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ABSTRACT 

First-principles calculations reveal a Mexican-hat potential energy surface (PES) for 

two-dimensional (2D) In2Se3. This unique PES leads to a pseudo-centrosymmetric 

paraelectric  phase that resolves the current controversy between theory and 

experiment. We further show that while the -to- (ferroelectric to paraelectric) phase 

transition is fast and coherent assisted by an in-plane shear phonon mode, a random 

distribution of the atoms in the trough of the PES acts as an entropy barrier against the 

reverse -to- transition. This will be the origin of the speed limitation of current In2Se3 

ferroelectric devices. However, if one orders the  phase (due to the formation of in-
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plane ferroelectric domains), the reverse transition can take place within tens of 

picoseconds in the presence of a perpendicular electric field. Finally, the Mexican-hat 

PES is a general feature for the entire family of 2D Ⅲ2-Ⅵ3 materials. Our finding offers 

a critical physical picture in controlling the ultrafast reversible phase transition in 2D 

In2Se3 and other Ⅲ2-Ⅵ3 materials, which will benefit their practical industrial 

development for advanced ferroelectric devices. 

 

Ⅰ. INTRODUCTION 

Because of the spontaneous-aligned electric dipole, which can be switched reversibly 

by an external electric field, ferroelectric materials have been utilized for applications 

in capacitors, actuators, sensors, and non-volatile memories.1-8 However, in traditional 

ABO3 perovskite-type ferroelectric materials, the strength of the spontaneous 

polarization is hampered by an enhancement of the depolarization field, when its size 

is scaled down to several nanometers.9-11 As such, it is challenging for nanoscale 

integration of ferroelectric devices based on traditional materials, which has limited the 

development of high-density ferroelectric memory. Very recently, a new kind of two-

dimensional (2D) van der Waals layered material, In2Se3, has emerged as a potential 

solution for low-dimensional ferroelectrics due to its intrinsic ferroelectric polarization 

at the nanoscale, down to the limit of even a monolayer,12 such as its applications in the 

scalable synaptic ferroelectric semiconductor junction,13 the ferroelectric 

semiconductor field-effect transistor,7 and the memory-and-neural-computing system.6 

 

The  phase of 2D In2Se3 holds an out-of-plane ferroelectric polarization at room 

temperature.14 When above the Curie temperature (at 700 K), In2Se3 will undergo a 

transition from the (ferroelectric)  phase to the (paraelectric)  phase.15 The atomic 

structure and ferroelectricity of the  phase have been firmly identified.14,16-20 However, 

those of the  phase have not, e.g., even the understanding of its atomic structure has 

been controversial. For example, Ding et al. suggested that the centrosymmetric  phase 

is energetically unstable and will therefore exist in the form of a non-centrosymmetric 

structure with the middle-layer Se atoms moving away from the central positions.12 As 
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a result, the  phase should have an in-plane ferroelectric polarization. On the other 

hand, based on the second-harmonic generation (SHG) spectroscopy, Xiao et al. 

showed that the intensity of the SHG signals of the  phase drops rapidly, as the sample 

temperature rises to 700 K. The -to- phase transition therefore should result in a 

paraelectric phase in the centrosymmetric structure.19 In our view, the disagreement 

stems from a lack of atomic-scale dynamic study of the finite-temperature phase 

transition. This may also hinder a precise control of material properties for device 

applications, such as the current slow writing speed of In2Se3 ferroelectric memory.4 

 

In this research, based on first-principles calculations and ab initio molecular dynamics 

(MD), we identify a unique Mexican-hat potential energy surface (PES) for the middle 

layer Se atoms in 2D In2Se3 for the first time. This results in a pseudo-centrosymmetric 

paraelectric phase where the centrosymmetry of the middle Se layer is broken at any 

moment, but the centrosymmetry is preserved on average at the macroscopic level. Our 

finding resolves the current controversy between theory and experiment. As importantly, 

we show that the -to- phase transition is assisted by a shear phonon mode, while the 

reverse -to- transition is blocked by a random distribution of the Se atoms. This will 

be the origin of the speed limitation of current In2Se3 ferroelectric devices. One need to 

control the motion of the Se atoms to overcome the entropy barrier, which leads to an 

accelerated -to- transition in a matter of only tens of picoseconds, in the presence of 

a vertical electric field. Last, we show that the Mexican-hat PES is a general feature for 

the entire family of 2D Ⅲ2-Ⅵ3 ferroelectric materials. The results offer a critical 

dynamics picture of Ⅲ2-Ⅵ3 materials for their advanced ferroelectric applications.  

 

II. RESULTS AND DISCUSSION 

A monolayer In2Se3 consists of five atomic layers which alternate in a sequence of Se-

In-Se-In-Se and atoms in each atomic layer form a triangular lattice.21 Figure 1(a) 

shows the atomic structure of the (ferroelectric)  phase.12 In particular, there are two 

kinds of In atoms, one in the top (t) layer while the other in the bottom (b) layer – each 

In(t) atom forms a tetrahedral configuration with four nearest neighbor (NN) Se atoms, 
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while each In(b) atom forms an octahedral configuration with six NN Se atoms. The 

ferroelectricity is a result of the spontaneous polarization due to the unequal 

environments between In(t) and In(b). In comparison, Fig. 1(b) shows the atomic 

structure of the (paraelectric)  phase, where both In(t) and In(b) forms octahedra with 

their NN Se atoms. This symmetric arrangement forces the middle layer Se [Se(m)] 

atoms to be at the centrosymmetric positions. Here, we denote the (centrosymmetric)  

phase as c. Unlike the usual displacement-type ferroelectric mechanism,22 when 

ferroelectric transition takes place here, the Se(m) atoms of  phase will be displaced 

considerably, which result in the breaking of old bonds and the making of new bonds 

of different kinds to form  phase. This re-bonding mechanism explains why  In2Se3 

can withstand the depolarization field, even when the thickness is only one monolayer.12 

Figures 1(c) and (d) show the calculated phonon spectrums, which supports the notion 

that the  phase is dynamically stable. In contrast, the c phase is unstable showing a 

significant number of imaginary frequencies. 

 

FIG. 1. Side and top views of (a) ferroelectric state ( phase) and (b) paraelectric state 

(centrosymmetric  phase, i.e. c) of 2D In2Se3, both phases contain five atomic sublayers, the Se 

atom in the middle layer is referred to as Se(m), the Se and In atoms on the top and bottom layers 

are called Se(t), In(t), Se(b), In(b), respectively. (c-d) Phonon spectrums of  In2Se3 and  In2Se3 at 
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0 K shows that the c phase is actually unstable with the appearance of significant imaginary 

frequencies. 

 

To understand the instability of  phase, one ought to consider the PES of the ions as 

PES determines atomic vibrations and subsequently the phonon spectrum. Figures 2(a) 

and (b) compare the in-plane PES for Se atoms [following the convention for In atoms, 

these Se atoms are demoted as Se(t), Se(b), and Se(m), respectively]. Due to the 

inversion symmetry of the c phase, the PES for Se(t) is identical to that for Se(b). The 

PES of Se(t or b) exhibits a single minimum at the standard lattice position. However, 

the PES of Se(m) is markedly different, as it exhibits a Mexican-hat profile, as can be 

seen clearly in Fig. 2(b). To be precise, there are in fact 12 local energy minima in the 

basin of the Mexican-hat, which can be classed into three types with distinct bonding 

topologies: 3 for B site, 6 for C site, and 3 for D site, as shown in Figs. 2(b) and (c). 

Phonon calculations in Note 1 of supplementary material confirm that, at these 12 

energy minima, the imaginary frequencies in Fig. 1(b) for the c phase are eliminated. 

 

FIG. 2. Potential energy surfaces (PESs) of (a) Se(t or b) and (b) Se(m) in the in-plane direction of 

 phase of 2D In2Se3. For a unit cell, the PES of a single Se atom is calculated by sampling its 

coordinates in the x-y plane with other four atoms fixed. (c) The in-plane polarization intensity (gray 
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curve) and energy (black curve) along four specific sites of A-B-C-D-A from the Mexican-hat PES, 

where A represents the center of honeycomb and B, C, D are the quasi-stationary points with energy 

minimum as shown in (b). 

 

Next, we name the  phases with particular (in-plane) off-center atomic displacement 

of the Se(m) atoms the ip(k) phases, where k = B, C, and D. As it appears, a realization 

of the ip phases is difficult, because there are 12 off-center positions with similar 

energies and the energy barriers between them are also small. When taking into account 

entropy contribution to the Helmholtz free energy, it is unlikely that any such long-

range ordered ip phase can exist. As such, the  phase at elevated temperature is 

expected to be a  with a random distribution of the Se(m) atoms inside the valley of 

the Mexican-hat PES. 

 

Such a  phase can be obtained from the  phase by raising the temperature, for 

example, when T >  700 K.19,23 To investigate such a finite temperature effect, we 

resort to ab initio MD. Figure 3 shows an example of the  phase over a 20-ps MD run 

at 750 K. Its free energy and mean square displacement as functions of time are shown 

in Fig. 3(a). For such a dynamic system, a typical structure (e.g., at t = 7 ps) and the 

corresponding locally-relaxed structure are shown in Fig. 3(b), left and right, 

respectively. Clearly, the Se(m) atoms prefer the off-center sites, instead of the 

centrosymmetric A site, in line with the PES analyses above. As we have speculated, 

these off-center sites are randomly distributed along the basin of the Mexican hat. Two 

additional transient structures, and the corresponding relaxed structures, at t = 0 and 5 

ps are given in Note 2 of supplementary material, which also support the conclusion 

above. Figure 3(c) (left) shows the time averaged structure, in which the trajectories of 

the Se(m) atoms are shown. These trajectories suggest that the Se(m) atoms follow a 

random walk within a region centered at the centrosymmetric A site. As such, the time-

averaged structure is representative of the pseudo-centrosymmetric  phase or called 

pc. This agrees with the SHG experiment.19  
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FIG. 3. Characterization of  phase of 2D In2Se3 at a raised temperature (750 K) by a 20-ps 

molecular dynamics (MD). (a) Time evolution of mean square displacement (MSD) and free energy. 

(b) Top view of a snapshot (left), such as at 7 ps, and the corresponding relaxed structure (right). (c) 

The (20-ps) time-averaged structure of  phase, (left) highlighting the trajectory of Se(m) atoms and 

(right) averaging the position of Se(m) atoms. (d-f) Distribution probability of Se(t), Se(m) and Se(b) 

atoms during the 20-ps MD, a in the coordinate axis is the side length of the in-plane hexagonal 

lattice. 

 

Figures 3(d-f) plot the probability of in-plane distributions of Se atoms, namely, Se(t), 

Se(m), and Se(b), during the 20-ps MD simulation. The origin represents the standard 

lattice site and a in the coordinate axis is the side length of the in-plane hexagonal lattice. 

It shows that the distributions of the Se(t) and Se(b) atoms form relatively sharp domes, 

centered at the corresponding Se atomic sites, while that of the Se(m) atoms are more 

diffusive and hence a relatively flat dome. These differences are a consequence of the 

difference of the PESs for Se(t or b) and Se(m) in Figs. 2(a) and (b). Note 3 of the 
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supplementary material further presents the one-dimensional cross section of the 

distribution probability to clearly show the spatial distribution of Se(m) atoms and 

elucidate the causal relation between the Mexican-hat PES and the distribution. All 

these indicate Se(m) atoms will induce large entropy in the pc phase. Note that such a 

pc phase could be also retained at room temperature (see the analysis in Note 4 of the 

supplementary material). 

 

 

FIG. 4. A fast -to- phase transition in 2D In2Se3 induced by a shear phonon mode at 750 K. (a) 

Initial and (b) final structures from the transition within 4 ps. (c) Schematic of the shear phonon 

mode in  phase to trigger the transition. The arrows indicate the motion directions of atoms in 

different layers during the transition. (d) and (e) are atomic displacements along x and y directions 

during the transition, respectively. (f) Evolution of (time) atomic displacement projected onto the 

12 optical phonon modes of  phase during the transition, where the case related to the shear mode 
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is highlighted by red color. 

 

Currently, it is not possible to apply 2D In2Se3 for high-speed data memory, unless fast 

switching between opposite polarizations can be realized. The pc phase with a unique 

Mexican-hat PES, as an intermediate state between the ferroelectric (↑)→paraelectric 

→ferroelectric (↓) transition and vice versa, however, plays a decisive role in ultrafast 

ferroelectric switching. Generally speaking, the switching includes two parts: -to- 

and -to- transitions. The first part can be realized simply by increasing temperature. 

For example, Figs. 4(a) and (b) show that an initial  phase can be converted to a  

phase in 4 ps at 750 K. Analysis of atomic displacement in the x and y directions in Figs. 

4(d) and (e) reveals a highly concerted displacement between the In(t) and Se(t) atoms 

and that between the In(b) and Se(b) atoms, while the displacement of the Se(m) atoms 

correlate with those in the bottom layers but to a smaller degree. As a matter of fact, 

these results reflect a highly coherent motion of the atoms in which when the two top 

layers move in the positive x- (or y-) direction, the two bottom layers and the middle 

layer move in the negative x- (or y-) direction. 

 

Figure 4(f) plots the projected displacements for all 12 optical phonon modes, as a 

function of time. The projected displacement here is defined as time integration of the 

projected velocity for various phonon modes from 0 to t. Details on the calculation can 

be found in Note 5 of the supplementary material. We see from Fig. 4(f) that, while the 

displacements of most of the phonon modes oscillate around zero, one of the in-plane 

shear phonon mode, however, evolves during the transition almost monotonically from 

zero to having a positive displacement. Accordingly, Fig. 4(c) shows the direction of 

the atomic displacements for this shear phonon mode. From the side view in Fig. 4(c), 

it is clear that the displacements consist of in-phase and out-of-phase motions of atomic 

layers leading to the phase transition. Hence, the ultrafast -to- transition is a result 

of coherent motion of atoms induced by the in-plane shear phonon mode, which only 

requires that the temperature is sufficiently high. 
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FIG. 5. -to- transition in 2D In2Se3 in the presence of an out-of-plane electric field of 5 V/nm 

along the c axis, as revealed by a 15-ps MD at 300 K. The transition is characterized by the bond 

angle (θ) between the encircled In(t)-Se(m) bond and the basal plane of the three In(b) atoms 

underneath the Se(m) [see the inset of panel (a)]. (a) Starting with the pc phase with a random Se(m) 

distribution and (b) starting from ip(B) phase but with a coherent in-plane Se(m) distribution. In 

the actual calculation, we obtain the initial ip(B) phase at 0 K, then we raise the temperature to 300 

K in 1 ps, followed by 14-ps MD at fixed temperature. 

 

While the -to- transition is fast and direct, the reverse -to- transition in a short 

time can be more difficult, even when an out-of-plane electric field (in the polarization 

direction of the  phase) is applied. That is because the random walk of Se(m) atoms in 

the pc phase sets a large entropy barrier for the reverse transition due to the Mexican-

hat PES Here, the entropy barrier can be estimated by the distribution probability of 

Se atoms during the MD simulation. For example, compared to the case without the 
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Mexican-hat PES in 2D Sb2Te3, the contribution of the Mexican-hat PES in 2D pc 

In2Se3 (at 750 K) to the free energy is -80 meV per unit cell and the contribution to the 

entropy barrier is  1.091×10
-4

 eV/K  per unit cell (see Note 6 of the supplementary 

material for calculation details). This will be the origin of the speed limitation of current 

In2Se3 ferroelectric devices. 

 

In order to characterize the  and  phases during the transition, we define a parameter 

θ which is the angle between an In(t)-Se(m) bond and the basal plane formed by the 

three In(b) atoms underneath the Se(m) atom [as shown in the inset of Fig. 5(a)]: In the 

c phase, θ = 39° but in the  phase, θ = 90°. Figure 5(a) shows the probability 

distribution of θ as a function of time at 300 K and under an out-of-plane electric field 

of 5V/nm. For the pseudo-centrosymmetric pc phase, the distribution exhibits a steady 

Gaussian shape centered at about 48°. Figure 5(b) shows the result of another MD run 

under the condition except starting with an ordered distribution of the Se(m) atoms, e.g., 

in one of the ip(B) phase. In contrast to Fig. 5(a), the peak position shifts significantly 

from about 52° to 76° within 15 ps and it is accompanied by a narrowing of the θ 

distribution, demonstrate the successful ip-to- transition. If one reverses the direction 

of the electric field, a ip-to- transition with opposite polarization will quickly result 

as well. As a comparison, current ferroelectric transition of In2Se3 by an electric field 

is still at the timescale from tens of nanosecond to millisecond4,8. Phase transition at 

our simulation timescale is not perfect with residue defects, see Note 7 of the 

supplementary material. In our structural analysis, these defects have been excluded. 

 

As ordering the Se(m) atoms into one of the off-center B, C, and D phases is the key 

for fast reverse -to- transition, it is important to understand under what condition(s), 

such an ordering can be physically realized. In this regard, it is important to note that 

some of the ordered phases have been observed at room temperature by experiment.24,25 

One possibility is a long-range order due to in-plane ferroelectricity, as the experiment 

has indeed observed ordered domains. Note that for periodic supercells, such a long-

range order is absent. To study them, we resort to the Berry phase approach and find 
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that the off-center ip phases have the same polarization intensity of 0.145 nC/m. This 

can lead to macroscopic electric field and ordered domains of finite size, as the strength 

of the field in 2D will diminish when the separation between the charges (located on 

opposing edges) is too large.  

 

 

FIG. 6. Universal Mexican-hat PES for the family of 2D III2-VI3 compounds. The line plot of the 

PES has been carried out along the diagonal line shown in the inset of (a). (a) Al2S3, (b) Al2Se3, (c) 

Al2Te3, (d) Ga2S3, (e) Ga2Se3, (f) Ga2Te3, (g) In2S3, (h) In2Se3, and (i) In2Te3. 

 

It is also worth noting that the Mexican-hat PES of the  phase is a general phenomenon 

of the 2D Ⅲ2-Ⅵ3 family (Ⅲ = Al, Ga, In and Ⅵ = S, Se, Te), as shown in Fig. 6. The 
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top views of the corresponding atomic structures are shown in the insets, while the side 

views and lattice constant l are summarized respectively in Note 8 of the supplementary 

material. Similar to In2Se3, all Ⅲ2-Ⅵ3 hold the double-well energy profile for the VI(m) 

atoms. Note 9 of the supplementary material lists the calculated energy barriers. The 

calculated phonon spectra in Note 10 of the supplementary material further reinforce 

the notion that the centrosymmetric c phase is unstable. All these support other 2D Ⅲ2-

Ⅵ3 materials have the similar atomic picture as In2Se3 has. 

 

III. CONCLUSIONS 

In summary, by first-principles calculations and MD simulations, we reveal a Mexican-

hat PES for 2D In2Se3 and, as a matter of fact, for the entire family of 2D Ⅲ2-Ⅵ3 

ferroelectric compounds. Due to the unique PES, a new form of the  phase is identified 

as the pseudo-centrosymmetric pc phase, where the Se(m) atoms take random off-

center positions but time-averaged to be centrosymmetric. This random motion 

effectively creates an entropy barrier that hinders a fast -to- transition, which will be 

the origin of the speed limitation of current In2Se3 ferroelectric devices. This is 

contrasted to the -to- transition, which is ultrafast at elevated temperature due to 

coherent atomic motions under a shear phonon mode. By overcoming the entropy 

barrier via ordering the atoms in the  phase, the -to- transition can happen just 

within tens of picoseconds with the help of an out-of-plane electric field. Furthermore, 

due to no requirement of a high-temperature melting process like that in the popular 

phase-change Ge-Sb-Te alloy,26-28 the energy consumption of In2Se3 to encode data 

should be potentially lower. Our study thus offers a new angle on the physics of 

ferroelectric transitions, namely, the need to overcome the entropy barrier, which should 

benefit the development of future ferroelectric data storage at ultrafast speed and 

ultrathin scale. 

 

IV. COMPUTATIONAL METHODS 

Calculations were performed based on density functional theory using the Vienna ab-

initio simulation package.29,30 The projector augmented wave pseudopotential31 and 
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Perdew-Burke-Ernzerhof exchange correlation functional32 were used. The energy 

cutoff for the plane wave expansion was set to 275 eV. A 16×16×1 Monkhorst-Pack33 

k-point gird was used for structural relaxation. A 20 Å vacuum region in the vertical 

direction was incorporated to minimize the effect of periodic boundary. The z-

dimension of the supercell was fixed when performing the structural relaxation. Phonon 

band structures were calculated using the PHONOPY code.34 To obtain the PES of a Se 

atom in 2D  In2Se3, numerous structural configurations are obtained by sampling the 

in-plane positions of a Se atom with other atoms fixed at their standard positions in the 

primitive cell. Then, the total energies of these configurations are calculated by the DFT 

self-consistent calculations. For calculating each PES, 1180 coordinates were employed 

to uniformly sample the in-plane positions of the Se(m), Se(t), Se(b) atom, respectively. 

Berry phase method35 was used to estimate the in-plane polarization. The external 

electric field was realized by introducing a dipole field perpendicular to the monolayer 

In2Se3 with a strength of 5 V/nm. MD simulations were preformed using the NVT 

ensemble36 and a 7×7×1 supercell containing 245 atoms. A -point sampling of the 

Brillouin zone was used with the MD time step of 1 fs. 

 

SUPPLEMENTARY MATERIAL 

See the supplementary material for more details, Notes 1-10. 
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