.

Depending on applied strain, we find the off-center dis-
placement Ad of C atoms in the middle layer to change along
with the net Bader charge Q(C) of the C atoms. Electrons
transferred from C to O atoms form an electrical dipole. We
define this dipole by D = Q(C)x Ad and present its depen-
dence on the strain in Fig. 5(b). Independent of the estimated
dipole value, we calculate the polarization P using the Berry
phase method. We note different units but a similar depen-
dence of P and D on the strain. There may be additional
difference between the two quantities, since both the Bader
charge analysis for D and the Berry phase method for P are
approximations. As seen in Fig. 5(b), changing the strain from
the tensile value & = +2% to compression at ¢ = —4% causes
a 333% increase of the polarization.

Also, the electronic band structure is susceptible to biaxial
in-plane strain. As seen in Fig. 6(a), the band gap increases
under compressive strain and decreases under tensile strain.
At the specific compressive strain value ¢ = ¢ = —3%, the
band gap reaches its maximum and o — Gd,CO, turns from
an indirect-gap to a direct-gap semiconductor. The band struc-
ture of « — Gd,CO,; subject to &, strain is shown in Fig. 6(b).
In comparison to the band structure of the unstrained system
in Fig. 3(a), the CBM remains at the I" point, but the VBM
moves from the K point to the I point under in-plane com-
pression. We observe the gap to decrease upon compression
beyond &, the switching point to a direct-gap semiconduc-
tor. The effect of biaxial strain on the band structure and
polarization of « — Tb,CO, and o — Dy,CO;, is discussed in
Appendix E.

In the following, we analyze the mechanism underlying the
transition from an indirect to a direct band gap due to in-plane
strain in @ — Gd,CO,. We base our analysis on comparing
the orbital-projected band structure of @ — Gd,CO, at strain
values ¢ = +2%, ¢ = 0% and ¢ = —3% in Fig. 7(a). In com-
parison to the moderate changes at the VBM and CBM at the
I" point by strain, the corresponding changes at the K point
are dramatic and worth further consideration.

'{-.,_'ﬂs"= ‘:?f%“

FIG. 7. (a) Orbital-projected electronic band structure E (k) of
o — Gd,CO; stretched by &€ = +2%, relaxed at ¢ = 0%, and com-
pressed by ¢ = —3%. The CBM is indicated by the purple point and
the VBM by the black point. At the K point, the conduction band
eigenvalue is indicated by the yellow point and the valence band
eigenvalue by the grey point. Isosurface charge density plots at the
value p = 0.035¢/a; represent the distribution of (b) conduction
band electrons, shown in yellow, and (c) valence band electrons,
shown in blue, at the K point in an unstrained structure.

As seen in Fig. 7(a), the character of the VBM and CBM at
the K point consists mostly of C2p and Gd5d states. For the
unstrained system, we display the K-point electron distribu-
tion at the CBM in Fig. 7(b) and at the VBM in Fig. 7(c).
We find that CBM states at the K point consist mostly of
hybridized Gd5d,, and Gd5d,._,» orbitals, which hybridize
in covalent bonds between neighboring Gd atoms. The VBM
at the K point, on the other hand, consists mainly of isolated
C2p, and C2p, orbitals, which are responsible for forming
covalent bonds between neighboring C atoms. As we show
below, the Gd-Gd bonds in « — Gd,CO, are compressed and
C-C bonds stretched with respect to their equilibrium values,
which affects their behavior under strain.

The calculated Gd-Gd interatomic distance 3.77 A in o —
Gd,CO; turns out to be much smaller than the optimum value
dopt (Gd-Gd) = 4.56 A found in bulk hep-Gd [48], indicat-
ing that Gd-Gd bonds in the oxygenated carbide are under
compression. Further compression should then move these
states up in energy, away from the Fermi level. Still, the CBM
remains at I

On the other hand, the C-C interatomic distance d(C-
C) = 3.77 A in Gd,CO, is much larger than the equilibrium
length of C—C single bonds, dopt(C—OC) =1.54 A, and C=C
double bonds, dup (C = C) =1.45 A [49]. Thus, carbon or-
bitals barely overlap in the oxygenated carbide and C—C bonds
are under tension. Compression should lower the energy of the
VBM, away from the Fermi level, even below its eigenvalue
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at I'. At some minimum compressive strain value &g, the
maximum of the valence band moves from K to I'" and the
band gap becomes direct.

E. Optical properties of « — Gd,CO,

As discussed above, the « — Gd,CO, system can be turned
into a direct-gap semiconductor by applying biaxial in-layer
compressive strain. A direct band gap is highly desirable for
optical applications, as it allows for a direct recombination
of electrons in the conduction band with holes in the valence
band, resulting in a high luminous efficiency. Even though
the E (k) dispersion relation is reproduced rather correctly by
DFT-PBE, DFT is not designed to reproduce the fundamental
band gap E, and underestimates it significantly. Thus, for
optical properties, we rely on the more appropriate DFT-HSE
functional. Our study of the photon absorption properties of
o — Gd,CO, is based on electronic-structure calculations us-
ing the DFT-HSEOQ6 functional.

We determine the optical absorption coefficient «(w) from

a(w) = ﬂwJ[,/sf + &3 — 811|/C, (1)

where w is the angular frequency and c is the speed of light. &,
is the real and &; the imaginary part of the dielectric function,
which can be calculated using

87‘[262 ko2
82(0)) = W ; ;f |Pnn, fkn(l — fnn’)
" . ho\ d’k
x §(EF—Ef - 2 )
2n ) 2w)3
2P [ e (o
elw) =1+ = ﬂz—(;dw’. 3)
T " —w

and Here, P¥, is the projection of elements of the momentum
dipole matrix, f, is the Fermi-Dirac distribution, and E;]f (k)
is the energy of the electron. m is the mass and e the charge of
the electron.

Our results in Fig. 8(a) indicate that the absorption thresh-
old of @« — Gd,CO, under strain ¢ should occur near 2.5 eV,
which is very close to the calculated band gap. We should ex-
pect no optical absorption below the corresponding frequency.
We can identify five strong absorption peaks in the range from
5 — 20 eV. Two of these can be associated with the ultraviolet
spectrum of carbon in the energy range from 4.4 — 12.4 eV.
The strongest three peaks occur in the extreme-ultraviolet
range of the optical spectrum ranging from 10.25 — 124 eV.

As seen in Fig. 8(a), the calculated absorption spectra «(w)
are the same in the x and y directions, indicating that the
absorption should be isotropic. This is caused by the energetic
degeneracy of C2p, and C2p,, Gd5d,, and Gd5d,>_», Gd5d,,
and Gd5d,, states that can be understood using group theory.
As mentioned above, the space group of @ — M,CO, struc-
tures is P3m1 and the point group is Cs,. The linear function
of (x, y), quadratic function of (x> — y2, xy) and (xz, yz) belong
to the E irreducible representation of the C3, group, which
means that p, and p, are degenerate in energy, same as dy,,
d>_y2, dy, and d,; are degenerate in energy.

To confirm our interpretation, we analyzed the total den-
sity of states by plotting the partial density of states (PDOS)

—
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—

O
~
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=

—~ gl a-Gd,CO,: £/= =3% S C:2p
; \ I I L X
3 A /\\ 2} C: 2p,
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FIG. 8. (a) The optical absorption coefficient of a — Gd,CO,
subject to isotropic strain & = —3%. Electronic density of states
projected on (b) 2p, and 2p, states of C atoms, (c) 2p, and 2p, states
of O atoms, and (d) 5p., Spy, 5dyy, 5d2_y2, 5d,;, and 5d, states of
Gd atoms.

associated with the elements present in the structure and dis-
play our results in Figs. 8(b)-8(d). Our PDOS results show
that the p, and p, states of C, O, and Gd atoms are identical.
Similarly, we find the Gd5d,, and Gdexz,yz, the Gd5d,,
and Gd5d,, eigenstates to be identical. Thus, the electronic
behavior of Gd,CO,; is the same in the x and y directions,
meaning it is isotropic.

As further discussed in Appendix F, we also find the ab-
sorption spectra of Tb,CO, and Dy,CO; under compression
to be the same in the x and y directions and thus isotropic.
To make sure that these structures do not collapse under the
compressive strain, we first calculated their phonon spectra.
As we further expand on in Appendix A, we confirmed the
stability of these structures under compression by absence of
imaginary frequencies in their phonon spectra.

IV. DISCUSSION

As we know, Gd is a rare-earth element in the lanthanide
series. Since rare-earth elements are heavy, we expect spin-
orbit coupling (SOC) to play a significant role in the band
structure and possibly to also affect significantly the optical
properties. We have investigated this point in Appendix G and
find that SOC does split bands, yet the split is very small at
the VBM and CBM, which dominate the optical response. We
conclude that SOC effects play only a minor role in optical
properties of the M,CO, systems of interest here.

Bulk Gd is ferromagnetic (FM) below the Curie tempera-
ture Tc = 20°C. Also, the 2D electride Gd,C turns out to be
ferromagnetic [17]. Even though we have not touched upon
magnetism in this study of the electronic properties, we still
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may ask, whether there may be magnetic order in Gd,CO;.
A related question may be, whether any magnetic order in
the system may affect ferroelectricity. Not providing sufficient
depth in a corresponding study, we considered the possibility
of FM and anitferromagnetic (AFM) ordering in the system.

Assuming FM order, we found that Gd in Gd,CO, carries
a magnetic moment of 7 ug, which is close to its measured
local moment of 7.26 u in Gd,C [50]. Assuming AFM order,
the magnetic moments of Gd atoms in the terminating layers
point in opposite directions. Assuming any of these magnetic
orders, we find the o phase to still be most stable and the
atomic structure to be nearly identical to the nonmagnetic
structure. The magnetic properties of Gd,CO, originate in the
Gd4f electrons. In comparison to the Gd5d and Gdb6s elec-
trons, Gd4 f electrons reside in the inner shell of the atom and
thus do not contribute to chemical bonding. Thus, the effect
of magnetic order on the atomic structure and also the ferro-
electric behavior can be ignored. Also, the Gd4 f electrons are
deep below the Fermi level. Hence, the optical properties are
not affected by the magnetic order to a significant level.

The microscopic transition from the « to the B phase,
depicted in Figs. 1 and 3(b), involves C atoms in the mid-
dle layer. In the Gd,C system, these atoms are equidistant
to Gd atoms in the terminating layers. This situation, how-
ever, changes with oxidation. As O atoms attach to the Gd
atoms, the single-well potential of the C atoms changes to a
double-well potential and the system gains energy when the C
atoms move closer to one or the other terminating layer. This
symmetry breaking results in the formation of electric dipoles
that are responsible for ferroelectricity and change the system
to an indirect gap semiconductor.

We expect that the transition from a single-well to a
double-well potential is not limited to oxygen termination
but may well occur with other functional groups such as
hydroxyls. Unlike oxygen atoms, hydroxyl groups carry an
electric dipole that may, upon proper alignment, give rise to
in-plane ferroelectricity. While this consideration exceeds the
scope of our paper, we anticipate that combining M,C with
other functional groups may lead to other types of behavior of
interest for applications.

Next we wish to revisit the high value of the activation bar-
rier for polarization reversal in the M,CO, systems. As in all
phase changes, polarization reversal is a complex process that
usually involves nucleation and motion of defects and requires
significantly lower activation barriers than those estimated for
the artificial coherent process considered here. Whereas the
nature of specific defects is a complex problem beyond the
scope of our paper, this topic has been discussed before in a
different, simpler system and context. In elemental selenium,
so-called point-dislocation motion has been shown to signifi-
cantly lower the activation barrier for the transformation of a
one-dimensional Se helix to a two-dimensional allotrope [51].

Similar to the example of defective Se, the M,CO, systems
have been formed at nonzero temperature. They will also
be nonuniform, but rather contain coexisting o and f phase
domains, separated by domain walls. At whatever applied
strain value, the fraction of the dominant phase will depend
on the free-energy difference. The transition barrier value we
calculated would matter only in the artificial pure phase. In
the common case of phase coexistence, we expect significant

lowering of the energy barriers for moving dislocations along
domain-wall boundaries and will change the fraction of the
dominant phase according to free-energy differences.

Unlike in many other electrides, we report in Fig. 4 that
external strain may change the energetically favored phase
from the ferroelectric « — M;CO; to the antiferroelectric S
phase. In our opinion, this interesting aspect of the the system
may be used in our favor. Even though each phase is protected
by a substantial activation barrier, we expect this barrier to
generally decrease in a strained system. We can imagine that
subjecting the o phase temporarily to a specific compressive
strain may accelerate a transition to the 8 phase and, eventu-
ally, to a ferroelectric & phase with reversed polarization under
applied electric field. Lowering the ambient temperature and
adjusting the applied strain should then stabilize « — M,CO,
with the reversed polarization.

Since our study is a theoretical prediction for M,CO,
structures that have not been synthesized yet, we may only
speculate and provide hopefully valuable hints to experimen-
talists interested in procuring them. Except for the successful
synthesis of bulk M,C [33,52], there is only scarce informa-
tion available on how these structures may behave in different
environments. We feel that M,C monolayers may behave
similar to structurally and chemically related MXenes, which
have been investigated extensively. Traditional etching with
HF has been shown to lead to —F termination [53], and al-
kalization to lead to —OH termination [54]. Heating under
an inert atmosphere has converted —OH termination to —O
termination [55]. Thus, we feel that techniques used to oxidize
MXenes may also be used to form M,CO, structures.

V. SUMMARY AND CONCLUSIONS

In this paper, we investigated the physical properties
of oxygen-terminated carbides of lanthanide elements with
the composition M>CO,, which form 2D structures. Our
calculations reveal two dynamically stable phases of these
compounds, namely, the energetically favored ferroelectric o
phase with an out-of-plane polarization, and the antiferroelec-
tric 8 phase. Applying in-plane biaxial strain changes the
ferroelectric polarization of the o phase in a linear fashion
and modifies the size and nature of the fundamental band gap
from direct to indirect. We also find that the relative stability
of the o and the 8 phases can be changed by applying in-plane
biaxial strain. In structures with a direct band gap, found in the
compressive regime, the in-plane electronic properties are the
same in the x and y directions. Thus, the optical properties
turn isotropic and exhibit excellent photon absorption in the
ultraviolet range. We believe that this previously unexplored
class of systems should find unique applications among opto-
electronic materials.
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APPENDIX A: DYNAMIC STABILITY OF RELAXED
AND COMPRESSED Gd,CO,, Th,CO;, AND Dy,CO,

Calculated phonon spectra of unstrained Tb,CO, and
Dy,CO; in the @ and B phases, with the structures depicted
in Fig. 1, are presented in Fig. 9.

Calculated phonon spectra of Gd,CO,, Tb,CO,, and
Dy,CO, subject to compressive strain in the value range
of interest for for optical properties, namely, ¢ = —3% in
Gd,CO;, € = —2% in TbpCO,, and € = —1.5% in Dy,CO»,
are presented in Fig. 10.

All spectra are free of imaginary frequencies, meaning that
irrespective of compression, the 2D M,CO, (M = Gd, Dy and
Tb) structures are dynamically stable.

600
; a—GdZCOZ% ;
£==3%
=
400 T

e=-2%

a-Tb,CO, § L/ a-Dy,CO;

N\

~— ~

NN N
200 ‘/‘\\— —/\\
NN

FIG. 10. Phonon spectra of 2D M,CO, systems under com-
pressive strain ¢ < 0. Results are presented for (a) o« — Gd,CO, at
& =—=3%, (b) a —Tb,CO, at ¢ = —2%, and (c) « — Dy,CO, at
e =—1.5%.

Time (ps) Time (ps) Time (ps)

FIG. 11. Changes in the potential energy AE per unit cell of
(a) @ — Gd,CO,, (b) a — Tb,CO,, and (¢) @ — Dy,CO, during a
10-ps long canonical MD simulation run at 7 = 300 K.

APPENDIX B: THERMODYNAMIC STABILITY OF M,CO,
IN THE « PHASE

To study the thermodynamic stability of M,CO, structures,
we have performed canonical molecular dynamics simula-
tions of the o phase at room temperature (7 = 300 K) for
a time period of 10 ps. As seen in Fig. 11, the potential
energy fluctuates around a constant value, indicating that all
structures are dynamically stable at room temperature.

(C)08
: a /o
= 06 £\ aln 42.( 3
8 d Q \ /A Y 2
sod £ L 88
e / ' \
oy A 4 ‘
< 02/ 4 --ioo- Dy,CO, \e( A
ok O---- Th,CO, ).
FEC) AFE FEC)
NEB path

FIG. 12. Electronic band structure E (k) of (a) « — Tb,CO, and
(b) « —Dy,CO,. DFT-PBE results are represented by the solid
black lines and DFT-HSEOQ6 results by the dashed red lines. (c) En-
ergy changes AE per unit cell during the transition process that
flips dipoles and reverses the polarization of « — Tb,CO, and o —
Dy,CO,. The process is very similar to & — Gd,CO,, as seen in
Fig. 3.
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FIG. 13. (a) Energy changes AE in the o and S phases of
Tb,CO; and Dy, CO; as a function of applied in-plane biaxial strain
¢. The region where the o phase is more stable is indicated by
the purple background and the region, where the B phase is more
stable by the red background. Equal stability of both phases at ¢,
is indicated by the dashed line, which separates the two regions.
(b) Energy changes AE along the transformation path from the oo —
to the 8 phase of o« — Tb,CO, and « — Dy,CO; at the strain value
&.

APPENDIX C: BAND STRUCTURE AND POLARIZATION
CHANGES IN Th,CO, AND Dy, CO,

Results of our band structure calculations with the DFT-
PBE and DFT-HSEOQ6 functionals are shown in Fig. 12(a) for
a — Tby,CO; and in Fig. 12(b) for o — Dy,CO,. Our results
indicate that both systems are indirect-gap semiconductors.
The DFT-PBE-based band gap is surely underestimated at
1.22 eV for o« — Tb,CO; and 1.24 eV for o — Dy,CO,. Val-
ues based on DFT-HSEO06, 2.22 eV for o — Tb,CO, and
2.27 eV for a — Dy,CO,, are likely better estimates for the
optical band gap.

The energetics of the process that flips dipoles and reverses
the polarization, presented in Fig. 3(b) for o — Gd,COy, is
shown in Fig. 12(c) for « — Tb,CO; and « — Dy, COs».
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FIG. 14. (a) Energy changes AE per unit cell as function of
in-plane biaxial strain ¢ applied to « — Tb,CO, and o — Dy, COs.
(b) Electric polarization P and dipole moment D of Tb,CO, and
Dy,CO, as a function of the in-plane biaxial strain e. Results for
the two systems are distinguished by the color and the symbols.
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FIG. 15. (a) Dependence of the electronic band gap E, on the
in-plane biaxial strain ¢ in « — Tb,CO, and o — Dy,CO,. Both
systems change from indirect-gap to direct-gap semiconductors at
compressive strains ¢ < &,. The direct-gap region at high compres-
sion is indicated by the pink background and the indirect-gap region
by light blue. (b) The electronic bands structure E (k) of « — Tb,CO,
and o — Dy,CO; subject to specific strain values €. Results based
on the DFT-PBE functional are represented by solid black lines and
those based on DFT-HSEQ6 are shown by dashed red lines.

APPENDIX D: RELATIVE STABILITY OF THE o AND 8
PHASES OF Tb,CO, AND Dy, CO,

As mentioned in the main text, at strain values below g,~ —
1.3% in the compressive regime, the S phase of Gd,CO,
becomes more stable than the o phase. We see in Fig. 13(a)
that the transition strain maintains its value &,~ — 1.3% also
in Tb,CO; and Dy,CO,. Energy changes along the transfor-
mation path from the « to the 8 phase, shown in Fig. 13(b),
indicate a similar energy barrier around 750 meV in Tb,CO,
and Dy, CO; to that found in Gd,COs,.

(a) (b)
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FIG. 16. Optical absorption spectra of (a) « — Tb,CO, at ¢ =
—2% and (b) « — Dy,CO, at ¢ = —1.5%, where both systems be-
come direct-gap semiconductors.
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(@) 4 =3 Changes in the band gap of o« — Tb,CO, and o — Dy, CO,
L as a function of biaxial in-plane strain are shown in Fig. 15(a).
At the compressive strain values &, = —2.0% for « — Tb,CO;
2 and & = —1.5% for o — Dy,CO,, both systems turn into
direct-gap semiconductors. Their band structure at the strain
< value ¢; is shown in Fig. 15(b).
o Ef
L APPENDIX F: OPTICAL ABSORPTION OF Tb,CO,
2 AND Dy, CO,
Calculated optical absorption spectra of Tb,CO, and
. g Dy, CO, at the specific biaxial in-plane strain value &, where
-4 2 2 a they become direct-gap semiconductors, are shown in Fig. 16.
r M K r r M K r Similar to Gd,CO,, the absorption spectra of Tb,CO, and
FIG. 17. Electronic band structure E (k) of «-Gd,CO, subject Dy,CO; are characterized by five absorption peaks in the
to (a) no strain and (b) compressive strain ¢ = —3%. The calcula- range between 5 eV and 20 eV. Two of these peaks are as-

tions, which consider spin-orbit coupling, are based on the DFT-PBE
functional.

APPENDIX E: STRAIN EFFECT ON THE ELECTRONIC
STRUCTURE AND POLARIZATION OF Th,CO,
AND Dy,CO,

Energy changes caused by applying in-plane biaxial strain
to o« — TbyCO, and o — Dy,CO; are shown in Fig. 14(a). As
seen in Fig. 14(b) and similar to o — Gd,CO,, the electric
polarization and dipole moment of Tb,CO, and Dy,CO, in-
crease with increasing compressive strain and decrease with
increasing tensile strain. Changing from tensile strain & =
+2% to compressive strain ¢ = —4% increases the polariza-
tion by 257% in @ — Tb,CO; and by 159% in o« — Dy,CO,.

sociated with the UV spectrum of carbon, and the other three
belong to the extreme-ultraviolet spectrum.

APPENDIX G: EFFECT OF SPIN-ORBIT COUPLING ON
THE ELECTRONIC BAND STRUCTURE OF RELAXED
AND STRAINED Gd,CO,

We have calculated the effect of spin-orbit coupling (SOC)
on the electronic structure of unstrained and compressed
Gd,CO, using the DFT-PBE functional. As seen in Fig. 17,
SOC does cause band splitting. However, the splitting is very
small at the VBM and CBM, which remain at the I point
under compressive strain. Since the electronic structure at the
VBM and CBM dominates the optical properties, we conclude
that the corresponding calculation does not require specific
consideration of SOC effects in M>,CO, monolayers.
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