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Pressure-induced ferroelectric transition in LiBC
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Ferroelectricity is usually suppressed by pressure. Here, we establish a general phenomenological theory to
describe pressure-induced ferroelectrics and then relate it to real materials. Based on first-principles calculations,
we identify a pressure-induced ferroelectric transition in which the nonpolar LiBC in the ZrBeSi structure type
transforms into the polar state in the LiGaGe structure type at about 108 GPa. The pressure-induced ferroelectric
LiBC has a larger polarization of 1.95 C/m2 and band gap of 3.27 eV at 110 GPa. A ferroelectric multiple-well
energy as a function of polar distortion is found. The pressure-induced ferroelectric transition is driven by the
softness of one of the A2u modes in the nonpolar LiBC above 60 GPa. We also find an enhancement of a dynamic
transfer of charge along the B–C bond under pressure, which indicates that the ionic electrostatic interactions
become stronger. Our work demonstrates the existence of pressure-induced ferroelectrics and thus provides
opportunities to design devices with ferroelectrics working on high-pressure conditions.

DOI: 10.1103/PhysRevB.106.174106

I. INTRODUCTION

Ferroelectric materials are one of typical functional ma-
terials having wide technological applications. There is
a ferroelectric structure transition from a nonpolar high-
symmetry phase to a polar phase. The electric polarization
of a ferroelectric can be switched by an applied electric
field. Many ferroelectrics have been discovered including
perovskite oxides ABO3, hexagonal ABC [1], diatomic GeTe
and PbS (distorted NiAs-type structure), two-dimensional fer-
roelectrics [2], and so on [3]. It is generally believed that
ferroelectricity is typically suppressed under hydrostatic com-
pression [3]. In 1975, a classical work on this topic was
published by Samara et al. [4]. They found that the transition
temperature decreases with hydrostatic pressure for displacive
phase transitions with soft zone-center phonons in perovskites
with no known exceptions at that time. They also expected
that the transition temperature may vanish under sufficiently
high pressure. From then on, much effort has been expended
to investigate ferroelectrics under pressure.

Pressure-induced ferroelectricity in (NH4)3H(SO4)2 was
discovered by Gesi in 1977 [5]. Two ferroelectric phases
were found and a two-sublattice model was proposed to
explain dielectric properties influenced by the pressure. High-
pressure Raman study on PbTiO3 has been carried out and
a tricritical point in the (P, T ) phase diagram was found
[6]. Initially, PbTiO3 was predicted to violate Samara’s the-
ory [7]. However, experimental results revealed that there
were complex structural phase transitions for PbTiO3 under
pressure [8]. In the ferroelectric PbMg1/3Ta2/3O3, the lead
displacement was found to decrease under pressure [9]. For

*zhanghu@hbu.edu.cn

BiFeO3, six phase transitions from the ferroelectric phase to
nonpolar phases were reported experimentally [10]. The tran-
sitions from the R3m polar phase to monoclinic polar phases
were reported in PbFe0.5Nb0.5O3 [11]. Different from con-
ventional multiferroics, magnetoelectric coupling and polar
phases were not suppressed under pressure. A reentrant fer-
roelectric phase in the superlattice (Pb0.5Bi0.5)(Ti0.5Fe0.5)O3

above 7 GPa was reported by Singh et al. [12]. Pressure-
induced multiferroics RMnO3 (R is a rare-earth ion) were
predicted [13]. Pseudo Jahn-Teller effects were considered to
be reasons for induced spontaneous polarization in RMnO3.
In 2021, experimental works by Deemyad et al. proved that a
polar metal emerges in a pressure-induced ferroelectric-like
transition for antiperovskites Hg3Te2X2 (X = Cl, Br) [14].
The band gap of Hg3Te2Br2 closed from 2.5 eV to metal-
lic polar state. From the viewpoint of fundamental physics,
ferroelectrics (insulators or semiconductors) may be induced
by pressure.

In this work, we firstly set up a general phenomenological
theory to describe pressure-induced ferroelectric transitions
in which ferroelectrics are created. This theory allows us to
get main physical features of such structure transition driven
by pressure. Then, we identify a previously unrecognized
hexagonal ABC ferroelectric material LiBC in the LiGaGe
structure type with the P63mc symmetry [1] induced by high
pressure (∼108 GPa) as calculated in Ref. [15] through global
structural minimization. At ambient pressure, LiBC is in the
nonpolar state with the P63/mmc ZrBeSi structure type. High
pressure drives it into the polar state. With the help of first-
principles calculations, we study the physical mechanism of
the structure transition from the nonpolar phase to the polar
phase under pressure. The ferroelectric multiple-well energy
is found for LiBC different from the characteristic double-
well energy for typical ferroelectrics. The softness of one
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of the A2u modes above 60 GPa is discovered, which is the
key issue to understand the pressure-induced ferroelectric
transition. Born effective-charge, dielectric- and piezoelectric
responses are also investigated. The relations between the
behavior of LiBC and our phenomenological theory are an-
alyzed.

II. METHODOLOGY

To study physical properties of real materials under
high pressure, we have performed first-principles calcu-
lations based on density-functional theory [16] with the
Perdew-Burke-Ernzerhof functional in generalized gradient
approximation (GGA) [17] in the Vienna Ab initio Simulation
Package (VASP) [18–20]. We used a 12 × 12 × 12 Monkhorst-
Pack grid [21] and an energy cutoff of 650 eV. The crystal
structures were relaxed until the Hellmann-Feynman forces
were less than 1 meV/Å. The Berry phase method [22] was
used to calculate the electric polarization. The Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional [23] was used to obtain the
electronic band structures.

III. RESULTS AND DISCUSSION

A. Phenomenological theory

By analogy to the Landau-Devonshire theory [3] describ-
ing the transition from a paraelectric phase to a ferroelectric
phase with the decrease of temperature, we now set up a
phenomenological theory to describe the high-pressure in-
duced ferroelectrics. We choose the origin of enthalpy for the
nonpolar structure to be zero, and thus we write enthalpies as

Hu = 1

2
au2 + 1

4
bu4 + 1

6
cu6 + · · · , (1)

where u is the polar distortion. We use the more gen-
eral parameters polar distortion, not the electric polarization,
since it is hard to define polarization for polar metals.
Hence, this phenomenological theory can also be used to
describe metallic phases. We assume that around the critical
pressure (P ∼ P0)

a = a0(P − P0), (2)

and the other coefficients in the enthalpy expansion are
independent of pressure. Considering the linear pressure
dependence of a, we have the general expression for the
enthalpy:

Hu = 1

2
a0(P − P0)u2 + 1

4
bu4 + 1

6
cu6 + · · · . (3)

According to the reality in materials, c is positive.
The sign of the coefficient b determines the nature of the

paraelectric-ferroelectric transition under pressure. If b > 0,
the enthalpy will evolve continuously as a function of increas-
ing pressure as shown in Fig. 1(a). For P < P0, the nonpolar
structure is in the global minimum and thus the structure
is in the paraelectric phase. There is a transition at P = P0.
For P > P0, there are minima at finite u, which indicate that
the polar structure is in the global minimum and thus the
structure is in the ferroelectric phase. This case is similar to
the second-order phase transition driven by temperature [3].

FIG. 1. Enthalpy as a function of the polar distortion u for (a)
b > 0 and (b) b < 0.

If b < 0, it is clear that even if P > P0 the enthalpy may still
have a subsidiary minimum at nonzero u. As the pressure is
enhanced, this minimum will drop in enthalpy below that of
the nonpolar state, and so will be the dynamically favored
state. The pressure at which this happens is the critical pres-
sure Pc, which now exceeds P0. At any pressure between Pc

and P0 the nonpolar state exists as a local minimum of the
enthalpy. This situation is shown in Fig. 1(b). This type of
phase transition under pressure is similar to the first-order
phase transition driven by temperature. There is also hys-
teresis for ferroelectrics as shown schematically in Fig. 2.
The polarization will not be immediately switched due to the
barrier between different minima for P > P0. This behavior
can be checked experimentally.

FIG. 2. Schematic picture of hysteresis in ferroelectric crossing
critical points.
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FIG. 3. (a) Crystal structure of the nonpolar LiBC with the
P63/mmc ZrBeSi structure type at ambient pressure. Arrows indicate
the displacement of one of the A2u modes. (b) The crystal structure
of the polar LiBC with the P63mc LiGaGe structure type at 110 GPa.
(c) Enthalpies of the polar phase relative to the nonpolar phase as a
function of pressure.

B. High-pressure induced ferroelectric LiBC

At ambient pressure, the nonpolar state of LiBC has the
P63/mmc ZrBeSi structure type as shown in Fig. 3(a). The Li,
B, and C atoms site at the 2a, 2c, and 2d Wyckoff positions,
respectively. The calculated crystal-structure parameters are
a = 2.749 Å and c = 7.035 Å, which are consistent with ex-
perimental results (a = 2.714 Å and c = 7.146 Å) [24]. The
polar phase of LiBC has the P63mc LiGaGe structure type
with Li, B, and C atoms siting at the 2a, 2b, and 2b Wyck-
off positions, respectively, as shown in Fig. 3(b). Through
careful structure relaxation we find that the initial input polar
structure of LiBC is always relaxed to the nonpolar structure
below 60 GPa and thus we cannot obtain the polar structure,
which indicates the instability of the polar structure. Above
60 GPa (before the structural transition), the polar LiBC is
a metastable phase since its enthalpy is higher than that of
the nonpolar structure. In Fig. 3(c), we show the enthalpies’
difference between the polar phase and the nonpolar phase
as a function of pressure. From this we know that the phase
transition pressure is about 108 GPa. The calculated crystal-
structure parameters for the polar LiBC at 110 GPa are a =
2.690 Å and c = 4.356 Å with Wyckoff positions of Li 2a (0,
0, 0.045), B 2b (1/3, 2/3, 0.843), and C 2b (1/3, 2/3, 0.239).
Thus, the lattice constant c is highly reduced by pressure.

FIG. 4. The energy band structures of the nonpolar LiBC at (a)
ambient pressure and (b) 100 GPa. The energy band structures of the
polar LiBC at (c) 60 GPa and (d) 110 GPa. The color lines indicate
the projection to the B pz (red), C pz (blue), B px/y (green), and C
px/y (orange) states.

The HSE electronic structures of nonpolar LiBC at am-
bient pressure are shown in Fig. 4(a), which indicates that
nonpolar LiBC is a semiconductor with an energy gap of 1.59
eV. In the M-K direction, the C-pz and B-pz orbitals occupy
the top of valence bands and the bottom of the conduction
bands, respectively. They form the intralayer π bonding. In
the �-A direction, there are nearly flat bands at the top of va-
lence bands having sp2-hybridized σ -bonding character. For
valence bands at the � point, the σ bands contributed with
px/y orbitals are separated into two classes. The top one is
twofold degenerate with intralayer antibonding and interlayer
antibonding. The lower one is also twofold degenerate with
intralayer antibonding and interlayer bonding. The splitting
of these bands is very small due to the weaker interlayer
coupling. At the � point, four π bands contributed from pz

orbitals locate below the σ bands. The lower one is intralayer
bonding and interlayer bonding (mixing with Li-s orbital).
The top one is intralayer bonding and interlayer antibonding
(no mixing with Li-s orbital). Since the pz orbital is along
the c direction, the interlayer coupling is larger than that of
the σ bands. Thus, the splitting of π bands is relatively large.
Intuitive pictures of these bonding and antibonding characters
are shown in Fig. 5. From the electronic structures of nonpolar
LiBC at 100 GPa (with an energy gap of 1.36 eV) showing in
Fig. 4(b), we can find that the σ -bonding states are no longer
flat and drop in energy compared to the top of valence bands.

The nearly flat bands (weak dispersions) in Fig. 4(a) in-
dicate the two-dimensional feature of these bands. From the
atomic structures of nonpolar LiBC at ambient pressure, we
know that the B and C form two-dimensional planar hexagons
separated by Li layers. The lattice constant c is 7.035 Å.
The distance between each B-C layers is 3.517 Å, which is
significantly larger than the length (1.587 Å) of the B–C bond
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FIG. 5. Schematic pictures of bonding characters in nonpolar
LiBC. (a) σ bonding (left) and π bonding (right) in two-dimensional
planar B-C hexagons. (b) Intralayer antibonding and interlayer bond-
ing (left); intralayer antibonding and interlayer antibonding (right).
(c) Intralayer bonding and interlayer bonding (left); intralayer bond-
ing and interlayer antibonding (right).

in each planar B-C layer. Obviously, bonding between each
planar B-C layers is very weak due to their large distances.
The nearly flat bands in the �-A direction come from the
B–C bonding in each planar B-C layer and have nearly no
contributions from bonding between planar B-C layers along
the c direction. In a word, the two-dimensional σ -bonding
character in nonpolar LiBC at ambient pressure results in
nearly flat bands in the �-A direction at the top of valence
bands. At 100 GP, the lattice constant c is 5.369 Å. The
distance between each B-C layer is 2.684 Å, which is highly
reduced compared to the value of 3.517 Å for nonpolar LiBC
at ambient pressure. In this case, there is weak boding between
each planar B-C layer. The bands in the �-A direction at the
top of valence bands shown in Fig. 4(b) have contributions
from bonding between planar B-C layers along the c direction.
These bands have now lost two-dimensional features and have
weak three-dimensional features and thus are no longer flat
anymore.

The polar LiBC at 60 GPa is a semiconductor with an
energy gap of 3.16 eV as can be found in Fig. 4(c). At the
� point, the C-pz orbitals occupy the top of valence bands
and the C-px/y orbitals locate just below C-pz orbitals. The
B-px/y orbitals occupy the bottom of the conduction bands. In
the �−A direction, the C-pz bands crosses the C-px/y bands.
The band gap of polar LiBC at 110 GPa is 3.27 eV as shown
in Fig. 4(d). At high pressure, the polar LiBC has a larger
energy gap than that of nonpolar LiBC, which indicates that
the bonding hybridization in polar states is stronger. From
these we know that, with the increase of pressure, sp3-like
hybridized bonding is more favorable than sp2-hybridized σ

bonding in LiBC. The reasons for this result are connected

FIG. 6. Multiple-well energy of LiBC as a function of polar
distortion obtained by linear interpolation between the polar and
nonpolar structures at (a)100 GPa and (b) 110 GPa. Red lines indicate
the fitting data with the phenomenological theory.

with the dynamic charge transfer and will be discussed in the
next section.

Figures 6(a) and 6(b) shows the multiple-well energy of
LiBC as a function of polar distortion obtained by linear in-
terpolation between the polar P63mc and nonpolar P63/mmc
structures at 100 and 110 GPa. The polar phase locates at a
local minimum at 100 GPa. Remarkably, there is a saddle
point between the nonpolar and polar structures. The fer-
roelectric multiple-well energy of LiBC shown in Fig. 6(b)
is very different from the characteristic double-well energy
of typical ferroelectrics such as NaMgP [1]. This indicates
the specificity of the ferroelectric LiBC driven by high pres-
sure. The multiple-well energy in Fig. 6(b) is similar to the
case of b < 0 for the phenomenological theory shown in
Fig. 1(b). We have fitted our first-principles results with the
phenomenological theory given in Eq. (3). Results are given
in red lines in Fig. 6. The polar distortion (dimensionless)
u = 1 corresponds to the polar phase. For the ferroelectric
LiBC, we obtain a0 = 2.29 eV/GPa, b = −23.48 eV, and
c = 29.77 eV and higher-order terms with −13.13 and 2.25
eV for u8 and u10, respectively. Obviously, a negative value of
b is obtained. The physical mechanisms of the formation of
multiple-well energy curves are related to phonon modes and
will be discussed in the next section.

In Fig. 6(b) we can also find that the energy barrier between
the polar state and the nonpolar reference state is about 0.3 eV.
This value is comparable to those of known ferroelectrics
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TABLE I. Buckling parameters d and dielectric coefficients in
polar LiBC at various pressure.

Pressure d ε11 ε33 ε11 ε33

(GPa) (Å) (Ionic) (Ionic) (Ion clamped) (Ion clamped)

60 0.461 1.62 3.74 6.76 8.14
70 0.460 1.56 3.38 6.73 7.89
80 0.459 1.52 3.13 6.71 7.72
90 0.457 1.47 2.93 6.70 7.59
100 0.455 1.43 2.78 6.68 7.48
110 0.453 1.40 2.65 6.67 7.40
120 0.451 1.37 2.54 6.66 7.33

BaTiO3 (0.02 eV) and PbTiO3 (0.2 eV) [3]. The barriers of
theoretically predicted ferroelectrics LiBeSb and LiZnSb are
0.58 and 0.80 eV, respectively [1]. These results illustrate
the possibility of realistic switching of LiBC. The computed
polarization of LiBC at 110 GPa is 1.95 C/m2, which is
much larger than those of LiBeSb (0.59 C/m2) and LiZnSb
(0.56 C/m2) [1]. This is due to the strong buckling of the C-B
plane in the polar structure. The buckling parameter, d , can be
defined as the distance along the c axis between the inequiva-
lent B and C atoms in the buckled plane. At 110 GPa, we have
d = 0.453 Å. The typical value of d for other hexagonal ABC
ferroelectrics is 0.1 Å. An extremely large d in LiBC leads to
a large polarization. This is one of the characteristics of the
high-pressure induced ferroelectric LiBC. In Table I we show
buckling parameters d as a function of pressure. The change
of d is rather small. Therefore, the polar structure of LiBC
always accompanies a large buckling parameter.

C. Physical mechanisms of ferroelectric transitions

In this part, we investigate the physical mechanisms of the
high-pressure induced ferroelectric transitions in LiBC based
on the soft-mode theory, which is important to understand
ferroelectricity [3]. For the paraelectric nonpolar phase, the
lowest-frequency polar phonon mode as a function of tem-
perature becomes softer and finally goes to zero frequency.
First-principles calculations give an unstable polar phonon
in the nonpolar reference structure. In the cubic perovskite
structure (e.g., BaTiO3) the unstable polar mode (imaginary
frequencies) is one of three optical T1u modes. A double-
well energy as a function of distortion amplitude is obtained
by freezing the atomic displacement pattern of the unstable
mode. However, we obtain a multiple-well energy for LiBC at
high pressure. Thus, we can expect that the behavior of polar
phonon mode in LiBC at high pressure may be strange.

From the factor group analysis, we know that the nonpolar
LiBC with P63/mmc symmetry have three acoustic modes
and 15 optical modes at the Brillouin-zone center. Optical
modes can be expressed as

2A2u + B2u + 2E1u + 2E2g + E2u, (4)

where the two E2g modes are Raman active; 2E1u and 2A2u

modes are infrared active. One of the A2u modes, that B and
C sublattices move against each other along c [see arrows
in Fig. 3(a)] and Li not at rest, is related to the struc-
tural transition from the nonpolar to polar phases under high

FIG. 7. Frequencies of the (a) A2u and (b) E1u models as a func-
tion of pressure in nonpolar LiBC. The inset shows frequencies of
the A1 mode as a function of pressure in polar LiBC.

pressure. At ambient pressure, our calculated frequency of this
model is 795 cm−1 which is consistent with experimental data
(825 cm−1) [25]. This phonon mode is polarized along the c
direction with the calculated displacement eigenvector of [[0,
0, +0.121], [0, 0, −0.549], and [0, 0, +0.428]] for Li, B, and
C. In Fig. 7(a) we show frequencies of this model as a func-
tion of pressure. Below 60 GPa, the frequency changes very
slowly. There is a discontinuity at 60 GPa. Above 60 GPa, the
frequency decreases with the increase of pressure. The soft-
ness of this phonon mode indicates a structural transition from
the nonpolar to polar phases and will be further explained
below. The calculated displacement eigenvectors (for Li, B,
and C) at 100 and 110 GPa are [[0, 0, +0.174], [0, 0, +0.425],
[0, 0, −0.537]], and [[0, 0, +0.144], [0, 0, +0.443], [0, 0,
−0.531]], respectively. Evidently, the pressure also changes
displacement eigenvectors. For comparison, we plot frequen-
cies of one of the E1u models (B–C bond stretching mode,
odd displacement of BC layers) as a function of pressure
in Fig. 7(b). Obviously, the frequency always increases with
the increasing of pressure. The hardening of this mode is
related to the reduction of cell parameters under high pressure.
Therefore, the property of the frequencies of the A2u mode
under high pressure is significant different from that of the
E1u mode.

With the help of the behavior of A2u modes under high
pressure, the formation of the multiple-well energy curves
shown in Fig. 6 can be understood as follows. From Fig. 7(a),
we can know that the frequencies for one of the A2u modes

174106-5



HU ZHANG et al. PHYSICAL REVIEW B 106, 174106 (2022)

TABLE II. Frequencies of the zone-center phonon modes in po-
lar LiBC at 110 GPa.

Model Frequency (cm−1) Model Frequency (cm−1)

E1 1208 A1 950
E2 1205 B1 853
B1 1090 E2 818
E1 1026 A1 807
B1 960 E2 667

decrease with the increase of pressure above 60 GPa. This
indicates the change of the structural stability of the nonpolar
LiBC. The frequencies are 578 and 540 cm−1 for 100 and
110 GPa, respectively. These values are reduced significantly
compared to the frequency of 795 cm−1 at ambient pressure.
But, it is known that first-principles calculations give imag-
inary frequencies (usually denoted as negative values) for
unstable modes for typical ferroelectrics (such as BaTiO3 and
PbTiO3). For nonpolar LiBC under high pressure, the frequen-
cies of the soft mode are highly reduced but still remain large
even around the phase transition pressure compared to phonon
modes with imaginary frequencies in typical ferroelectrics.
This suggests that nonpolar LiBC still retains its structural sta-
bility to some extent. For typical ferroelectrics, first-principles
calculations give the double-well energy curve, in which the
nonpolar state is a local maximum similar to the case in
Fig. 1(a) for P > P0 with b > 0. In Fig. 6, we can find that the
nonpolar state LiBC is a local minimum, not a local maximum.
This indicates that nonpolar LiBC under high pressure still
retains its structural stability, which is consistent with the large
frequencies (> 500 cm−1) of the soft mode different from
typical ferroelectrics with imaginary frequencies. Such results
also agree with the negative value of b obtained by fitting
our first-principles results with the phenomenological theory.
For both the nonpolar and polar states of LiBC under high
pressure, we have a local minimum, which results in multiple-
well energy curves. However, for typical ferroelectrics, the
nonpolar state is a local maximum and the polar state is a local
minimum, which results in double-well energy curves. These
are reasons of the formation of multiple-well energy curves
for LiBC.

Similar to the nonpolar phase, the zone-center phonon
modes for polar LiBC with P63mc symmetry are 3 acoustic
modes and 15 optical modes that can be expressed as

2A1 + 3B1 + 3E2 + 2E1, (5)

where the two A1 modes are both Raman active and infrared
active, and 3E2 modes are Raman active. Calculated phonon
frequencies at 110 GPa are shown in Table II. One of the A1

modes that B and C sublattices move against each other along
c is related to the A2u mode of the nonpolar structure LiBC.
The calculated displacement eigenvector for this A1 mode at
60 GPa is [[0, 0, −0.271], [0, 0, +0.564], and [0, 0, −0.328]]
for Li, B, and C. The inset in Fig. 7(a) shows frequencies of
this A1 mode as a function of pressure. Clearly, the frequency
always increases with the increase of pressure. The hardening
of this mode is very different from that of the A2u mode. Our
calculated displacement eigenvectors (for Li, B, and C) at

100 and 110 GPa are [[0, 0, −0.163], [0, 0, +0.557], [0, 0,
−0.403]], and [[0, 0, −0.149], [0, 0, +0.554], [0, 0, −0.411]],
respectively. These behaviors of phonon under high pressure
are the physical mechanism of the structural transition from
the nonpolar to polar phases.

For ferroelectrics, the Born effective charges and dielectric
responses are useful to further understand the ferroelectric
transitions from a different view point. The Born effective-
charge tensors are related to the coupling of a macroscopic
field with relative sublattice displacements (zone-center
phonons) in crystals. They can provide insight into ferro-
electric phenomena and be defined as the first derivative of
polarization with atomic displacement [3]:

Z∗
s,αβ = �

e

∂Pα

∂us,β
, (6)

where � is the primitive cell volume and e > 0 is the charge
quantum. The Born charges in ferroelectric perovskites are
strongly anomalous. For KNbO3, Z∗

s for K, Nb, O1, and
O2 are 0.8, 9.1, −6.6, and −1.7, respectively. The Nb and
O1 values are much larger than their nominal static charges
(5 and −2). The Born charges of atoms in LiBC have two
independent components due to its crystal symmetry. The
nominal static charges of Li, B, and C are 1, 3, and −4,
respectively. At ambient pressure, the calculated Born charges
in nonpolar LiBC are Z∗

Li,11 = 0.82, Z∗
Li,33 = 1.46, Z∗

B,11 =
2.34, Z∗

B,33 = 0.34, Z∗
C,11 = −3.16, and Z∗

C,33 = −1.80. These
values show strong anisotropy. At 110 GPa, the Born charges
in nonpolar LiBC are Z∗

Li,11 = 0.79, Z∗
Li,33 = 1.15, Z∗

B,11 =
2.89, Z∗

B,33 = 3.35, Z∗
C,11 = −3.68, and Z∗

C,33 = −4.50, which
indicates that all of Z∗

s,33 are slightly larger than their cor-
responding nominal static charges. In Fig. 8(a) we show the
Born charges of C as a function of pressure for the nonpolar
structures LiBC. Z∗

C,33 is easier to be influenced by the pres-
sure than that of Z∗

C,11. This is related to structure distortion
ability along the c axis in nonpolar LiBC under pressure. On
the other hand, the Born charges in polar LiBC at 110 GPa
are Z∗

Li,11 = 0.96, Z∗
Li,33 = 0.95, Z∗

B,11 = 0.86, Z∗
B,33 = 1.01,

Z∗
C,11 = −1.82, and Z∗

C,33 = −1.96. Compared to values of
nonpolar phase at 110 GPa, Z∗

s,33 are all reduced significantly.
Born charges of C as a function of pressure for the polar LiBC
are shown in Fig. 8(b). Different from the case in nonpolar
LiBC, the change of Z∗

C,11 and Z∗
C,33 is very small. These re-

sults reveal different Born charge properties between nonpolar
and polar structures.

There is a close connection between Born charges and
the softness of the A2u mode. The soft zone-center mode
frequency ωs is given by the difference between a short-range
(SR) interaction and a long-range (LR) interaction [4]:

ω2
s ∝ [SR interaction] − [LR interaction]. (7)

The ionic electrostatic interactions are long range (which
favor the polar ferroelectric state), while covalent interactions
tend to be short range (which favor the nonpolar state) [14].
From above discussions we know that the Born charges Z∗

s,33
in nonpolar LiBC can be easily changed by pressure and are
slightly larger than their corresponding nominal static charges
at 110 GPa. The large values of Z∗

C,33 and Z∗
B,33 (responsible

for the strong long-range Coulomb interaction) are mainly
produced by an enhancement of a dynamic transfer of charge
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FIG. 8. Born charges Z∗
C,αβ as a function of pressure for the

(a) nonpolar and (b) polar LiBC.

along the B–C bond under pressure. Therefore, the covalent
bonds become weaker while the ionic electrostatic interac-
tions become stronger under higher pressure. Based on (7),
this explains the softness of the A2u mode shown in Fig. 7(a)
and thus gives the physical mechanism of the high-pressure
induced ferroelectrics. As a result, the two-dimensional pla-
nar B-C layers (sp2-hybridized σ bonding) become strongly
puckered B-C layers forming three-dimensional B-C frame-
work results in sp3-like hybridized bonding. These are the
reasons why sp3-like hybridized bonding is more favorable
than sp2-hybridized σ bonding in LiBC with the increase of
pressure.

The dielectric coefficients in LiBC have two independent
components determined by its crystal symmetry. In Fig. 9
we plot the pressure-dependent dielectric coefficients for the
nonpolar LiBC. For the ion-clamped contribution, the change
of ε11 is very small with the increase of pressure, while ε33

increases exponentially above 60 GPa. For the ionic contri-
bution, ε33 changes linearly and ε11 changes nonlinearly. The
dielectric coefficients in polar LiBC are given in Table I. The
pressure does not induce significant changes for dielectric
coefficients. The piezoelectric coefficient is d33 = 1.28 C/m2.
These results can be compared with future experimental
results.

Finally, based on above results, we explain the fact that
we can only find the P63mc phase for LiBC under pressure.
Below 60 GPa, we have tested the P63mc phase. Through
careful structure relaxation we find that the initial input polar
P63mc structure of LiBC is always relaxed to the nonpolar

FIG. 9. (a) Ion-clamped contributions and (b) ionic dielectric
coefficients as a function of pressure in nonpolar LiBC.

P63/mmc structure. This indicates that the nonpolar LiBC
is rather stable below 60 GPa, which is consistent with the
slow changes of the A2u mode below 60 GPa as shown in
Fig. 7(a). Above 60 GPa, the frequency decreases with the
increase of pressure. This A2u mode, that B and C sublattices
move against each other along c and Li not at rest, suggests
a structural transition from the nonpolar phase to the polar
P63mc phase under high pressure. The frequencies of other
modes always increase with the increasing of pressure. On
the other hand, both the calculated Born charges Z∗

s,33 and
dielectric coefficients ε33 can be easily influenced by pressure
as shown in Fig. 8 and Fig. 9, which also suggests the struc-
tural instability along the c direction. Together these results
determine the only possible structural transition in which B
and C sublattices move against each other along c. Thus, we
can only find the polar P63mc phase for LiBC under pressure.

IV. CONCLUSIONS

In summary, we have set up a phenomenological theory
to describe pressure-induced ferroelectrics. Based on first-
principles calculations, we identify a ferroelectric transition
for LiBC from the nonpolar P63/mmc ZrBeSi structure to
the polar LiGaGe structure type with the P63mc symmetry at
about 108 GPa. This pressure-induced ferroelectric transition
is related to the softness of one of the A2u modes above
60 GPa. An enhancement of a dynamic transfer of charge
along the B–C bond under pressure is discovered, which in-
dicates that covalent bonds and ionic electrostatic interactions
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become weaker and stronger, respectively, with increasing of
pressure. Dielectric and piezoelectric response properties are
also investigated.
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