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Using a combination of Landau theoretical analysis and first-principles calculations, we establish a
spontaneous symmetry breaking of the metallic state of the 17 monolayer of MoS, that opens up a band
gap and leads to an unexpected yet robust ferroelectricity with ordering of electric dipoles perpendicular to
its plane. Central to the properties of this thinnest known ferroelectric is a strong coupling of conducting
states with valley phonons that induce an effective electric field. The current in a semiconducting 17-MoS,
channel can, thus, be controlled independently by changing its ferroelectric dipolar structure with a gate
field, opening up a possibility of a class of nanoscale dipolectronic devices. Our analysis applies equally
well to MoSe,, WS,, and WSe,, giving tunability in design of such devices based on two-dimensional

chalcogenides.
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While two-dimensional (2D) materials like graphene and
MoS, are promising for high-speed—low-power nanoelec-
tronic devices, incorporation of a smart functional property
like ferroelectricity can significantly enhance the range of
their applications to sensors, actuators, and memories [1-3].
Ferroelectrics are typically insulators that exhibit a macro-
scopic electric polarization arising from spontaneous order-
ing of electric dipoles which can be controlled by external
electric and stress fields. In ultrathin films, however, ferro-
electric dipoles perpendicular to the film surface are sup-
pressed by their depolarizing field, and ferroelectricity has
been shown to disappear below film thicknesses of 24 A in
BaTiO5 [4], 12 A in PbTiO; [5], and 10 A in polymer films
[6]. While truly 2D materials such as graphene [7], BN [8],
and MoS, [9] have not been explored for its existence, they
are attractive for (i) addressing the fundamental issue of 2D
ferroelectricity and (ii) a possible combination of ferroelec-
tricity and semiconducting transport properties relevant to
applications. Among these, MoS, holds a special promise
for being a two-dimensional ferroelectric semiconductor, as
it exhibits polytypes with rich electronic structure [10] and a
moderate band gap [11] and has been used effectively in a
field effect transistor [12].

The common two-dimensional form of MoS, has the 2H
structure [13] with a honeycomb lattice decorated by Mo at
every alternate site and a pair of S atoms centered at each of
the other sites [14] exhibiting electronic structure with a
band gap of 1.8 eV [11]. Though a monolayer of 2H-MoS,
is noncentrosymmetric, its polarization vanishes due to
other symmetries of the structure, and it is not particularly
interesting in the context of ferroelectricity that arises from
breaking of structural inversion symmetry with temperature
or pressure. Monolayers of MoS, can also be synthesized
[15,16] in the IT structure [Fig. 1(a)], in which the two
sulphur lattice planes are staggered such that each Mo site
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becomes the center of inversion making 17-MoS, a
promising candidate for ferroelectricity.

We investigate here a possible existence of ferroelec-
tricity in metal chalcogenides through analysis of the
electronic and structural stability of their 17" polymorph,
with a focus on MoS,. We present a group theoretical
analysis to identify order parameters and derive the form of
a Landau free energy function that is relevant to low-energy
symmetry breaking structural distortions of the 17 poly-
morph using the ISOTROPY package [17] and Bilbao
Crystallographic Server [18]. Inputs to this analysis are
derived from accurate first-principles calculations based
on density functional theory (DFT) as implemented in the
Quantum ESPRESSO [19] package.

In the DFT calculations, we use ultrasoft pseudopoten-
tials [20] to represent the interaction between ionic cores
and valence electrons. Exchange-correlation energy of
electrons is treated within a generalized gradient approxi-
mated functional of PW91 parametrized form [21] (see,
also, Ref. [14]). We use an energy cutoff of (i) 30 Ry for
truncation of the plane wave basis used to represent wave
functions and (ii) 240 Ry in representation of the charge
density. The 2D planar sheet is simulated using a periodic
supercell, with a vacuum layer of 10 A separating its
adjacent periodic images, and Brillouin zone integrations
were sampled on a 30 x 30 x 1 mesh of k points. We use
DFT linear response to determine the dynamical matrices
and phonons at wave vectors on a 3 x 3 x 1 mesh [corre-
sponding to symmetry inequivalent (0,0,0), (0,1/3,0),
(1/3,0,0), and (1/3,1/3,0) k points in the Brillouin zone]
and on 2 x 2 x 1 mesh for a 3 x 3 x 1 supercell [corre-
sponding to symmetry inequivalent (0,0,0), (0,—1/2,0),
and (—1/2,0,0) k points in the Brillouin zone], which are
Fourier interpolated to obtain phonons at arbitrary wave
vectors.
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FIG. 1 (color online). Structure, Fermi surface, and phonon
dispersion of 17-MoS, monolayer. (a) Top view of the structure
of a monolayer of MoS, in ¢1T polytypical form with octahedral
coordination of Mo atoms. To distinguish between the two S
planes, the S atoms in the top plane are denoted by smaller radii
than the ones in the bottom plane. (b) Its Fermi surface exhibiting
a weak nesting between sides of the triangular pockets centered
at K and K’. The nesting vector (q) is denoted by an arrow.
(c) Phonon dispersion of the ¢17 structure, with inset showing a
zoomed-in view of the unstable modes near the K point, and the
strongest instability is at ¢ = K + 6K.

With a closely knit network of edge-shared MoSg
octahedra, the centrosymmetric 17 (c1T) structure of
MoS, is metallic, evident in the calculated electronic
structure [14]. Its Fermi surface [Fig. 1(b)], which separates
the occupied valence and unoccupied conduction states of
electrons as a function of Bloch wave vector, consists of
packets centered at the corner (K) and center (I') of the
Brillouin zone, each having a threefold rotational symmetry
[14]. The Fermi surface exhibits weak or hidden nesting;
i.e., many points on the surface are connected by a common
nesting wave vector. In this case, the three nesting vectors

q = K+ 6K [Fig. 1(b)] form an equilateral triangle
centered at the valley point K. Since the degeneracy of
electronic states associated with nesting of the Fermi
surface can be lifted to lower the energy by a spontaneous
symmetry breaking field such as a charge density wave [22]
or structural distortion, we expect the c17 form to be
unstable.

Indeed, the calculated phonon dispersion of the c1T
structure [Fig. 1(c)] exhibits unstable modes (w? < 0,
w being the frequency) [14]. Although the strongest
instabilities are at points close to the nesting g vectors,
q = K+ 6K’s [see inset of Fig. 1(c)], an almost equally
unstable mode (of K5 symmetry) at K is doubly degenerate.
Along with a symmetry-related mode (K%) at K, its overall
degeneracy is 4. It involves predominantly Mo displace-
ments in the plane of MoS, that would lead to Mo
trimerization analogous to dimerization arising from a
Peierls instability in one dimension. As expected, a K3
distortion of the c17 structure leads to a lower symmetry
cell tripled structure [we call it d1T, see Fig. 2(a)] that is
energetically 0.23 eV/f.u. lower than ¢1T, with reduction
in the Mo-Mo bond length from 3.19 to 2.97 A.
Trimerization of Mo is consistent with the observed
structure [15,23]. As the d1T structure is energetically
0.59 eV/f.u. higher than the 2H structure, stabilization of
the 17 polymorph against the 2H-MoS, requires special
consideration in experiment [24]. As the mechanism of this
instability involves lifting of degeneracy of the nested
Fermi surface, a gap of 0.7 eV opens up in the electronic

FIG. 2 (color online). ~ Structure, band structure, and comparison
of d1T with c1T. (a) Trimerization of Mo atoms in the distorted
low symmetry 17 form with a /3 x +/3 unit cell and (b) elec-
tronic structure of d17 MoS,. (c) Displacement vectors (green
arrows) of the d1T phase with respect to the ¢1T phase. (d) An
isosurface of the difference in charge densities of ferroelectric
d1T state with up polarization and the c17 state. Green color
(light grey) denotes negative charge and blue (dark grey) denotes
positive charge. The broken inversion symmetry in the charge
density difference confirms ferroelectricity in the cell-tripled
ground state structure.
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structure [see Fig. 2(b)] marking a metal to semiconductor
transition. The structural distortion that takes c17 to d1T is
shown in Fig. 2(c). Phonon dispersion of the resulting d17
structure confirms its local stability [14] along with an
overall hardening of modes relative to the ¢17 structure and
reveals its spectroscopic signature in the Raman active E}
mode at 321 cm™!, distinct from the one at 384 cm™! of the
2H-MoS,. The vicinity of the 17 form to metallic state is
evident in its highly anomalous dynamical charges, (e.g.,
the charge of Mo is —5 [14]), which reflect extraordinary
screening of electric field by its electrons.

From the difference in charge density of the d17 and c1T
structures [see Fig. 2(d)], we find a change in charge
density localized only on one of the sulphur atoms showing
that the d1T structure is clearly noncentrosymmetric. Berry
phase calculations reveal a spontaneous polarization of
~0.28 uC/cm? (0.18 uC/cm? on the application of dipole
correction to eliminate the fictitious field arising out of the
continuity of electrostatic potential at the supercell boun-
dary) along the z axis, while the in-plane polarization
vanishes. The structural distortion of a K3 mode involves
a periodic array of dipole moments that average to a

|

vanishing polarization. Thus, a nonzero polarization has
to arise from a nonlinear coupling of the K5 mode with the
polar mode [25].

We now use symmetry analysis within a Landau theory
to derive a precise form of the coupling responsible for
ferroelectricity in the d17 structure. With centrosymmetric
c1T as the reference structure, free energy is expressed as a
symmetry-invariant Taylor series in the relevant structural
distortions called order parameters that connect c17 to a
d1T structure. Symmetrized combinations [17] of K5 and
K’ modes form two sets of primary order parameters
S = ({n,n}and{n3,ns}) giving trimerization of Mo
[14]. The polar mode I'; is the secondary order parameter
ns, which involves out-of-plane displacement of sulphur
sublattices relative to the Mo sublattice inducing a polari-
zation along the z axis. Another secondary order parameter
(n6) 1s associated with changes in the effective thickness of
the 17 monolayer, i.e., the FT mode with the full structural
symmetry of ¢17T ([14] for simplicity, we omit the con-
tribution of the I'; mode in our analysis here). Free energy
is written as a symmetry-invariant Taylor expansion in

order parameters {1y, 1. 13,1475 }:

F=gp[(T—=Tc)/Tc]n} +n3 +m3 +m3) + gz + gi3(n} —3mm3 +m3 — 3n3n3) + goans(n? +m3 — n3 — n?)
+ gl +m)* + (B +m3)? + 3 +m)* + 3 + 1) + (53 +n)* + (nf +m3)* — 2t — 203 — 2% — 2074
+ 9oalnt +m3)* + (13 + m3)*) + gaans (3 = 3mm3 + 3 — 3n313) + gaand (n7 + 03 + 13 +n3) + gsans, (1)

where T¢ is the Curie temperature, and the g,;’s are
coefficients that are determined from first-principles cal-
culations (see Ref. [14]). Minimization of free energy in the

{n1.ns} subspace gives
Ns =—5—M1, 2)

clearly showing that polarization is induced as a quadratic
function of 7, which becomes nonzero below the transition
temperature. Stability of such improper ferroelectricity in
films has been argued [26] to be robust against a depola-
rizing field (its effects included in g,,) with no lower limit
on the film thickness, and we find it realized in 17-MoS,
(see p. 6 of Ref. [14]).

The temperature dependence of polarization [Fig. 3(a),
where P « 75 and dielectric susceptibility y is o 1/ g% at
{n, tons} which minimize Landau free energy at a given
temperature] predicted by the Landau theory (i) is almost
linear reflecting on its geometric or improper origin [25,27]
of ferroelectricity and (ii) exhibits a weak discontinuity at
the transition temperature, slightly above 7. The latter and
accompanying change in the slope of dielectric susceptibility
at the transition reveal its first order character arising from
the cubic dependence of free energy on #; [see Fig. 3(b)].
The dielectric anomaly is quite distinct from that in

|

conventional (proper) ferroelectrics. A mean field estimate
of the transition temperature obtained from the energy well
depth of 0.23 eV/f.u. is well above room temperature but is
bounded above by the temperature of stability of the 1T
polymorph.

The nontrivial geometry and symmetry of the four-
dimensional structural subspace {7;,7,,73,714} are essen-
tial to establish the existence of states with opposite
polarization [14] and switchability and, hence, the ferro-
electricity of the d1T structure. In the {n;,n,} plane, we
find three minima of energy [see Figs. 3(b) and 3(c)]
corresponding to symmetry-equivalent d17 structures with
polarization of the same sign, P, =~ 0.22 uC/cm? (compa-
rable to our estimate from first principles). These semi-
conducting states are separated from each other by
semi-infinite lines corresponding to metallic states [see
Fig. 3(c)]. Application of inversion symmetry transforms
a d1T structure in the {5, 7,} plane to that in the {3,714}
plane with reversed polarization.

Our free-energy—based estimate of the intrinsic coer-
cive field (E.) to switch the sign of polarization is
unrealistically large. In most ferroelectrics, switching is
facilitated by nucleation and growth of domains of polari-
zation at heterogeneously distributed defect sites. We now
explore the structure and properties of domain walls that are
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FIG. 3 (color online). Ferroelectric transition behavior, Landau
free energy landscape, and metallic states of d17. (a) Polarization
(P) and dielectric susceptibility (y) as a function of temperature
derived from Landau theory. (b) Variation of Landau free
energy (F) with . F is minimized with respect to ¢ where
n={n.m = V3.1 = 0,n, = 0,55 = c}. Note that the cubic
dependence of free energy on #, i.e., the first order nature of the
phase transition, is reflected in the two unequal minima.
(c) Contour plot of Landau free energy as a function of
{n,1,,0,0,—0.039} at T = 0 K, and structures corresponding
to the local minima each of which involves trimerization of Mo.
Semi-infinite blue lines in the {#,,7,} plane correspond to
metallic states.

relevant to polarization switching under experimental
conditions. Our estimate of energy of a domain wall
(D,,) that separates domains of up and down polarization
of dIT [see Fig. 4(a)] structure is ~7.7 mJ/m?, quite
comparable to that of ferroelectric BaTiO5 [28]. Second,
the length scale associated with S vacancy (the most
common point defect in MoS,) is 1.5 nm. Using this,
D,, and P, in the model of Shin et al. [29], our estimate of
E, is 107 V/cm, which is achievable in realistic devices
[12] (see p. 10 of Ref. [14]).

We find a barrier of 0.13 eV in the electrostatic potential
[see Fig. 4(b)] at the domain wall, which can be used to
alter the electron transport in the 17-MoS, channel. For
example, an XNOR gate [see Fig. 4(c)] can be developed
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FIG. 4 (color online). Ferroelectric domain wall in 17-MoS,.
(a) Structure of the domain wall (blue dashed line) between up
and down polarized states of d17. (b) Variation of Khon-Sham
potential at the interface of up and down polarized domains. The
energy barrier at the domain wall (marked with dashed lines)
separating domains with opposite polarization is ~0.13 eV. This
barrier is estimated by taking the macroscopic average of the
Kohn-Sham potential in the yz plane for every point on the line
perpendicular to the domain wall (i.e., the x direction), which
gives the variation in the Kohn-Sham potential across the inter-
face of up and down polarized domains. (c) Schematic of the
XNOR logic gate.

using a field effect transistor (FET) with d17 MoS, as a
channel and two gate electrodes in series [14] whose
voltages control the dipolar structure. When both the gates
are at the same potential, the single domain of17-MoS,
carries a large current (on state). On the other hand,
opposite potentials at the two gates stabilize a domain
structure carrying little current (off state). Based on the
same principle, NAND and OR gates can be realized in a
FET device with three gate electrodes [14].

Our work establishes that ferroelectricity in d17-MoS, is
a robust consequence of symmetry of K5 modes whose
instability originates from the degeneracy of Fermi surface
and a strong electron-phonon coupling [30], which is also
known to be relevant to the competing instabilities of
superconductivity [31] and charge density waves [22,32] in
layered dichalcogenides. Experimental observation of tri-
merization of Mo atoms in the d17 structure by Wypych
et al. [15] is in agreement with our structure. We show that
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there exists a nonlinear coupling between the structural
distortion leading to the trimerization of Mo atoms and the
polar I'; mode of17-MoS, that gives rise to switchable
polarization in its monolayer. Hence, we expect this work
to be a stimulant to extensive experimental investigations
for finding the presence of ferroelectricity in a monolayer
of 1T7-MoS,. While opening up a small band gap desirable
for high mobility and having the on:off ratio of a transistor,
the electron- (carriers) phonon (dipoles) coupling is the key
to the novel dipolectronic devices. Furthermore, the vicinity
of the d1T structure to a metal to insulator transition makes
it attractive for use in devices based on electroresistive
properties as well as in chemical sensors and catalytic
structures. Also, two-dimensional heterostructures consist-
ing of d1T interfacing with 2H polymorphs of MoS, can
introduce more functionality in its devices [12]. Our
symmetry analysis applies equally well to the 17 form
of other transition metal (M) dichalcogenides, MX,
(M =Mo, W and X =S, Se), giving some freedom for
tunability in the design of their devices.
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