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The compatibility of Si semiconductor technology with current electronic devices has led to a continu-
ing search for new Si-based materials with novel properties. The recent synthesis of penta-Si nanoribbons
[Phys. Rev. Lett. 117, 276102 (2016); Nano Lett. 18, 2937 (2018); Nat. Commun. 7, 13076 (2016)] is
a new addition to this family. However, pentasilicene, a two-dimensional (2D) sheet composed of only
Si pentagons, was found to be unstable in pentagraphenelike configuration and could only be stabilized
dynamically by surface decoration. Using first-principles calculations and a thorough analysis of its imag-
inary frequencies, we show that pentasilicene can indeed be made dynamically stable by tilting the Si
dimers to reduce the Coulomb repulsion between them. The consequence of this tilting leads to a much
more interesting discovery: the stabilized pentasilicene breaks the structural inversion symmetries, result-
ing in spontaneous electrical polarization and ferroelectricity with a high Curie temperature of 1190 K.
This is the first report of a 2D ferroelectric system composed of a light single element, which can have
potential applications in nonvolatile random access memory.
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I. INTRODUCTION

Over the past few decades, silicon has been the
leading material in the microelectronic industry for high-
performance information storage devices. Recently, con-
siderable effort has been made to develop nonvolatile
phase change materials, such as ferroelectric or ferro-
magnetic RAMs, for ultrafast information storage devices
down to the sub-10-nm size. In the ferroelectric phase
change materials, different ferroelectric phases are sepa-
rated by a high-energy barrier owing to their ionic motion.
Hence, the ferroelectric phase can be well protected below
the Curie temperature and the stored information can last
for over 10 years. In addition, ferroelectric phase transi-
tions are displacive and martensitic, which guarantee its
faster kinetics compared to the currently used reconstruc-
tive Ge-Sb-Te alloys [1]. Two-dimensional (2D) materials
have the potential to work as future nonvolatile phase
change materials [2] so that electronic devices can be
miniaturized into nanoscale with high information den-
sity. Thus far, Si is used as a substrate to grow ferro-
electric materials (e.g., HfO2) [3], but 2D ferroelectric
phase change materials based exclusively on Si are still
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unknown. The reason is that once a 2D material is based
on a single element (e.g., Si), positive and negative charge
states are no longer separated as they are in conventional
ferroelectric materials (e.g., perovskites) [4,5]. This greatly
hinders the potential applications for Si electronics.

In order to separate positive and negative charge cen-
ters in a pure 2D Si material, one possible scheme is to
include both sp2 and sp3 hybridization. Note that con-
ventional Si compounds are composed exclusively of sp3

hybridized Si atoms. Recently, 2D silicene (a single atomic
layer Si sheet) composed of only sp2 Si has been dis-
covered [6]. Unfortunately, due to its zero band gap [7],
2D silicene is not suitable for information storage. Moti-
vated by the prediction of pentagraphene [8], a 2D five-
membered ring-based carbon allotrope composed of sp2

and sp3 hybridized carbon atoms, attempts have been made
to synthesize a pentasilicene analog. However, theoret-
ical studies showed such a structure to be dynamically
unstable and it can only be stabilized by surface decora-
tion [9,10]. Note that penta-Si nanoribbon [11–13], which
exhibits exotic phenomena, such as topologically protected
phases or increased spin-orbit effects [11], has already
been synthesized and can be used as a building block
to produce functional architectures via covalent assem-
bly [12]. Hence, the discovery of an intrinsically stable
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pentasilicenelike structure will be a welcome addition to
the Si family of materials.

In this paper, we show that the desired unusual proper-
ties of Si can be realized by stabilizing Si in a quasi-2D
pentagonal structure where Si dimers within a confined
lattice are tilted. We label this system as T pentasil-
icene. Because the existence of soft modes of pentasilicene
is due to the strong Coulomb interactions between the
charged Si atoms, tilting the Si dimers can reduce Coulomb
repulsion and stabilize the system. Using first-principles
calculations combined with the Berry phase method and
Landau-Ginzburg theory, we have not only found this tilted
configuration to be dynamically stable, but it also leads
to spontaneous electrical polarization, making T pentasil-
icene exhibit in-plane ferroelectricity with a very high
Curie temperature (TC) of 1190 K. Thus, this ferroelec-
tric phase can be well protected under an ambient working
temperature.

II. COMPUTATIONAL METHODS

Calculations are carried out using first-principles
density-functional theory (DFT) with electronic exchange-
correlation interaction treated by the Perdew-Burke-
Ernzerh (PBE) functional within the generalized gradi-
ent approximation (GGA) [14]. The projector augmented
wave (PAW) method [15,16] with plane-wave basis set
embedded in the Vienna Ab initio Simulation Package
(VASP) [17] is used to optimize the geometrical structures
and study their electronic properties. The energy cutoff
is set at 500 eV. The convergence criteria for energy
and force are set to 0.0001 eV and 0.01 eV/Å, respec-
tively. The Brillouin zone is represented with a 19 × 19 × 1
Monkhorst-Pack special k-point mesh [18]. A vacuum
space of 20 Å in the direction perpendicular to the sheet
is used to avoid interactions between the two neighbor-
ing layers. To ensure an accurate determination of elec-
tronic properties, calculations are repeated by using the
hybrid Heyd-Scuseria-Ernzerhof functional (HSE06) [19].
Phonon calculations are performed by using both the finite-
displacement method [20] and density-functional perturba-
tion theory (DFPT) method with a 5 × 5 × 1 supercell, as
implemented in the PHONOPY program [21]. The criteria
for the energy and force convergence are 1 × 10−8 eV and
1 × 10−6 eV/Å, respectively. The intrinsic electrical polar-
ization is calculated by using the Berry phase method [22]
as implemented in VASP.

III. RESULTS AND DISCUSSION

A. Geometry and stability analysis

Figure 1(a) shows the structure of pentasilicene, which
shares the same geometric feature as pentagraphene [8].
We find that the sp3 (four-fold coordinated) and sp2 (three-
fold coordinated) Si atoms are charged, and denote them as

(a) (b)

FIG. 1. (a) Top view of the pentasilicene sheet. The red-dashed
square is the (l, m)th lattice point of the sheet. Indices a, b, c,
d, e, and f represent different atoms in the unit cell. The blue
and red numbers denote charge states. (b) Phonon spectrum of
pentasilicene. The inset image shows the soft vibrational modes.

Si4 and Si3, respectively. Through Bader’s charge analysis,
the charges on Si3 and Si4 are found to be q0 = 0.61 and
−2q0 =−1.22, respectively. The phonon spectrum is plot-
ted in Fig. 1(b). One can see that two imaginary branches
appear throughout the entire Brillouin zone, which is con-
sistent with previous results [9,10]. In order to understand
the origin of the dynamic instability of this structure, we
study the phonon modes by applying a classical displace-
ment model. The total energy is estimated to contain two
parts, namely, conventional elastic energy and electrostatic
interactions between the charged atoms. For simplicity, we
adopt a rigid ion model of atoms with Coulomb inter-
action and neglect the short-range Born-Mayer potential.
Following the general notations in lattice dynamics, the
position of atom κ in the lth lattice is r

(
l
κ

)
and rij =

r
(

lj li
κj κi

)
= r

(
lj
κj

)
− r

( li
κi

)
. Thus, the total energy can be

written as

E = Eelastic + Eelectrostatic

= 1
2

⎛

⎝1
2
β

∑

〈i,j 〉
r2

ij +
∑

i,j ,j �=i

ZκiZκj

rij

⎞

⎠ . (1)

Here, i (j ) is the atom index. Z and β refer, respectively,
to its charge and the normalized stiffness of the spring
(force constant) between the nearest neighbor i and j. The
second term accounts for the Coulomb interaction. A fac-
tor of 1/2 is used to avoid double counting. In the unit cell
of pentasilicene, there are six Si atoms [labeled as a, b, c,
d, e, and f in Fig. 1(a)]. Hence, the dynamic matrix of the
equation of motion is an 18 × 18 matrix.

Because of the large size of the dynamic matrix, the
dimension of such a scalar determinant needs to be
reduced. By analyzing the soft vibrational modes, we
find that Si3 atoms prefer to move mainly along the
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out-of-plane direction [see Fig. 1(b)]. Hence, we only
consider the displacements along the z direction. In the
reciprocal space, the dynamic matrix is

M = D + ZCZ, (2)

where D is a 6 × 6 dynamic matrix resulting from the
springlike force without Coulomb interaction. Z is the
charge matrix, Z = diag [−2q0, −2q0, q0, q0, q0, q0,], and
matrix C is independent of the charge and mass of ions

C
(

q
κ κ ′

)
= −2 exp

{
iq · r

[
l l′
κ κ ′

]}

×
∑

l′,l
r−3

(
l l′
κ κ ′

)
. (3)

The square root of the eigenvalues of dynamic matrix M
is the phonon frequency. An exact analytical solution of
this dynamic matrix is very challenging. To get insights
into the phonon behavior, we apply the nearest-neighbor
interaction approximation (i.e., only consider the leading
term of the Coulomb force) and write Newton’s equation
of motion as follows:

Mäl,m = β1[(cl,m − al,m) + (dl,m − al,m) + (el,m − al,m)

+ (fl,m − al,m)] + C3−4
A [(cl,m − al,m)

+ (dl,m − al,m) + (el,m − al,m) + (fl,m − al,m)],

Mb̈l,m = β1[(cl,m − bl,m) + (dl+1,m − bl,m)

+ (el+1,m+1 − bl,m) + (fl,m+1 − bl,m)]

+ C3−4
A [(cl,m − bl,m) + (dl+1,m − bl,m)

+ (el+1,m+1 − bl,m) + (fl,m+1 − bl,m)],

Mc̈l,m = β1[(al,m − cl,m) + (bl,m − cl,m)]

+ β2(el,m+1 − cl,m) + C3−3
R (el,m+1 − cl,m)

+ C3−4
A [(al,m − cl,m) + (bl,m − cl,m)],

Md̈l,m = β1[(al,m − dl,m) + (bl−1,m − dl,m)]

+ β2[fl−1,m − dl,m] + C3−3
R (fl−1,m − dl,m)

+ C3−4
A [(al,m − dl,m) + (bl−1,m − dl,m)],

Mël,m = β1[(al,m − el,m) + (bl−1,m−1 − el,m)]

+ β2(cl,m−1 − el,m) + C3−3
R (cl,m−1 − el,m)

+ C3−4
A [(al,m − el,m) + (bl−1,m−1 − el,m)],

Mf̈l,m = β1[(al,m − fl,m) + (bl,m−1 − fl,m)]

+ β2(dl+1,m − fl,m) + C3−3
R (dl+1,m − fl,m)

+ C3−4
A [(al,m − fl,m) + (bl,m−1 − fl,m)], (4)

where M is the mass of a Si atom, β1 and β2 are the spring
stiffnesses of Si3-Si4 and Si3-Si3, and the C3−3

R and C3−4
A

are, respectively, the constants of Coulomb repulsive and
attractive forces, which have the following expressions:

C3−3
R = − 2|ZSi3

i ||ZSi3
j |

|�rSi3
i − �rSi3

j |3
, C3−4

A = 2|ZSi3
i ||ZSi4

j |
|�rSi3

i − �rSi4
j |3

. (5)

By solving these equations (see Text S1 in the Supplemen-
tal Material for details [23]), we find that the degenerate
imaginary frequencies in the pentasilicene sheet [see Fig.
1(b)] are mainly determined by the sum of β1, β2, C3−4

A ,
and C3−3

R . It is confirmed that the first three terms are pos-
itive, while C3−3

R is negative (details can be found in Text
S2 of the Supplemental Material [23]). Thus, the Coulomb
repulsions from Si3-Si3 contribute a negative sign to M,
which destabilizes the system.

This suggests that an effective way to stabilize pentasil-
icene would be to reduce the Coulomb repulsive force.
Similar to Pandey’s chain buckling of a Si(111) (2 × 1)
reconstructed surface [24–26], we find that a small tilt of
Si3 dimers can lower the energy and stabilize the phonon
dispersions, leading to the formation of a stable structure,
T pentasilicene, as shown in Fig. 2(a). Different from the
flat Si3 dimer in pentasilicene [Fig. 1(b)], one Si3 atom
moves away from the sheet (denoted as Si3,o, toward the
sp3 configuration) and the other Si3 atom moves toward
the sheet (denoted as Si3,i, toward the sp2 configuration).
Note that the movement of Si3 atoms follows the eigenvec-
tors of the soft modes [see red arrows in Fig. 1(b)]. After
geometry optimization, the bond length of Si3,o-Si3,i is
2.26 Å, and they carry charges q3,o = 0.70 and q3,i = 0.52,
respectively. The space group of T pentasilicene is reduced
from P421m to P21. Compared with pentasilicene [Fig.
1(a)], the numerator

(
ZSi3

i ZSi3
j

)
of Eq. (5) decreases, while

the denominator
(∣∣�rSi3

i − �rSi3
j

∣∣3) increases, thereby reduc-
ing the value of C3−3

R . Consequently, the total energy of
the system is lowered by 81 meV/cell due to the reduced

(a) (b)

FIG. 2. (a) Atomic geometry and (b) phonon spectrum along
the high symmetric k-path of T pentasilicene.
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Coulomb repulsion. The enhanced stability is verified by
the phonon spectrum as shown in Fig. 2(b), where no imag-
inary frequency exists throughout the entire Brillion zone,
confirming the dynamic stability of T pentasilicene. Note
that the T pentasilicene sheet should be confined within a
constrained lattice during the geometry optimization, oth-
erwise it gradually undergoes a transformation into the
predicted siliconeet phase [27]. This implies that a proper
confining material (e.g., a metal substrate) is needed to pro-
duce T pentasilicene in experiments (see Text S3 of the
Supplemental Material for more details [23]).

Next, we analyze the Si3 dimers from the electronic
structure point of view. The evolution of the tilted dimer
bond formation is plotted in Fig. 3(a), where the dark solid
circles represent the Si3 atoms. Each Si3 in the dimer is in
a distorted sp2 configuration, which leaves one pz orbital
as a dangling bond. These two pz orbitals hybridize and
form a π -π* pair. However, because of the larger atomic
size of a Si atom as compared to that of a C atom [28],
the π bonds are not strong enough to stabilize the pen-
tasilicene structure. Therefore, a separation in π -π* levels
occurs to further reduce the energy. This is similar to the
Jahn-Teller distortion and electrons on Si3,i site transfer to
the Si3,o atom [see arrows in Fig. 2(a)], forming a tilted
dimer.

In Fig. 3, we also compare the bonding configuration
of T pentasilicene with other previously discovered pen-
tasheets [8,9,29–32]. For pentagraphene [8] [see Fig. 3(b)],

the π -π* interaction is strong with a large strain energy.
Hence, the flat three-fold coordinated carbon dimers can
be maintained and the symmetric configuration is dynam-
ically stable. This is similar to the spontaneous buckling
of Pandey’s sp2 dimer chain in a Si(111) (2 × 1) recon-
structed surface, while no buckling occurs on diamond
C(111) owing to the strong strain energy [24–26]. For
penta-B2C [29] [see Fig. 3(c)], since B has one valence
electron less than Si, there is no extra electron on the π

orbital. Thus, no extra reduction in energy can be achieved
by dimer tilting. Hence, the flat configuration remains.
For penta-CN2, SiN2, or SiP2 [30,31] [see Fig. 3(d)], the
dimers consist of group V element atoms, which have one
electron more than Si. Since π and π* orbitals are full
in these cases, energy cannot be reduced by dimer tilt-
ing. As for the hydrogenated pentasilicene [9] [see Fig.
3(e)], H and Si3 atoms form a sigma bond, which satu-
rates the dangling bond. In this case, all of the electrons
are paired, hence reducing the energy and keeping the flat
configuration of the Si dimers.

B. Electronic structure

Next, we examine the electronic properties of T pen-
tasilicene. In Fig. 4(a), one can see that the band edges
are mainly contributed by the Si3 atoms, similar to those
in pentagraphene. Since the dimer tilting further enlarges
the energy separation between the π -π* levels, the T

(a)

(b) (c) (d) (e)

FIG. 3. (a) Understanding the dimer tilting in T pentasilicene. Bonding diagram of (b) pentagraphene, (c) penta-B2C, (d) penta-CN2,
SiN2, SiP2, and (e) hydrogenated pentasilicene.
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(a) (b)

FIG. 4. (a) Band structure of T pentasilicene at the HSE06 level
projected on Si4 atoms (red) and Si3 atoms (blue). (b) Charge
density difference in Si3 dimer.

pentasilicene has a larger band gap of 0.65 eV (at the
HSE06 level) than that of the original configuration
(0.45 eV, see Fig. S4 in the Supplemental Material [23]).
The valence band maximum (VBM) and conduction band
minimum (CBM) are located at different positions in the
Brillouin zone, showing the signature of an indirect band
gap. We note that there exists a sub-VBM close to the
position of the CBM on the �-M path, thus the T pen-
tasilicene can be considered as a quasidirect band-gap
semiconductor. The value of this gap is close to that of the
three-dimensional (3D) h-Si6 allotrope [33], which may
lead to a wider range of applications for T pentasilicene
in electronics as compared with the zero-gap silicene. To
better visualize the charge redistribution in the tilted Si3
dimer, we calculate the charge density difference as shown
in Fig. 4(b). The red and blue regions represent electron
accumulation and depletion, respectively. It is clear that
electrons on the Si3,i site transfer to the Si3,o site, which
validates the bonding diagram in Fig. 3(a).

C. Ferroelectricity

The charge redistribution leads us to explore the electri-
cal polarization of the T pentasilicene sheet. We find that
tilting the Si3 dimer not only lowers the total energy of
the system, but also induces a polarized bond between the
two nonequivalent Si3 atoms (see Text S4 of the Supple-
mental Material for more details [23]). By applying the
modern Berry phase theory [22,34], we calculate the elec-
tric polarization vector P0 of the T pentasilicene sheet, and
find that the in-plane polarization is 18.7 pC/m (along the x
direction), while the out-of-plane component is zero. This
confirms that T pentasilicene is a pure Si-based 2D fer-
roelectric material, adding another member to the single-
element ferroelectric family of As, Sb, and Bi monolayers
[35]. Note that the phosphorene sheet is not electrically
polarized [35]. T pentasilicene extends this family to the
third row elements in the periodic table. Ferroelectricity in
T pentasilicene raises another question: is an antiferroelec-
tric (AFE) state energetically more stable? To study this,

we construct a 2 × 2 supercell with a checkerboard pat-
tern, where the polarization is opposite in the neighboring
unit cells (see Fig. S6 in the Supplemental Material [23]).
After geometry optimization, we find that the AFE con-
figuration transforms into the ferroelectric (FE) structure,
which implies that the AFE state does not exist.

One of the most important properties in a ferroelectric
material is its phase transition. Because the Berry phase
calculations based on DFT are performed at zero temper-
ature, it is necessary to study the temperature range over
which the ferroelectric order can survive. In general, soft
modes theory is a powerful tool to study the phase tran-
sition in bulk ferroelectrics [32]. A way to estimate TC is
by simulating the behavior of phonons at a finite tempera-
ture. Unfortunately, this technique is not fully developed.
Alternatively, we adopt the Landau-Ginzburg theory [36]
to study the ferroelectric phase transition. Since thermo-
dynamics governs the phase diagram, the key problem
is to represent the free energy (E) as a function of the
order parameter (P). To this end, we define two geomet-
ric parameters h1 and h2 as the bridge to connect E with
P [see Fig. 5(a)]. When h1 = h2 = 0 (Phase A), the system
converts back to the original pentasilicene phase, where
the ferroelectric effect vanishes due to the inversion sym-
metry. When h1, h2 > 0 or h1, h2 < 0, the structure becomes
polarized. Especially for h1 = h2, there are two stable ener-
getically degenerate phases (B and B′), which correspond
to the T pentasilicene structures. We note that phases B and
B′ can be transformed into each other by spatial inversion.
Thus, if there is a polarization (PB) in the B phase, there
must be an inverse polarization (−PB) in the B′ phase.

Within the Landau-Ginzburg theory, we use the φ4

model [37] to write E as

E =
∑

i

[
A
2

(P2
i ) + B

4
(P4

i )

]
+ C

2

∑

〈i,j 〉
(Pi − Pj )

2, (6)

where i and j denote the lattice points and symbol 〈〉 in
the summation represents the nearest neighbor lattice site.
Parameters A, B, and C are determined by fitting to the
DFT data. The first two terms correspond to the energy
contributed by the polarization in each unit cell, and should
describe the anharmonic double-well shape of the poten-
tial profile. Note that because of spatial inversion, there
only exist even powers. We neglect the higher-order terms,
which are found to be less important. To obtain the values
of parameters A and B, we relate E and P by mapping a
series of h1 and h2; a direct 2D mapping is computationally
costly. According to the structural symmetry of pentasil-
icene, we note that the variations of h1 and h2 are equal
to each other. Thus, we only need to consider the one-
dimensional (1D) parameter space, that is, h1 = h2 = h, to
simplify our simulation. In practice, we calculate the total
energy and polarization for each value of h. In Fig. 5(b), we
plot the variation of energy (E) with respect to polarization
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(a) (b)

(c) (d)

FIG. 5. (a) Schematic side views of the
two degenerate ferroelectric phases (B and
B′) and the nonpolar phase (A). (b) Double-
well potential versus polarization for T pen-
tasilicene. Eb is the potential barrier. A, B,
and B′ correspond to the phases in (a). (c)
The dipole-dipole interaction energy in T
pentasilicene calculated by using the mean-
field method. (d) Variation of polarization
with temperature obtained from MC simu-
lations for T pentasilicene.

(P). One can see that the energy profile has a double-
well shape (purple balls), which is an important feature of
ferroelectric materials. We observe that when h is larger
than 0.57 Å, the monotonic relationship between P and
h is destroyed (see Text S5 in the Supplemental Material
[23]). As a result, in Fig. 5(b), we only show the DFT
results with h < 0.57 Å, rather than the complete shape
of the double-well potential. Even so, because the transi-
tion is between phases A and B (B′), the data presented in
Fig. 5(b) is enough to estimate the Curie temperature. By
fitting the power function, we obtain the values of param-
eters A (−0.962) and B (2.89 × 10−3). The last term of
Eq. (6) represents the dipole-dipole couplings between the
neighboring cells, which are calculated using the super-
cell approach and the mean-field approximation. The DFT
results with a parabola shape are plotted in Fig. 5(c), which
validates the use of the second-order approximation. By
fitting the points, we find parameter C to be 0.316.

Based on the effective Hamiltonian, as given in Eq. (6),
we performed MC simulation to estimate TC. To eliminate
the effect of translational symmetry, a 50 × 50 supercell is
used. We run more than 2 000 000 MC steps to reach ther-
mal equilibrium, followed by at least another 2 000 000
MC steps to obtain thermal averages. The results of the
MC simulation are plotted in Fig. 5(d). One can see that
the intrinsic TC of the T pentasilicene monolayer is about
1190 K, which is inferred from the abrupt drop of polar-
ization around this temperature. It is important to point out
that the magnitude of TC is rather large. This is mainly

caused by the higher configurational energy barrier (Eb)
as shown in Fig. 5(b). In the above, we have demonstrated
that the total energy difference between the original and
tilted pentasilicene is 81 meV per unit cell. This value
is close to kBTC (102.55 meV), indicating that Eb plays
a dominant role in determining TC of T pentasilicene. In
addition, we note that stable tilted Si dimers have been
observed on a Si (001) surface at low temperatures [38].
When the temperature is elevated to 200 K, the dimer
atoms start to flip in a double-well potential separated by
an energy barrier of 100 meV [39]. This potential profile is
exactly same as that of T pentasilicene in our study. More
interestingly, analysis of the reflection high-energy elec-
tron diffraction (RHEED) rocking curve shows that there
exists a phase transition of a Si (001) surface around 900 K.
This corresponds to the transition of the Si dimer struc-
ture from the asymmetric to symmetric configuration [40].
This phenomenon accounts for the metallization of the Si
(001) surface [41]. As mentioned before, the band gap of
the T pentasilicene (0.65 eV) is larger than that of the
original structure (0.45 eV). Because of these similarities
(double-well potential with comparable Eb and reduction
of electronic band gap), it is easy to understand that the TC
of T pentasilicene (1190 K) is close to the phase transition
temperature of the Si (001) surface. Thus, we conclude that
the TC value obtained from the MC simulation is reliable.

The large TC indicates the stability of the ferroelec-
tric phase, making T pentasilicene a desirable material for
device applications at ambient temperature. For instance,
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it can potentially replace ferromagnetic RAM devices,
as T pentasilicene combines the features of a semicon-
ductor and ferroelectricity, while most ferromagnets are
metals. In addition, compared with the insulating tradi-
tional ferroelectric materials (e.g., perovskites [4,5] and
polyvinylidene difluoride [42,43]) or binary oxides (e.g.,
HfO2/ZrO2 [3]), T pentasilicene has a narrow band gap
with dispersive band edges, as shown in Fig. 4(a). Thus,
it could entail both functions of nonvolatile memory and
manipulation of signals, and better transport properties can
be expected to achieve high device performance. The cal-
culated coercive electric field of T pentasilicene is about
0.2 V/Å. This may be a major concern for its data stor-
age, because such a large value implies a high working
voltage, which would lead to a high writing energy. How-
ever, such an electric field strength can be reduced at a
finite temperature. In addition, unlike general ferroelectric
materials, there is no lattice strain change during the phase
transition of T pentasilicene. This stress-free phase transi-
tion does not have the usual stress accumulation that could
induce material damage after many cycles, thus ensuring
its reversibility.

The fundamental properties of T pentasilicene imply
that it can work as a potential ferroelectric device once it
is fabricated. However, the device performance does not
uniquely depend on the intrinsic properties of a material.
For practical applications of T pentasilicene, some other
factors need to be considered, such as interface effects by
substrate and its behavior under an external field. One also
has to consider protecting it by nonreactive layers (such
as BN), since sp2 hybridized Si is chemically reactive.
Hence, future insightful studies are expected to confirm our
predictions on T pentasilicene.

IV. CONCLUSIONS

In summary, using a classical displacement model com-
bined with DFT calculations, we show that the large
Coulomb repulsion between charged Si3 atoms accounts
for the instability of pentasilicene. We predict an alterna-
tive dynamically stable T pentasilicene sheet composed of
only Si five-membered rings, which exhibits in-plane fer-
roelectricity. Our study realizes spontaneous electric polar-
ization in a light single-element system. Using Landau-
Ginzburg theory, we estimate the Curie temperature of
this material to be 1190 K. Such a high TC suggests a
robust ferroelectric stability of the T pentasilicene sheet,
with potential for applications in nanoelectronic devices.
Given that the T pentasilicene sheet is solely composed of
Si atoms, it could be integrated into the well-developed
Si semiconductor wafer technology. We hope that our
study will stimulate more research into this material and
our prediction can be experimentally validated in the near
future.
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