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Hyperferroelectricity (HyFE) is an intriguing phenomenon in which spontaneous polarization persists under
an open-circuit boundary condition (OCBC) despite the existence of a depolarization field. However, small
polarization and shallow well depth have been found so far in most hyperferroelectric materials, which severely
limits their applications. Using first-principles density functional theory, we report the discovery of a giant
hyperferroelectricity in LiZbSb. The HyFE spontaneous polarization is shown to be remarkably large with
P = 0.282 C/m? under OCBC, which is one order of magnitude greater than the HyFE polarization in LiNbO;.
Furthermore, HyFE in LiZnSb is found to be exceptionally stable with a well depth of electric free energy
AF = —332meV, which makes LiZnSb a possible hyperferroelectric solid at room temperature. The origin of
the giant hyperferroelectricity in LiZnSb is identified and is attributed to the large mode effective charge of the
soft longitudinal-optic phonon and the large high-frequency dielectric constant.
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I. INTRODUCTION

Hyperferroelectricity (HyFE) is an interesting phe-
nomenon of both fundamental and technological importance
[1-3]. Differing from improper ferroelectrics (with the dom-
inating structural instability occurring at the zone boundary)
[4-7], materials with HyFE are a class of proper ferroelectrics
(FEs) in which ferroelectric instability originates from the
soft phonons at the zone center. When proper FEs are un-
der an open-circuit boundary condition (OCBC), the strong
depolarization field tends to suppress ferroelectricity [8,9].
Intriguingly, HyFEs are able to maintain polar instability even
under OCBC (despite the existence of depolarization field),
which explains why HyFEs are fundamentally interesting
[10].

Technologically, HyFEs can be potentially very useful in
device miniaturization; for instance, the persisting polariza-
tion in HyFE thin films allows the FE memories to be smaller,
which increases the storage density [11,12]. HyFEs may also
possess unusual properties such as polarization tristability
[13] and negative longitudinal piezoelectric coefficients [14].
Furthermore, HyFEs can be utilized (in heterostructures) to
tune the properties of other functional materials such as topo-
logical insulators or superconductors.

HyFE has been reported to exist in hexagonal ABC-type
semiconducting FEs such as LiBeSb [1] and in LiBO3 com-
pounds (where B can be V, Nb, Ta, and Os) [3]. Furthermore,
HyFE was also shown to be metastable in LiNbO3; under
OCBC [13].

Despite the profound importance of HyFE, many funda-
mental challenges nevertheless remain in the field of HyFE.
More specifically, (i) the spontaneous polarization under
OCBC, found so far in many HyFEs, turns out to be tiny
and not practically useful. For example, the HyFE polariza-
tion in LiBeSb is merely 0.02 C/m2 under OCBC, which
is more than 20 times smaller than the value of 0.59 C/m?
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of the same solid under a short-circuit boundary condition
(SCBC) [1]. Similarly, in LiNbO3; under OCBC, the HyFE
polarization was reported to be 0.023 C/m?, which is drasti-
cally reduced from the polarization of 0.768 C/m? in LiNbO3
under SCBC [13]. The tiny HyFE polarization under OCBC
poses an outstanding obstacle to the technological use of
hyperferroelectricity. It is thus fundamentally important to
search for HyFE materials of large polarization under OCBC.
(i) The well depth of hyperferroelectricity is detrimentally
small, and consequently, the HyFE phase is stable only at very
low temperatures. For instance, the free-energy well depth of
the HyFE phase in LiNbO3; under OCBC is only —1.9meV,
which is two orders of magnitude smaller than the FE well
depth of —227 meV under SCBC [13]. Thermal fluctuation
can thus easily eliminate the hyperferroelectricity in LiNbOj3.
Therefore, seeking the hyperferroelectricity that is stable un-
der room temperature is of critical significance. (iii) HyFE
defies the conventional wisdom by possessing ferroelectricity
despite the strong depolarization field. It is thus profoundly
important to identify the origin for why HyFE exists—and
even better, to discover the mechanism that can lead to strong
HyFE with large polarization.

In this paper, we investigate the hyperferroelectricity
in LiZnSb using first-principles density functional theory.
LiZnSb has been experimentally synthesized [15] and exhibits
interesting properties such as superior thermoelectric conduc-
tivity [16]. We determine the HyFE polarization and well
depth using a rigorous approach based on the electric free
energy under OCBC [17]. When a solid possesses hyperfer-
roelectricity, the electric free energy under OCBC should, by
definition, exhibit a minimum at a structure configuration of
nonzero polarization.

We find that (i) a giant HyFE polarization exists in LiZnSb
under —2% compressive inplane strain, and the magnitude of
polarization is 0.282 C/m? under an open-circuit boundary
condition, which is rather remarkable since this magnitude of
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polarization under OCBC is comparable to the polarization
of 0.21 C/m? in prototypical ferroelectric BaTiO; under a
short-circuit boundary condition [18]. (ii) The hyperferroelec-
tricity in LiZnSb is discovered to be unusually stable, with
a well depth of the electric free energy being —332meV.
It indicates that the HyFE phase in LiZnSb is stable even
under room temperature. (iii) The physical origin responsible
for the giant hyperferroelectricity is shown to stem from two
facts: the mode effective charge of the soft longitudinal-optic
(LO) phonon is large in LiZnSb, and LiZnSb is close to be
metallic with a large high-frequency dielectric constant. This
finding also provides a useful guideline in order to search for
new HyFE materials. (iv) Moreover, we reveal that hyperfer-
roelectricity under OCBC responds to the inplane strain in
an interestingly different manner than ferroelectricity under
SCBC.

II. THEORETICAL METHODS

We employ the density functional theory (DFT) within
the local density approximation (LDA) [19] to calculate the
total (internal) energy, atomic force, cell stress, and opti-
mal structure, as implemented in Quantum Espresso [20,21].
Norm-conserving pseudopotentials of the Troullier-Martins
type are generated to replace the effects of core electrons
[22,23]. Spin-orbit coupling is included in the calculations.
The cutoff energy for plane-wave expansion of the single-
particle wave functions is 120 Ry, which is tested to be
sufficient. A 6 x 6 x 4 Monkhorst-Pack k-mesh is used. A
combination of three different methods is used to investigate
the HyFE properties in LiZnSb. These methods are described
as follows.

(i) The linear-response density functional perturbation
theory (DFPT) [24-27] is used to study the Ilattice
vibration and phonon modes. Phonon frequencies and
eigenvectors are calculated by solving the secular equa-
tion det|#Mme, i8(@) — 0*(@)| =0, where C(§) is the
force-constant matrix, w is eigenfrequency, i and j are atomic
indices, and « and B are the indices of Cartesian direc-
tions [28]. C(§) = C* + C" includes both the analytic part
C? and nonanalytic part C" [26]. The analytic part applies
when there is no macroscopic electric field (i.e., when the
system is under SCBC); C? can be directly calculated using
DFPT [25,26]. The nonanalytic part comes from the interac-
tion between lattice vibration and the macroscopic electric
field, e.g., when the system is under OCBC. C** is com-

na (= _ 4r 2(GZ)a(GZ))p E
puted [26] as Cia,jﬂ(q) =0¢ " Gy.a where Z; is the
Born effective-charge tensor of atom i, and X, is the high-
frequency dielectric tensor due to the electronic response.

Since HyFE is related to soft modes and structural insta-
bility under OCBC [1-3], we begin with the paraelectric (PE)
phase of LiZnSb, and optimize the atomic positions and cell
structure while constraining it to be centrosymmetric. We then
compute the zone-center phonon modes. The existence of a
soft longitudinal-optic (LO) phonon in the PE phase indicates
that the system is unstable under OCBC [1,2]. Nevertheless,
the existence of soft LO phonon does not guarantee that the
system is HyFE [13].

(i) The electric free-energy approach [17] is used to de-
termine whether (or not) HyFE exists in a solid. Once a
zone-center soft LO phonon is determined, we then vary the
atomic configuration using the vibration eigendisplacement
|ii; > of this soft LO phonon, according to 7;(1) = 7 ¢ 4 Acil;,
where {7{} is the configuration of the PE phase, A is the
control parameter, and c is the lattice constant along the po-
larization direction.

The electric free energy of a polar solid under a finite elec-
tric field E is defined [29] as F = U — Q[PE + j€oxoE?],
which U is the internal energy, 2 the unit-cell volume, P
the electric polarization, and xo, = Egg — 1 is the component
of high-frequency dielectric permittivity. Here both P and E
are along the polar direction, and therefore the vector nota-
tion is dropped. Using the free energy, one obtains the total
polarization under a finite electric field as Py = —é% =
P + €pxooE. In this equation, the electronic contribution to
the total polarization (due to the field-induced wave function
distortion) is included in the second term via high-frequency
dielectric permittivity x... The ionic contribution is included
in the first term (which is the Berry-phase polarization for
new atomic positions after ions move). Therefore, the di-
electric permittivity from ions is included in the free energy
via polarization P and need not be accounted again. Using
the vanishing electric displacement D = 0 under OCBC, the
electric free energy along the LO configuration path can be
analytically determined as [17]

1+ 2xee)
272 P2y, 1
€oll + xoo(M)]? @) M)

The second term in Eq. (1) is the energy cost due to the
existence of depolarization field and will be denoted as the
depolarization energy Ugp(1). By definition, a solid will be
HyFE if the electric free energy F(A) has a minimum at
nonzero A (i.e., at a configuration with nonzero polarization).

(iii) The electric polarization P in Eq. (1) is computed
using the modern theory of polarization via the geometric
Berry-phase approach [30,31]. Microscopic understanding of
electric polarization can be further obtained using the theory
of polarization structure [32].

FRO)=U®)+Q®)

III. RESULTS AND DISCUSSIONS

A. Structural and electronic properties of LiZnSb

The centrosymmetric PE phase of LiZnSb has P63;/mmc
symmetry, and its unit cell is shown in Fig. 1(a), where
Zn and Sb atoms are located on the same plane, and Li
atoms occupy the intercalated positions. Polar LiZnSb (i.e.,
the FE phase) exhibits a LiGaGe structure with P63mc group
symmetry, where Zn and Sb atoms occupy the sites of the
wurtzite sublattices. The unit cell of the FE phase of LiZnSb
is shown in Fig. 1(b). The atomic positions and spontaneous
polarization in FE LiZnSb were reported previously [33,34],
but hyperferroelectric properties were not investigated in these
studies.

The lattice constants obtained in our calculations are a =
4.392 A and ¢ = 7.490 A for the PE phase of LiZnSb, where
atoms are located at Li (0, 0, 0), Zn (2/3, 1/3, 1/4), and Sb
(1/3, 2/3, 1/4). For the FE phase of LiZnSb, our calculated
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FIG. 1. (a) A three-dimensional (3D) view of the unit cell of
LiZnSb in the centrosymmetric PE phase; (b) a 3D view of the unit
cell of LiZnSb in the FE phase. (c—e) The side views of the phonon
eigenvectors of the following modes in PE LiZnSb under a —2%
inplane strain: (c) soft transverse-optic A,,(TO;) mode; (d) nonpolar
B, mode; (e) soft longitudinal-optic A,,(LO;) mode. Atomic vibra-
tion amplitude and direction are shown in arrows. Li, Zn, and Sb
atoms are shown respectively in green, gray, and gold.

lattice constants are a = 4.355A and ¢ = 7.073 A, which
agree well with the values a = 4.376 A and ¢ = 7.081 A in
Ref. [33], as well as with the results a = 4.341 A and ¢ =
6.962 A in Ref. [34]. Atomic positions of FE LiZnSb are de-
termined to be Li (0, 0, 0), Zn (2/3, 1/3, 0.342), and Sb (1/3,
2/3, 0.224) in our calculations, which are in good agreement
with other studies (see Table I for comparison). Further-
more, our calculated electric polarization for FE LiZnSb under
SCBC is 0.544 C/mz, and our calculated depth of the FE
double well is —0.776eV. These values are consistent with
the electric polarization of 0.56 C/m? and FE well depth of
—0.8 eV in another study [33]. All these results show that our
calculations are rather reliable.

TABLE 1. The lattice constants and atomic positions in the FE
phase of LiZnSb. Atomic positions are given in the framework of
lattice vectors, where one Li atom is placed at the origin. The second
column is our results, and the third column is the results obtained in
other studies.

Quantity Our work Other work
a(A) 4.355 43764, 4.341°
c(A) 7.073 7.081°, 6.962"
Zn (2/3,1/3,0.342) (2/3,1/3,0.331)2,
(2/3,1/3,0.335)°
Sb (1/3,2/3,0.224) (1/3,2/3,0.212)%,

(1/3,2/3,0.217)°

2Reference [33]

bReference [34].
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FIG. 2. Band structures of centrosymmetric (PE) LiZnSb under
the following inplane strains: (a) under zero inplane strain and (b) un-
der a compressive —2% inplane strain. In (a), the band structure of
unstrained LiZnSb is shown in the left; the enlarged band structure
close to the Fermi level near I" point is given in the bottom of the
right. The Brillouin zone and high-symmetry points are given in the
top of the right. In (b), the band structure of LiZnSb under a —2%
inplane strain is shown in the left; the density of states (DOS) is given
in the right(with the DOS near the band gap being enlarged in the
inset).

Since hyperferroelectricity often occurs near the PE phase
[1] and requires the knowledge of structural instability of soft
LO phonon in the PE phase [13], we thus examine the PE
LiZnSb in greater detail. The calculated band structure of
PE LiZnSb is shown in Fig. 2(a). Interestingly we find that
LiZnSb in the PE phase is metallic (or semimetal). Specifi-
cally, Fig. 2(a) reveals that, near the zone-center I" point, the
top valence band and the bottom conduction band cross the
Fermi energy [see the enlarged band structure in the bottom-
right of Fig. 2(a)], showing that the system is indeed metallic.

Strictly speaking, the metallic nature of PE LiZnSb does
not allow us to investigate polarization and hyperferroelec-
tricity, since the modern theory of polarization via the Berry’s
phase approach requires that the system must remain insulat-
ing when it adiabatically moves along the path between the PE
phase and the FE phase [30,31], in order for the electric po-
larization to be meaningfully defined. In metallic systems, the
electric polarization, Born effective charges, and the LO/TO
splitting are thus ill-defined [35,36], which prevents the in-
vestigation of the LO phonon and hyperferroelectricity under
OCBC.

To drive the system out of the metallic state, we decide
to apply the biaxial compressive inplane strain to LiZnSb.
The band structure of PE LiZnSb under a —2% inplane strain
is given in the left of Fig. 2(b), showing that a direct band
gap notably opens at the I" point. To further confirm that the
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system is insulating, we compute the density of states (DOS)
across the full Brillouin zone (instead of the high-symmetry
k paths as chosen in the band structure), and the obtained
DOS is depicted in the right of Fig. 2(b). Our calculated DOS
reveals that there is a sizable band gap of ~0.3 eV between the
fully occupied valence states and the unoccupied conduction
states, demonstrating that LiZnSb under a —2% inplane strain
is indeed an insulator. Moreover, we also examine other mag-
nitudes of compressive inplane strains, ranging from —1% to
—6%. We find (see the Appendix for details) that the LiZnSb
solids under the considered range of compressive strains are
all insulators, with the band gap varying from 0.10 eV to
0.45 eV, which thus allows us to investigate the HyFE proper-
ties. In the following, we will largely focus on LiZnSb under
the —2% inplane strain, unless specified otherwise.

B. Giant hyperferroelectricity in LiZnSb

Existence of soft LO phonon was previously demonstrated
to be an important and necessary (although not sufficient) con-
dition for the emergence of HyFE [13]. We thus first perform
linear-response calculations and determine the soft modes in
PE LiZnSb under a —2% inplane strain. When LiZnSb is un-
der SCBC (i.e., there is no macroscopic electric field and the
nonanalytic C™ contribution to the force-constant matrix is
not included), we find two soft modes in PE LiZnSb: one is the
polar A,,(TO;) mode at frequency @ = 107; cm™', and the
other is the nonpolar B, mode at frequency @ = 67.8i cm™".
The phonon eigenvectors of these two modes are given in
Fig. 1(c) and Fig. 1(d), respectively. We see that (i) for the
A,(TO) mode in Fig. 1(c), Zn atoms move upward while Sb
atoms move downward, and both types of atoms have large
vibration amplitudes; this mode is thus polar. Meanwhile, the
Li vibration contribution is rather small. (ii) For the B;, mode
in Fig. 1(d), the displacements of two Zn atoms in the unit cell
are opposite, as are the displacements of two Sb atoms. By, is
thus nonpolar with no contribution from Li atoms.

When LiZnSb is under OCBC (i.e., when nonanalytic
C™ contribution is included), we find that the polar LO
mode, A,,(LOy), remains soft with imaginary frequency w =
90.6i cm~!, which indicates a structural instability under
OCBC and a (possible) existence of HyFE. The phonon
eigenvector of Ay, (LO;) is shown in Fig. 1(e). Interestingly,
compared to the transverse A,,(TO;) mode in Fig. 1(c), the
longitudinal A,,(LO;) mode in Fig. 1(e) exhibits a (drasti-
cally) enhanced displacement from Li atoms, while the Zn and
Sb displacements remain large. Therefore, Li atoms play an
important role in forming the soft LO mode. Our calculations
also show that, under OCBC, the frequency of the nonpo-
lar Bj, mode remains almost unchanged at w = 68.2i cm™!,
which is not surprising since this mode is nonpolar and does
not interact with the macroscopic electric field.

After finding that A, (LO,) is soft in LiZnSb under a —2%
inplane strain, we compute the electric free energy F for the
configuration path along the eigendisplacement direction of
this soft mode. If F' exhibits a minimum at a configuration of
nonzero polarization, then by definition the system is HyFE.
The calculated free energy F (1) of LiZnSb under OCBC is
depicted in Fig. 3(a), where the internal energy U (1) and the
depolarization energy Ugp (1) are also plotted for comparison.
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FIG. 3. (a) Electric free energy F (1) (solid dots), internal energy
U (L) (empty triangles), and depolarization energy U;,(A) (empty
squares) in —2% strained LiZnSb under OCBC as a function of A.
The calculated high-frequency dielectric constant €,,(A) is shown in
the inset. (b) The same as (a), except that €., is artificially reduced
to 1/3 of its original value. (c) The same as (a), except that €., is
reduced to 1/4 of its original value.

Figure 3(a) shows that, as A deviates from zero, the free
energy F' starts to decrease, reaches a minimum at A = £0.22,
and then increases [see the curve of solid dots in Fig. 3(a)].
Our results in Fig. 3(a) hence reveal that LiZnSb at the PE
configuration (i.e., A = 0) possesses a higher energy and is
unstable under OCBC, and instead, LiZnSb prefers to be
HyFE at nonzero A. We thus find that LiZnSb is HyFE. We
denote the configuration of LiZnSb at optimal A = £0.22 as
the LO-induced HyFE phase.

Importantly, Fig. 3(a) further reveals that the free-energy
well depth is AFyypg = —332meV, which is remarkably
large. In fact, this HyFE well depth in LiZnSb is more than
100 times deeper than the HyFE well depth of —1.9 meV re-
ported in LiNbOj3 [13]. Furthermore, it is also worth pointing
out that the hyperferroelectric well depth of LiZnSb under an
open-circuit boundary condition is comparable to the ferro-
electric well depth (about —200 meV) of bulk PbTiO3 under
a short-circuit boundary condition [37]. This tells us that (i)
the hyperferroelectricity in LiZnSb is indeed very stable, and
(ii) since the ferroelectric Curie temperature of bulk PbTiOs is
493 °C, LiZnSb is thus likely to be hyperferroelectric at room
temperature, which is appealing because it does not require
cooling.
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We find that the large depth of the HyFE free-energy well
in LiZnSb is caused by the combination of a deep well of the
internal energy U and a small depolarization energy Ug,. As
shown in Fig. 3(a), at optimal A = 0.22, U is —0.537 eV, and
meanwhile, Uy, is small and merely 0.205 eV, which gives rise
to a strongly negative value of —0.332¢eV in free energy F.
Furthermore, we also calculate the electric free energy along
the configuration path of the nonpolar B, mode, and find that
the lowest free energy is AF = —150 meV, which is signif-
icantly higher than AFyyrg = —332meV of the LO-induced
HyFE phase. This confirms that the ground state of LiZnSb is
indeed HyFE under OCBC.

We also calculate the electric polarization of the HyFE
phase under OCBC, using the modern theory of polarization
via the geometrical Berry-phase approach [30,31]. At opti-
mal A = 0.22, the magnitude of the HyFE polarization under
OCBC is found to be Puyrg = 0.282 C/mz, which is gigantic.
Note that this HyFE polarization is about ten times larger
than the Pyypp value of ~0.023 C/m? reported in LiBeSe
[1] as well as in LiNbOs3 [13]. As a matter of fact, the HyFE
polarization in LiZnSb under open-circuit boundary condition
is remarkably comparable to the polarization of 0.21 C/m? in
bulk ferroelectric BaTiOs under short-circuit boundary condi-
tion [18], despite that there is a strong depolarization field in
LiZnSb. This large HyFE polarization is very attractive since
it will open many possibilities for hyperferroelectric applica-
tions; for instance, the HyFE polarization can be utilized to
control the transport properties of semiconductors, supercon-
ductors, and/or topological insulators by forming interfaces
or heterostructures.

C. Origin of the large and stable HyFE in LiZnSb

With the discovery of a giant polarization under OCBC and
attractively stable hyperferroelectricity in LiZnSb, we now
attempt to provide the physical origin of these interesting
phenomena. We find that the strong hyperferroelectricity in
LiZnSb can be attributed to two key quantities: (i) a large
mode effective charge (MEC) of soft LO phonon and (ii)
a large high-frequency dielectric constant €, (i.e., from the
electronic contribution). Here the £33 component of the high-
frequency dielectric tensor is abbreviated as €.

We first find that a large mode effective charge is important
in order to generate a large HyFE polarization. For an arbitrary
phonon mode with normalized eigendisplacement u:’g , the
mode-specific effective charge Z,? is defined as [13]

2,1 =) Ziuptly @)
i

where n is the index of phonon branch, g the phonon wave
vector, i the atom index, Z; the dynamic Born effective-charge
tensor of atom i, and « and B are the indices of Cartesian
directions. Note that, after the summation over g in Eq. (2),
qu is a vector (not a tensor). Using the definition of MEC,

it is straightforward to show that the HyFE polarization is
directly proportional to MEC as AP, = éZf‘i ¢ AX, where ¢
is the c-axis lattice constant. A large MEC will thus generate
a large HyFE polarization. The most important component of

MEC is the Z; component along the polarization direction. We

quantitatively calculate the 23 value for the soft longitudinal-
optic Ay, (LLO1) mode in LiZnSb under —2% strain, and the
obtained Z3 value is 2.59. To illustrate whether this value is
large or small, we compare it to the Z; value (merely 0.39)
of soft LO mode in LiNbOj3 [13]. We see that the Z3 value in
LiZnSb is more than 600% larger than the value in LiNbOs3,
which is one key reason why the HyFE polarization in LiZnSb
is large [38].

To demonstrate the importance of the high-frequency di-
electric constant €.,, we artificially reduce the €,, value by
a factor of 1/3 (as well as by a factor of 1/4), and then
recalculate the electric free energy F along the A,,(LO;)
configuration path. The calculated free energies are given
in Fig. 3(b) and Fig. 3(c). Figure 3(b) shows that, when
the dielectric constant is changed to 1/3 of the original
value, the free-energy well depth sharply decreases to AF =
—33.4meV, which is much smaller than the original value
AF = —332meV in Fig. 3(a). Furthermore, the optimal A of
the free energy in Fig. 3(b) is also significantly reduced to
A =0.12, as compared to A = 0.22 in Fig. 3(a). Since the
HyFE polarization is directly proportional to the optimal A,
we thus see from Fig. 3(b) that, when €., is reduced, both
the HyFE instability and the HyFE polarization are drastically
weakened. When the dielectric constant €, is further reduced
to 1/4 of the original value in Fig. 3(c), we notice that the
minimum of the electric free energy is no longer located at a
nonzero A. Instead, it is located at A = 0, and the PE phase be-
comes most stable under OCBC. Therefore the system is not
HyFE. The calculation results in Fig. 3(b) and Fig. 3(c) thus
demonstrate that the large dielectric constant €4, in LiZnSb is
indeed important.

It is rather intuitive to understand why both MEC and
€ are important in order to produce strong HyFE. First,
to generate large Pyyrg polarization, a large Z3 of soft LO
phonon is needed since Pyypg is proportional to 23. Mean-
while, a large Pyyrg tends to (detrimentally) give rise to a large
depolarization energy Ugp, which reduces the well depth AF
of the HyFE free energy and weakens the HyFE instability. To
reduce Uy, while maintaining a large Ppyrg, large € is thus
needed since Uy, is inversely proportional to €4, according to
Eq. (1) [39].

Our finding that large high-frequency dielectric constant
€0 1s beneficial to generate strong HyFE also provides a
useful guide for searching for new HyFE materials. Since
large €4 is often associated with small electronic band gap
[40], new HyFE materials with strong HyFE should thus have
a small band gap and a large mode effective charge of soft LO
phonon.

We recognize that materials of small band gap tend to have
a low dielectric breakdown electric field. It is thus helpful
to estimate the hyperferroelectricity-switching electric field
E and the dielectric breakdown electric field E;, in LiZnSb.
Considering the facts that (i) the free-energy barrier (~0.3eV)
of LiZnSb under OCBC is comparable to the internal-energy
barrier (~0.2eV) of PbTiO3 under SCBC and (ii) the (intrin-
sic) switching electric field in PbTiO3 thin film is on the order
of 107 V/m in experiment [41], it is thus reasonable that the
intrinsic switching electric field E; of the hyperferroelectricity
in LiZnSb under OCBC will be also on the order of 107 V/m.
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Note that the extrinsic switching field will be one or two
orders of magnitude smaller than the intrinsic switching field,
since the nucleation of opposite domain is easier due to the
existence of defect or domain wall. Real E; may thus be con-
siderably lower than the value estimated above. Meanwhile,
the breakdown electric field E;, of LiZnSb can be estimated us-
ing ei,.Eb d = E,, where €, = 30 is the relative zero-frequency
dielectric constant, E, ~ 0.3 eV is the band gap, and d is the
film thickness. For d = 20 nm LiZnSb film under OCBC, the
breakdown field E,, is estimated to be 4.5 x 108 V/m, which
is significantly higher than the switching field E,. Therefore,
it is possible that the hypeferroelectricity in LiZnSb can be
switched. Furthermore, we recognize that the band gap (and
thus the dielectric breakdown field) can be enlarged by strain,
pressure, and/or quantum confinement.

There is subtle and important difference between hyperfer-
roelectrics and polar metals, although the band gap of LiZnSb
is small. Hyperferroelectrics require the existence of soft LO
modes (and this soft LO mode often needs to have a large
mode effective charge). In contrast, polar metals may not
possess soft LO modes and are thus not hyperferroelectric,
even if strain opens the band gap. For instance, doping a small
amount of free carriers into PbTiO3 may make it become polar
metal. But PbTiO3; does not possess a soft LO mode and is
thus not hyperferroelectric.

One intriguing question centers on the role of Li atoms
in hyperferroelectricity. To determine the role of Li atoms,
we consider LiZnSb under a —2% strain at the optimal con-
figuration of A = 0.22, and we constrain the displacement
of Li atoms in the soft A,,(LO;) mode to be zero (namely,
the Li atoms are fixed in positions). We then calculate the
internal energy U, polarization P under OCBC, depolarization
energy Ugp, and free energy F. By comparing the values of
these quantities with their counterparts (which are obtained
when Li atoms are not constrained), we can quantitatively
determine how Li atoms affect hyperferroelectricity. We ob-
tain U = —0.577¢eV, P =0.416 C/mz, Ugp = 0.426eV, and
F = —0.151eV for the Li-constrained system, as compared
to U = —0.537¢eV, P =0.259 C/mz, Ugp = 0.205¢V, and
F = —0.332¢V for the Li-unconstrained system. We thus see
that, by allowing Li atoms to move, the depolarization energy
Ugp decreases drastically by more than 50% from 0.426 eV
in the Li-constrained system to merely 0.205 eV in the Li-
unconstrained system, due to the fact that polarization P is
significantly smaller in the latter. As a consequence, the free
energy F is lowered considerably in the Li-unconstrained
system, which stabilizes the hyperferroelectricity. Therefore,
the Li atoms play an important role to stabilize hyperferroelec-
tricity in LiZnSb by decreasing the polarization (and thus the
depolarization energy) under OCBC. This is indeed consistent
with the soft A, (LO;) mode in Fig. 1(e), where the Li atoms
move opposite to the Zn atoms (thus opposite to the direction
of polarization).

D. Strain effects on HyFE

After revealing the origin of strong HyFE in LiZnSb,
we now go one step further and investigate how the HyFE
polarization—and the free-energy well depth—can be tuned
by inplane strain. It is previously demonstrated that inplane
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FIG. 4. The dependences of the following quantities in LiZnSb
as a function of the compressive inplane strain 7: (a) the HyFE
polarization under OCBC (solid dots) and the FE polarization un-
der SCBC (empty triangles); (b) the free-energy well depth AFyyre
of hyperferroelectricity under OCBC (solid dots) and the internal-
energy well depth AUpg of ferroelectricity under SCBC (empty
triangles); (c) the mode-specific effective charge Z of A,,(LOy)
phonon; (d) the optimal A,,.

strain alters ferroelectricity under SCBC [42-46]. However,
the knowledge cannot be naively applied to hyperferroelec-
tricity under OCBC, since the (strong) depolarization field
plays a critical role on HyFE under OCBC (but not on FE
under SCBC). Therefore, it remains intriguing to investigate
how the HyFE properties under OCBC depend on the inplane
strain. Furthermore, it is also interesting to examine how the
response of HyFE under OCBC to the inplane strain may
differ from (or resemble) that of FE under SCBC.

The calculated HyFE polarizations in LiZnSb under OCBC
are given in Fig. 4(a) for different inplane strains. For compar-
ison, we also show in Fig. 4(a) our calculated results on the
FE polarization under SCBC. Figure 4(a) shows that the FE
polarization under SCBC increases monotonously as strain 7
varies from 0% to —6% [see the empty triangles in Fig. 4(a)],
which is not surprising [42—45]. However, and interestingly,
for the HyFE polarization (Pyyre) under OCBC, the behavior
drastically differs: Pyypg first decreases from 0.292C /m? to
0.276 C/m? when strain changes from —1% to —3% (thus
yielding a negative piezoelectric coefficient [46]), and then
increases from 0.277 C/m? to 0.303 C/m? when strain varies
from —4% to —6% [see the solid dots in Fig. 4(a)]. Puyrg thus
depends on the inplane strain in a nonmonotonous manner.
Therefore, Fig. 4(a) reveals one important outcome, that is,
the hyperferroelectric polarization responds to the inplane
strain very differently from the ferroelectric polarization. Also
notably, for every inplane strain within the considered strain
range in Fig. 4(a), the HyFE polarization is found to be large
and around 0.28 C/m?, which is useful for technological ap-
plications.

We like to point out that, for unstrained LiZnSb, although
the PE phase is metallic, it may still be possible to determine
the hyperferroelectric Pyypg polarization as follows. We start
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with the PE LiZnSb and move atoms along the nonpolar
Bi, mode to a configuration where LiZnSb becomes insu-
lating and meanwhile possesses an unstable LO mode. This
insulating atomic configuration is still nonpolar and is used
as a zero reference to calculate polarization. We then move
atoms along the unstable LO mode and find the most stable
hyperferroelectric phase. Using this approach we obtain the
Puyre polarization in unstrained LiZnSb to be 0.292 C/m?
under OCBC.

Furthermore, we also examine how another important
HyFE quantity, namely, the well depth (A Fyypg) of the HyFE
free energy under OCBC, depends on the inplane strain.
The calculated AFyyrg is shown in Fig. 4(b), in comparison
with the well depth AUgg of ferroelectricity under SCBC.
Figure 4(b) shows that the absolute value of the HyFE free-
energy well depth AFyyrg increases with the compressive
strain, varying from 0.32 eV at n = —1% to 0.55 eV at
n = —6% [see the solid dots in Fig. 4(b)]. This reveals that
the HyFE instability can be effectively tuned by the inplane
strain.

The discovery of a nonmonotonous dependence of the
HyFE polarization with the inplane strain in Fig. 4(a) is inter-
esting and, meanwhile, puzzling. We next provide a possible
physical mechanism which leads to this unusual behavior.
First, we find that the decrease of PHypE from n = —1% to
n = —3% is caused by the decrease in the mode effective
charge Z’; Zg of soft A,(LO;) phonon is given in Fig. 4(c),
showing that 75 decreases significantly from n = —1% to
n = —3%. Since the HyFE polarization is directly propor-
tional to Z’;, the decrease of Z5 thus leads to the decline of
the HyFE polarization in the considered strain range. Con-
sidering that the Born effective charges are often valid only
within the linear regime [47], we need be slightly cautious. To
confirm our explanation, we compute the polarlzatlon Pgec
using the mode effective charge as Pggc = —Z3ck We find
that Pggc indeed follows a similar nonmonotonous behavior
as the Berry-phase polarization Pyyrg in Fig. 4(a), showing
that our explanation is reasonable.

On the other hand, the increase of Ppyrg from n = —4% to
n = —6% in Fig. 4(a) can be attributed to the strain-induced
increase of optimal 1,,. (Note that A, is defined as the A value
where the electric free energy is at minimum.) Figure 4(d)
shows the optimal A,, value as a function of inplane strain.
From —1% to —3% strains, A, is similar and increases only
slightly. However, when strain is varied from —4% to —6%,
A increases more drastically, which gives rise to the enlarged
HyFE polarization since Pyypg is proportional to A,,. This is
indeed consistent with Fig. 4(a) when strain varies from —4%
to —6%.

Our finding on the strain dependence of hyperferroelec-
tricity in LiZnSb could be technologically useful for the
following reasons: (i) It reveals that the HyFE polarization
can be effectively tuned by strains, despite the existence of
strong depolarization field under OCBC. (ii) It also shows
that the well depth of the HyFE free energy and HyFE in-
stability can be considerably adjusted by inplane strain. This
can be used to modify the Curie temperature for hyperferro-
electricity. Furthermore, it may also be utilized to decrease
the HyFE well depth, making the HyFE polarization easier to
switch.

IV. CONCLUSIONS

A combination of three different methods—the linear-
response density-functional perturbation theory, the electric
free energy, and the modern theory of polarization—are
used to investigate the hyperferroelectricity in LiZnSb. Fur-
thermore, the strain dependence of the hyperferroelectric
properties is also studied. Our main findings are summarized
in the following.

(i) A giant hyperferroelectricity is discovered in LiZnSb.
More specifically, in LiZnSb under —2% strain, the HyFE po-
larization under an open-circuit boundary condition is found
to be 0.282 C/m?, despite the existence of a depolarization
field. This magnitude of polarization under OCBC is ten times
larger than most of the HyFE polarizations reported so far
in other materials [1,13], and is in fact comparable to the
ferroelectric polarization of prototypical bulk BaTiO; under
SCBC (i.e., without the depolarization field). This giant HyFE
polarization should open many technological applications of
hyperferroelectricity.

(ii) The hyperferroelectricity in LiZnSb under OCBC is
shown to be robust and remarkably stable. The well depth
of free energy in LiZnSb under —2% strain is determined to
be —332 meV. Note that this well depth is under OCBC, and
its value is comparable to the FE well depth (—200 meV) of
bulk PbTiO3 under SCBC. Considering that the Curie temper-
ature of bulk PbTiO5 is T¢c = 493 °C, our result indicates that
LiZnSb under OCBC is hyperferroelectric at room tempera-
ture.

(iii) The origin of the strong hyperferroelectricity in
LiZnSb is found to come from two factors, both being im-
portant. One is the large mode effective charge of the soft
A,,(LO;) phonon, and the other is a large high-frequency
dielectric constant €.

A large MEC of the soft A,,(LO;) phonon is critical
since it can produce a large HyFE polarization. In LiZnSb
under —2% strain, Z3 of soft A,,(LO;) phonon is calculated
to be 2.59, which is more than 600% times larger than the
value of 0.39 in another hyperferroelectric LiNbO3. Since the
HyFE polarization is directly proportional to Z3 of the soft
LO phonon, a large MEC will thus lead to a large HyFE
polarization.

Meanwhile, a large HyFE polarization often detrimentally
gives rise to a strong depolarization field, which tends to
eliminate hyperferroelectricity. To maintain HyFE, large di-
electric €., constant becomes necessary and important, since it
reduces the depolarization energy [see Eq. (1)] and allows the
well depth of electric free energy to be deep, thus stabilizing
HyFE. Our calculations reveal that, when €, is reduced to 1/3
of its original value in LiZnSb, the free-energy well depth is
drastically reduced by a factor of ten from AF = —332meV
to AF = —33.4meV, showing that the HyFE instability is
strongly suppressed. When €, is further reduced to 1/4 of
its original value, HyFE completely disappears.

(iv) We further find that both the HyFE polarization and
the HyFE free-energy well depth can be effectively tuned by
inplane strain (Fig. 4). This tunability allows us to adjust
the HyFE well depth and polarization, depending on what
is needed in practical applications. Moreover, we also reveal
that the HyFE polarization responds to the inplane strain in a
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FIG. 5. Electronic band structure of centro-symmetric LiZnSb under the following compressive inplane strains: (a) —1%, (b) —2%,
(c) =3%, (d) —4%, (e) —5%, and (f) —6%. The band gap is direct in (a)—(c) and becomes indirect in (d)—(f).

(considerably) different manner than the FE polarization.
While the FE polarization in LiZnSb under SCBC shows
a continuous increase with the increasing compressive
strain, the HyFE polarization under OCBC nevertheless ex-
hibits an interesting and nonmonotonous strain dependence.
Considering that hyperferroelectricity is an intriguing new
phenomenon, we hope that the rich and interesting results
obtained in this study will stimulate more theoretical and
experimental interest in the field.

the strain continues to increase from —4% to —6%, Figs. 5(e)
and 5(f) reveal, first, that the fundamental band gap in this
strain range is no longer direct. More specifically, the CBM
state changes from I" to a k point between H and A, while the
VBM state is still located at I'. Second, the fundamental band
gap starts to decrease. Nevertheless, the system remains with
a finite band gap in the whole considered strain range (i.e.,
from —1% to —6%).
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APPENDIX: ELECTRONIC BAND STRUCTURES AND I_o_z J R
ELECTRIC FREE ENERGIES OF LIZNSB UNDER i i
DIFFERENT COMPRESSIVE INPLANE STRAINS 0.4
In this Appendix, we describe in detail the calculated . d A 3% I
electronic band structures of centrosymmetric LiZnSb under 064 @ -5% |
different inplane strains, which are reported in Fig. 5. Fig- ) U
ure 5(a) reveals that, at —1% strain, a band gap clearly opens 1 ———r—r—Tr—r—r——— [
at I', showing that the system is an insulator, and therefore, 0.00 0.06 0.12 0.18 0.24 0.30 0.36
both the Born effective charges and the electric polarization N

are well defined. When strain increases from —1% to —3%,
Figs. 5(b) and 5(c) show that the band gap increases, and the
gap is direct at the zone-center I' point. As strain is further
increased to —4%, the local conduction band minima (CBM)
have similar energies at several k points, while the valence
band maximum (VBM) remains at I' [see Fig. 5(d)]. When

FIG. 6. Electric free-energy F'(X1) (marked as F) as a function of
A in strained LiZnSb under OCBC, for the following different inplane
strains: —1% (solid squares), —3% (empty triangles), and —5%
(solid circles). Internal energy U (A) (marked as U) and depolariza-
tion energy Ug,(A) (marked as Uy, ) are also shown for comparison.
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Figure 6 shows the electric free energy in LiZnSb under
—1%, —3%, and —5% strains, where the internal energy U
and depolarization energy Uy, are also plotted. Figure 6 re-
veals that (i) the well depth of free energy becomes deeper

as strain increases and (ii) the depolarization energies of dif-
ferent inplane strains remain small and interestingly similar,
since the high-frequency dielectric €., constant is high for all
considered strains.
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