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Abstract

Exploring and controlling magnetism in two-dimensional (2D) layered magnetic crystals, as well

as their inclusion in heterogeneous assemblies, provide an unprecedented opportunity for funda-

mental science and technology. To date, however, there are only a few known intrinsic 2D magnets.

Here we predict a novel 2D intrinsic magnet, yttrium sulphur selenide (YSSe), using first principles

calculations. The magnetism of this transition metal dichalcogenide originates from the partially-

filled 3p- and 4p-orbitals of the chalcogens, unlike other known intrinsic magnets where magnetism

arises from the partially-filled 3d- and 4f -orbitals. The unconventional magnetism in YSSe is a re-

sult of a unique combination of its structural and electronic properties. We further show that a lack

of mirror symmetry results in piezoelectric properties, while the broken space- and time-symmetry

ensures valley polarization.YSSe is a rare magnetic-piezoelectric material that can enable novel

spintronics, valleytronics and quantum technologies.
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Until recently, long-ranged magnetic ordering was believed to be impossible in 2D lay-

ered materials due to its destruction by increased thermal agitations, in accordance with

the Mermin-Wagner Theorem. The discovery of long-ranged intrinsic magnetism in pristine

2D materials—CrI31 and Cr2Ge2Te62—showed that magnetism can survive in 2D due to the

preferred alignment direction of the local moments (magnetic anisotropy), which counters

thermal excitations. Magnetism in 2D crystals has inspired a renewed interest in the funda-

mental physics of long-ranged magnetism in reduced dimensions. This discovery also o↵ers

technological opportunities, with potential uses in miniaturized and flexible spintronics de-

vices, as well as proximity-e↵ect devices, such as the superconductor/semiconductor/magnet

heterostructure that was proposed by Sau et al.
3 as the solid-state platforms for Majorana

bound states. In spite of an active search for additional magnetic 2D crystals, there are very

few known intrinsic 2D magnets. Here we present our theoretical discovery of a yttrium-

based magnetic semiconductor, yttrium sulphur selenide (YSSe), which is a Janus transition

metal dichalcogenide. The word “Janus” is used to emphasize that the structure lacks mir-

ror symmetry, with two di↵erent chalcogens (S and Se) on the two opposite faces. The

magnetism in YSSe is shown to originate from the unpaired electrons in 3p- and 4p-derived

states of the chalcogens. To the best of our knowledge, this is the first time an intrinsic

magnet is reported with moments contributed by 3p- and 4p-derived states, although these

orbitals are known to be involved in defect-induced magnetism in otherwise non-magnetic

PtSe24. In addition to the broken time-reversal symmetry, YSSe lacks inversion symmetry

as well as mirror symmetry. The unique combination of properties, which ensure that YSSe

is both a piezoelectric and a magnet, can potentially open doors to new applications.

Results

Structural, electronic and spin properties of YSSe monolayers. Our calculations

are based on density-functional theory (DFT) within the generalized gradient approximation

(GGA)5, using the Vienna Ab-Initio Simulation package (see Methods section). YSSe exists

in two low-energy phases: (i) a semiconducting 1H-phase, which we find to be magnetic,

and (ii) a non-magnetic metallic 1T-phase. For the semiconducting 1H-phase, seen in Fig-

ure 1(a), the Y-Se bond is longer than the Y-S bond and the bond-angles – ✓SY S and ✓SeY Se

– are also di↵erent, resulting in an asymmetrical structure with C3v-symmetry (broken trigo-

nal prismatic symmetry). As shown in Figure 1(b), 1T-YSSe also has C3v-symmetry (broken
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FIG. 1. Structural properties of YSSe monolayers: a Side- and top-views of 1H-YSSe. b Side-

and top-views of 1T-YSSe. c Phonon dispersion for 1H-YSSe showing no negative frequencies,

demonstrating dynamical stability of the predicted structure.

octahedral-symmetry) due to the lack of a mirror plane in a Janus TMD and anisotropic

bonding. The non-magnetic, metallic 1T-phase is lower in energy by 9.07meV as com-

pared to the 1H-phase, and both structures are likely to occur at room temperature. As

we are interested in the magnetic structure, we will concentrate on the 1H-phase, making

comparisons with the 1T-phase when needed.

Since we are predicting a new material, we studied its inter-dependent structural, elec-

tronic and spin properties. The calculated phonon dispersion for 1H-YSSe, shown in Fig-

ure 1(c), has no negative phonon branches, demonstrating dynamical stability of the pre-

dicted structure. Furthermore, our ab initio dynamics simulations, performed at 300K for

10 ps, show that the structure is thermodynamically stable. The cohesive energy of YSSe

(4.722 eV/atom) in the 1H-phase is large, where the cohesive energy, EC is defined as the

energy required to separate a crystal into constituent isolated atoms. It is calculated using

the formula: EC = �(EY SSe �EY �ES �ESe)/3, with EX being the total energy of species

X.

The electronic structure and spin properties of 1H-YSSe can be understood within Crys-

tal Field Theory, taking the electronic configuration of yttrium ([Kr] 4d1 5s2), which is a

group-III element, into account. In contrast to the +4 formal oxidation state of the tran-

sition elements in group-VI based TMDs, such as MoS2, or the synthesized, non-magnetic

3



a b

f

1H-YSSe 1H-YSSe
1T-YSSe

1H-YSSe 1T-YSSe

c

d e

FIG. 2. Electronic properties of YSSe monolayers: a Band structure for 1H-YSSe showing

nearly-dispersionless, spin polarized bands (highlighted) for the filled majority-spin and the empty

minority-spin channels. Also plotted are charge density isosurfaces (yellow and blue for positive

and negative isovalues), showing that these bands originate in the 3p- and 4p-derived states of S

and Se, with antibonding character. b Projected density of states plotted for the p-states of S and

Se, along with d-states of Y in 1H-YSSe, showing sharp peaks around the Fermi level (reference

energy). c Band structure for the metallic 1T-YSSe. d and e Projected density of states for

1H-YSSe and 1T-YSSe with components of p-orbitals of S and Se, showing the switching of the

order of the pz-derived singlet state, and the doublet-states composed of the px and py of S and Se

between the two phases.

Janus structure, MoSSe6, yttrium adopts a +3 formal oxidation state in YSSe. This leaves

the S- and Se-atoms in YSSe under-coordinated, with a total of one unpaired electron, which

is almost equally split between the two chalcogens due to their near-equal electronegativ-

ities, � (�S = 2.58 and �Se = 2.55). Furthermore, due to the C3v-symmetry of 1H-YSSe,

the triply-degenerate p-orbitals of the chalcogens split into a doublet (px, py) and a singlet

(pz). In the case of 1H-YSSe, due to the smaller distance between the S and Se atoms

[dSe�S = 2.92 Å, see Figure 1(a)], the 3pz and 4pz states of S and Se, respectively, which

overlap in space and energy, hybridize and form bonding A1 and antibonding A⇤
1-states.

The antibonding A⇤
1-state in 1H-YSSe is closest to the valence band edge. This is in di-
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rect contrast with the 1T-YSSe phase structure, where dSe�S = 3.75 Å, resulting in smaller

splitting between the bonding A1 and antibonding A⇤
1-states, with the latter being lower

in energy than the doublet states, E. The E-states are partially filled and are composed

of hybridized doublets, derived from yttrium’s d-states and the p-derived (px, py) states

of S and Se. Figure 2(a) shows the resulting spin-resolved band structure of a 1H-YSSe

monolayer along the high-symmetry points of the Brillouin zone (�-K-M -K 0-�). The band

structure shows spontaneous spin splitting with more electrons occupying one of the spin

channels (majority spin) versus the other (minority-spin channel) due to the exchange in-

teraction. The large exchange splitting between majority and minority spin A⇤
1-states is due

to quantum-confinement e↵ects in the 2D-crystal, along with the structural attributes of

1H-YSSe. The large covalent radius of a yttrium atom (1.90 Å) results in a large separation

between neighboring atoms on the two faces of the TMD (dS�S = dSe�Se = 4.13 Å). The

spatial localization, in turn, results in a large exchange interaction. This spatial localization

is indicated by the nearly dispersionless A⇤
1 majority- and minority-spin bands [highlighted

in Figure 2(a)], with bandwidths of ⇠ 0.12 eV and ⇠ 0.11 eV , respectively. Figure 2(a) also

shows the charge density plots of the A⇤
1-state for the majority and minority spin channels

at the �-point, with yellow (blue) corresponding to positive (negative) isosurfaces. The iso-

surface plots show that the pz-derived states of the chalcogens are very localized, retaining

the atomic-like character of p-orbitals even in the solid state. This localization and spin-

splitting is also evident in the projected density of states plotted in Figure 2(b). This also

explains why the 1H-phase of YSSe is semiconducting, while its 1T phase is metallic. 1H-

YSSe is a magnetic semiconductor. It has a majority-spin A⇤
1-state that is completely filled

and a minority-spin A⇤
1-state that is completely empty. On the other hand, 1T-YSSe, with

the partially filled E-states, is a (non-magnetic) metal as can be seen in its band structure

plotted in Figure 2(c). Figures 2(d)-(e) plot the component-resolved projected density of

states, showing the switching of the order of the singlet state, composed of pz of S and Se,

and the doublet, composed of px and py of S and Se, between the two phases. The electronic

structure of 1H-YSSe leads to its calculated properties, including: (i) the formation of a

local magnetic moment of 1µB per formula unit, most of which comes from S (⇠ 0.45µB)

and Se (⇠ 0.56µB), with a small counter-polarized moment coming from Y (⇠ �0.02µB),

and (ii) an indirect band gap of 2.094 eV in the majority spin-channel, with the valence

band maximum lying along the ��K direction and the conduction band maximum at the
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M -point, and a direct bandgap of 1.28 eV in the minority spin-channel at the �-point.

Long-ranged magnetism in 1H-YSSe. So far, we have shown that the 1H-YSSe has

a local magnetic moment. However, in 2D crystals, collective magnetism, i.e. long-ranged

magnetism, survives only if the crystals display a preferred alignment direction of the local

moments (magnetic anisotropy), which counters the destructive e↵ects of thermal excita-

tions. Magnetic anisotropy originates from spin-orbit coupling (SOC) and can be quantified

by calculating the magnetic anisotropy energy (MAE), which is defined as the di↵erence

in total energies of the structures with magnetizations that are parallel and perpendicular

to the atomic plane: MAE = Ek � E?. Here, Ek and E? are obtained from noncollinear

DFT calculations with fully-relativistic pseudopotentials that take SOC into account. We

find that 1H-YSSe has an easy magnetization plane (XY) with an MAE value of about

�122µ eV. Hence, YSSe is an XY-magnet with no energy barrier to the rotation of the mo-

ment in the atomic plane, thereby, exhibiting continuous O(2) spin symmetry. In accordance

with the Mermin-Wagner theorem, for 2D YSSe with an O(2) spin-symmetry, there should

be no long-ranged ordered state at finite temperatures. Nevertheless, the system is allowed

to undergo a Berezinskii-Kosterlitz-Thouless (BKT) transition from a high-temperature dis-

ordered phase to a low-temperature, quasi-ordered phase. The critical temperature, TC ,

of the BKT transition in an XY-magnet can be estimated by combining the results from

DFT calculations to those from Monte Carlo simulations of the XY model7,8, according to

which TC = 0.89J/kB. Here, kB is the Boltzmann constant and J is the exchange coupling

between magnetic moments. J can be obtained from the di↵erence between the total en-

ergies of YSSe with moments aligned in ferromagnetic (FM) and antiferromagnetic (AFM)

configurations: �Emag = EAFM � EFM = 8 J µ2, where µ is the magnetic moment per

formula unit. We find that �Emag is +2.90meV per formula unit in a collinear (i.e. non-

relativistic) calculation, while the non-collinear calculations (including SOC) yield a �Emag

of +3.07meV per formula unit. The positive sign of the calculated �Emag means that FM

ordering is the preferred ordering of moments. Using the calculated values of �Emag in

TC = 0.89�Emag/8µ2kB, we estimate the critical temperature to be TC = 3.74K (without

SOC) and a TC = 3.96K with SOC e↵ects taken into account.

In order to understand the small values of �Emag and hence, the exchange coupling ob-

served in our DFT calculations for YSSe, we turn to and expand the scope of the semiempir-
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FIG. 3. E↵ects of SOC: a Band structure along the paths indicated by red, blue and green lines

in the Brillouin zone (BZ) shown on the left. The magnetization, M , is taken to be parallel to the

y-direction, corresponding to the C1h(C1) magnetic group. This lowering of symmetry results in

a larger irreducible Brillouin zone, with the K1 and K2 being distinct due to di↵erent projections

of K1 ! � and K2 ! � along M . The highlighted region of the band structure shows only the

topmost valence and lowest conduction bands. b Spin-resolved band structure for 1H-YSSe along

di↵erent paths in the BZ for the case when the magnetization is directed along the y direction.

Only the ±Sy spin projections are shown since ±Sx and ±Sz projections are almost negligible.

The highlighted region of the spin-resolved band structure shows that the topmost valence band is

mostly spin up and lowest conduction band is mostly spin down. The colors are used to encode the

expectation values of the projections. c The magnetic anisotropy energy contributions calculated

along the k-lines in the BZ. Only the contributions corresponding to the highest valence and lowest

conduction bands are presented.

ical Goodenough-Kanamori rules for superexchange interactions. The superexchange mech-

anism refers to exchange coupling between the two nearest magnetic atoms with partially

filled orbitals, mediated through an intermediary, non-magnetic atom. Conventionally, the

magnetic ions are transition metal cations, bridged by an anion (e.g. O2� in MnO). In

YSSe, it is the S and Se atoms that have the partially filled orbitals and carry the mag-

netic moments, and the exchange coupling between the magnetic anions is mediated by the
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non-magnetic cation, Y. In spite of this role reversal, the superexchange mechanism can be

applied to understand exchange coupling in YSSe. This is because, in principle, there is

no physical law against: (i) the formation of local moments due to partially filled localized

orbitals in an anion, and (ii) mediation of exchange through an intermediate non-magnetic

cation. From the Goodenough-Kanamori rules, we know that superexchange maximally

favors AFM (FM) coupling if the anion-cation-anion angle is 180� (90�), maximizing the

hopping between the magnetic ions. The small values of �Emag with and without SOC are

a result of the competition between AFM coupling, which is favored between moments on

S and Se [with ✓SY Se = 129.25� in Figure 1(a)], and FM coupling, which is favored between

moments on S (Se)-atoms on the same faces [with ✓SY S = 98.45� and ✓SeY Se = 92.22� in Fig-

ure 1(a)]. In order to prove that the proposed exchange mechanism is indeed dictating the

long-range magnetic behavior, and in turn, the calculated value of �Emag, we studied the ef-

fect of hydrostatic strain on this quantity. The applied strain changed the angles between the

overlapping orbitals, a↵ecting the �Emag-values in keeping with the Goodenough-Kanamori

rules [see Supplementary Figure 1].

We further analyzed the e↵ects of SOC by performing band structure calculations along

several k-lines in the Brillouin zone (BZ). This band structure is plotted in Fig. 3(a), which

also shows the path followed in the BZ. Figure 3(a) corresponds to the case when the

magnetization direction, M , is parallel to the y-direction, corresponding to the C1h(C1)

magnetic group9 [see Supplementary Note I]. The enhanced highlighted view of the topmost

valence and lowest conduction bands [Fig. 3(a)] shows valley polarization in both bands.

The di↵erence between the maxima along the K1 ! � and � ! �K1 directions in the

topmost valence band was found to be ⇠ 40meV. The lowest conduction band also shows

a similar di↵erence in the maxima, but with opposite sign (⇠ �38meV). This asymmetry

in the band structure relative to the �-point comes from the interplay between the Rashba

and exchange e↵ects due to the broken space- and time-reversal symmetries 10. In Fig. 3(b),

we plot spin-resolved band structure for 1H-YSSe, showing only the ±Sy spin projections,

as the ±Sx and ±Sz projections are almost negligible. Figure 3(b) also shows an enhanced

highlighted view of the topmost valence and lowest conduction bands, with colors encoding

the spin projections. One can see that the topmost valence and lowest conduction bands are

essentially spin up and spin down bands. This, in turn, implies that the spin, S, is almost

parallel to M in our case. This leads to a highly anisotropic Rashba spin-splitting, which is
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maximal when k is perpendicular to spin S (or M ) and almost zero when k is parallel to S

(or M ). Hence, the degree of the splitting in the maxima itself, depends on the component

of the k -vector perpendicular to the magnetization direction (M or S) as can be seen from

the Rashba Hamiltonian, HR = ↵R(ez⇥k) ·S, which describes an electron of spin S moving

with momentum k under the influence of an electric field oriented along the z-axis (ez)10.

Here, ↵R is the Rashba parameter. From the Rashba Hamiltonian, we find the splitting

should be strongest along the K1 ! � ! �K1 line as it is perpendicular to M . This can

be seen in the highlighted topmost valence and lowest conduction bands plotted in Figs 3(a)

and (b), which shows that the splitting in the maxima along the K1 ! � and � ! �K1 is

greater than the splitting in the maxima along the K2 ! � and � ! �K2 directions.

In order to understand the relatively small value of MAE (about �122µeV) exhibited

by our system, we considered the di↵erences in the Bloch eigenstates: �E = ✏(k)(010)-

✏(k)(001), calculated for two magnetic states with the magnetization M aligned in the

y and z-directions [see Fig. 3(c)]. In this figure, only the energy di↵erences involving the

highest valence and lowest conduction bands are shown and the k-lines are the same as those

in Figs 3(a) and (b). Both the curves exhibit a counterbalanced trend between �K1�� and

��K1, within the K1�K2 region and between K2�� and ��(�K2). Moreover, the curves

additionally exhibit a counterbalanced trend with respect to each other: when the energy

di↵erence for the valence band drops the corresponding di↵erence for the conduction band

rises and vice versa. Both these trends are explained by the (anisotropic) Rashba e↵ect in

the presence of ferromagnetic ordering. The counterbalanced contribution to the MAE in

the k-space, shown in Fig. 3(c), corresponds to the hidden first order perturbation. Hence,

our system exhibits what is known as “unconventional MAE contributions in the k-space”11.

When integrated over the entire BZ, the first order contribution to the MAE vanishes (being

an odd function in the k-space), and the resulting MAE will be given by the relatively small

second-order perturbation terms12, explaining the small value of MAE [see Supplementary

Note II].

Piezoelectric properties of 1H-YSSe. In addition to being a magnet, 1H-YSSe also

displays piezoelectric properties owing to its noncentrosymmetric structure. The piezoelec-

tric e↵ect refers to the electromechanical coupling in which polarization changes in response

to the applied strain. Due to the C3v symmetry of YSSe, the piezoelectric tensor has only

two independent components: e11 and e13, associated with the in-plane and out-of-plane

9
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FIG. 4. Strain and layer-thickness dependent properties of 1H-YSSe: a Changes in in-plane and

out-of-plane polarization of YSSe under the application of uniaxial strain along the armchair direc-

tion. b Electronic and ionic Berry phases (di↵erent scales) corresponding to the in-plane electric

polarizations of the 1H-YSSe monolayer as a function of uniaxial strain along the armchair direc-

tion, showing exact cancellation of the two phases at 0% strain and the switching of their role as

the dominant contributor to the total phase as we go from lattice contraction to expansion. c Total

Berry phase, showing the best fit curve (black line). d Lowest energy configuration (AA) of a bi-

layer of YSSe, wherein the S- and Se-atoms within the two layers bond, resulting in a non-magnetic

structure. e Spin density plot (�⇢ = ⇢Majority
� ⇢Minority), showing that in the odd number of

layers, the structure retains a net magnetic moment. f Magnetic moment of a stack of YSSe as a

function of layer-thickness, showing odd-even layer-dependence.

polarizations, respectively. We calculated the polarization of YSSe using the Berry phase

method13,14 (see Methods section). We find that in the unstrained state, there is no in-plane

polarization (as required by C3v symmetry), while there is a spontaneous polarization of

0.524 ⇥ 10�12C/m along the symmetry-allowed C3-axis (z-direction), with the dipole mo-

ment directed from the Se to S atoms. Figure 4(a) shows the in-plane and out-of-plane

electric polarizations, as a function of the uniaxial strain along the armchair direction. Here

we define the strain percentage in a system with lattice constant b along the armchair di-

rection as: 100 ⇥ (b � b0)/b0, with b0 being the equilibrium lattice constant. The slopes of
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the curves in Fig. 4(a) give e11 = 0.165 ⇥ 10�10C/m (in-plane piezoelectric coe�cient at

0% strain), and e13 = �0.174 ⇥ 10�10C/m (out-of-plane piezoelectric coe�cient), respec-

tively. The best-fit curve for the highly nonlinear behaviour of the in-plane polarization

is given by b1x + b2x2, where the linear coe�cient b1 ⌘ e11. The quadratic coe�cient,

b2 = 0.130⇥ 10�10C/m, is unusually large as compared to those calculated for other similar

2D materials, such as MoSSe [see Supplementary Fig. 2].

In order to understand the origin of the non-linear behaviour of the in-plane polarization

as a function of strain, we analyzed both the electronic and ionic contributions to the total

Berry phase, �tot. Figure 4(b) shows the electronic and the ionic phases, which are of

opposite signs, resulting in very small values for �tot. In fact, at 0% strain the values of the

electronic and ionic phases are exactly half of the polarization quantum each (�0.5 and 0.5,

respectively), and they cancel each other exactly, giving �tot = 0. In going from 0% strain

to +4% (corresponding to the lattice expansion along the armchair direction), the electronic

phase changes by a mere 0.665 ⇥ 10�2, while the ionic phase changes by �1.382 ⇥ 10�2.

Hence, the ionic contribution dominates the total phase in this region [see Fig. 4(b)]. In

particular, in the strain region between +2% and +4%, the electronic phase is almost a

constant. This means that the charge centers of the maximally-localized Wannier functions

practically follow a homogeneous deformation15. At the same time, the ionic positions fail

to follow a homogeneous deformation (i.e. they undergo internal distortions relative to the

lattice). Hence, we observe an overwhelming dominance of the ionic contribution to the total

phase. The situation changes in going from 0% to �4%, which corresponds to the lattice

contraction along the armchair direction. Here, in contrast to the case of lattice expansion,

it is the change in the electronic phase (= �2.418⇥ 10�2) that dominates in the total phase

(as compared to the ionic phase that changes by 2.052⇥ 10�2). Thus, 0% strain serves as a

crossover point, across which the role of the dominant contributor to total phase is switched

between the ionic and electronic phases. This e↵ect, which is especially enhanced by the

near-cancellation of the electronic and ionic terms in the total phase, is the reason for the

nonlinear piezoelectricity in the system.

Layer-thickness dependent properties of 1H-YSSe. Lastly, we considered the influ-

ence of layer-thickness on the electronic structure properties of a YSSe monolayer. The

monolayers of YSSe can be stacked in di↵erent registries such as: (i) AA-stacking, with the

chalcogen of one layer over the chalcogen of the next layer, and (ii) AB stacking, with the
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chalcogen in one layer over the metal atom of the second layer [see Supplementary Fig. 3].

Unlike most TMDs, YSSe prefers AA stacking over AB, as this stacking allows YSSe to form

bonds between the two layers, lowering its energy by about 1.35 eV [see Fig. 4(d)]. The re-

sultant bilayer structure is non-magnetic. On the other hand, the trilayer structure is again

magnetic, with a moment of 1µB. In a trilayer, two of the layers form bonds, allowing the

third non-bonded layer to retain its magnetism. This can be seen in Fig. 4(e), which shows

the spin-density plot (�⇢ = ⇢Majority
� ⇢Minority) for a trilayer. We find that YSSe shows

this interesting odd-even layer dependence of magnetic properties for all tested thicknesses

[see Fig. 4(f)].

Discussion

Using first principles based-methods, we have predicted a new magnetic Janus TMD,

1H-YSSe. Due to its unique structural, electronic and spin properties, 1H-YSSe displays

an interesting and uncommon combination of magnetism and piezoelectricity in a single

material. Such materials are rare because conventional magnets have localized electrons in

partially filled 3d-orbitals of transition metals (or the 4f -orbitals of rare earth metals), while

piezoelectric materials are insulators, usually consisting of d0 or d10 elements16. A material

where both of these properties coexist is potentially useful in proximity e↵ect devices, such

as the superconductor/semiconductor/magnet heterostructures being explored as solid-state

platforms for Majorana bound states, where the latter can be tuned/controlled by external

stimuli (e.g. electric field and/or strain) applied to the magnet. Furthermore, the broken

space- and time-symmetry ensures valley polarization in the topmost valence and the lowest

conduction bands. These properties make YSSe a promising material for novel applications

such as ultra-compact spintronics, valleytronics, and quantum devices.

Methods

We carried out the spin-polarized density functional theory (DFT) calculations using

the projected augmented wave method (PAW)17,18 as implemented in the Vienna Ab-Initio

Simulation package. A Monkhorst-Pack19 k-point mesh of size 16⇥16⇥1 and a plane wave

energy cuto↵ of 550 eV were used in the calculations. We employed the generalized gradi-

ent approximation of Perdew, Burke and Ernzerhof (PBE)20 for the exchange-correlation

functional. In the Supplement (Supplementary Fig. 4), we also provide the results of the
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computationally-expensive hybrid functional, HSE0621,22, which includes a fixed percentage

of Hartree-Fock exchange in the exchange-correlation functional. This functional was used

solely for the semiconducting phase of YSSe for its greater accuracy in predicting band gaps

of semiconductors. For the case of the metallic phase of YSSe, we used only PBE, as hybrid

functionals are known to give erroneous results for metals23. The structure was optimized

by ensuring that the forces on each atom are less than 0.001 eV/Å. We also ensured that the

interaction between a monolayer and its images is minimized by adding a vacuum layer of

20 Å. The dynamical and thermodynamical stability of the YSSe monolayer was ensured by

calculating phonon dispersion using the finite displacement method24 as implemented in the

Phonopy code25 and by performing ab-initio molecular dynamic simulations using canonical

ensembles.

The piezoelectric properties of YSSe were obtained via the Berry-phase approach13,14.

To calculate the Berry phases, we used the Ceperley-Alder functional26 and Hartwigsen-

Goedecker-Hutter pseudopotentials27 as implemented in ABINIT package28. The chosen

pseudopotentials are characterized by 6, 3 and 6 valence electrons, for S, Y, and Se ions,

respectively. Strictly speaking, the existence of magnetic ordering in the system can addi-

tionally induce a spontaneous in-plane polarization via spin-orbit coupling, as in the case of

terbium manganite29. This magneto-electric coupling, however, was found to be negligibly

small. Hence, we did not take into account any magnetic e↵ects on electric polarizations

and assumed that the system has a point group of C3v (i.e. the symmetry is not reduced by

magnetism).
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