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First-principles calculations have been conducted to study the structural, dielectric, and vibrational
properties of ferroelectric and paraelectric BaAl2O4. High-frequency and static dielectric constants, and
phonon frequencies at the Brillouin zone center are reported. Both BaAl2O4 polymorphs are promising
infrared-transparent materials due to their low electronic dielectric constants. The ferroelectric and
paraelectric BaAl2O4 have much smaller permittivity compared to the classical ferroelectric materials.
From an atomic nanostructure standpoint, the abnormally low permittivity of BaAl2O4 polymorphs is
mainly related to low coordination numbers of Ba (9) and Al (4).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

BaAl2O4 has attracted a great attention due to its intriguing
optical properties and exciton effect evidenced by strong photo-
luminescence emission [1,2]. This material also shows excellent
dielectric and pyroelectric properties. However, as a typical com-
plex oxide, BaAl2O4 has a much smaller dielectric constant than
classical ferroelectric materials like BaTiO3 (average static dielec-
tric constant can reach 2450 [3]). The origin of this unexpectedly
low dielectric constant of BaAl2O4 is still unclear. Understanding
the polarization mechanism and ionic contribution to the dielectric
constant is critically important for its optoelectronic applications.

BaAl2O4 exhibits a paraelectric–ferroelectric (PE–FE) phase
transition over a wide temperature range (400–670 K) [4]. In both
structures, corner-sharing AlO4 tetrahedra form a three-dimen-
sional network with hexagonal channels which are filled with Ba2+
cations [4,5]. The crystal structure of low-temperature FE phase
has been determined by single-crystal [6] and powder [7] X-ray
diffraction, respectively. The FE phase adopts a hexagonal struc-
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ture (space group P63) [6,7]. The crystal structure of the PE phase
was proposed by Huang et al. [7], who suggested that PE phase
has a P6322 symmetry, which was confirmed by high resolution
electron microscopy study performed by Abakumov et al. [4].

First-principles calculations are capable of predicting the mate-
rial properties using no empirical data, and this gives the promise
to speed up materials research [8,9]. This work aims to investigate
the dielectric and vibrational properties of BaAl2O4 polymorphs us-
ing first-principles calculations. The crystal structures of FE and PE
phases in this study are from the data of Huang et al. [7] and
Abakumov et al. [4], respectively.

2. Computational methodology

The present first-principles calculations were carried out us-
ing the CASTEP code [10] with norm-conserving pseudopoten-
tials [11]. Modified Perdew–Burke–Ernzerhof GGA functional for
solids (PBEsol) [12] was applied to describe the exchange and cor-
relation potentials. The kinetic energy cutoff for the plane waves
was 900 eV. To sample the Brillouin-zones, a 2 × 2 × 2 (5 × 5 × 3)
Monkhorst–Pack grid of k-points [13] was adopted for a primitive
cell of FE phase (PE phase). The convergence tolerance of energy
change, maximum force on each atom and stress of the optimized
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Table 1
Optimized lattice constants and the internal atom coordinates of the FE-BaAl2O4 and PE-BaAl2O4.

Compound Space group
(No.)

Lattice constants
(Å)

Atom position
(Wyckoff position)

FE-BaAl2O4 P 63 a = 10.264 Ba1(2a) (0, 0, 0.247)
(173) c = 8.656 Ba2(6c) (0.506, 0.005, 0.258)

a = 10.449 [7] Al1(6c) (0.157, 0.332, 0.063)
c = 8.793 [7] Al2(6c) (0.155, 0.329, 0.451)
a = 10.369 [1] Al3(2b) (1/3, 2/3, 0.947)
c = 8.807 [1] Al4(2b) (1/3, 2/3, 0.550)

O1(6c) (0.180, −0.002, 0.984)
O2(6c) (0.686, −0.001, 0.039)
O3(6c) (0.497, 0.184, −0.006)
O4(6c) (0.181, 0.501, 1.002)
O5(6c) (0.121, 0.324, 0.257)
O6(2b) (1/3, 2/3, 0.749)

PE-BaAl2O4 P 6322 a = 5.113 Ba(2b) (0, 0, 1/4)
(182) c = 8.730 Al(4f) (1/3, 2/3, 0.054)

a = 5.224 [4] O1(6g) (0.359, 0, 0)
c = 8.793 [4] O2(2c) (1/3, 2/3, 1/4)
structure was 1 × 10−5 eV/atom, 0.01 eV/Å, and 0.05 GPa, respec-
tively.

The calculation of vibrational and dielectric properties were
performed using density functional perturbation theory (DFPT) [14].
Γ -phonon frequencies and dielectric tensors were computed as
second derivatives of the total energy with respect to atomic
displacements or external electric field [15,16]. The longitudinal-
optical/transverse-optical (LO/TO) splitting of zone center optical
modes was investigated parallel and perpendicular to the (001)
direction approaching to Γ -point.

3. Results and discussions

3.1. Structure optimization

The crystal structure of FE-BaAl2O4, containing 56 atoms in its
unit cell, is a hexagonal structure with space group P63. Figs. 1a
and 1b represent b–c and a–b plane of the unit cell, respectively.
Three-dimensional tridymite-like framework is made of AlO4 tetra-
hedra with Ba atoms situated in the hexagonal channels. The struc-
ture of the FE-BaAl2O4 contains four symmetrically inequivalent
Al atoms with clearly distinct coordination environment (Fig. 1c).
Both the (Al3)O4 tetrahedron and (Al4)O4 tetrahedron have a
three-fold symmetry axis, and the two tetrahedra share the same
oxygen atom (O6). The (Al3)–(O6)–(Al4) bond angle is 180◦ . At
the same time, the (Al1)O4 and (Al2)O4 tetrahedra are distorted,
and the (Al1)–(O5)–(Al2) bond angle is 155.3◦ . Figs. 2a and 2b
show that the b–c and a–b plane of the 2 × 2 × 1 superstructure
of PE-BaAl2O4, respectively. PE- and FE-BaAl2O4 display group–
subgroup relations: their structural topology is the same, with the
FE phase being symmetry-broken. FE-BaAl2O4 also has a larger cell
(a 2 × 2 × 1 supercell of PE-BaAl2O4). All Ba atoms in PE-BaAl2O4
are symmetrically equivalent. All Al atoms in PE-BaAl2O4 are also
symmetrically equivalent and the (Al)–(O2)–(Al) bond angle is
180◦ (Fig. 2c).

Computed structural parameters of both phases are listed in Ta-
ble 1 and values from other reports are also listed for comparison.
Our calculated lattice constants of FE-BaAl2O4 are close to the ex-
perimental results [7] and other calculated results obtained by us-
ing GGA-PBE [1]. The present structural parameters of PE-BaAl2O4
are also comparable to the experimental results [4].

3.2. Electronic dielectric constants

Due to the anisotropic hexagonal symmetry of the BaAl2O4,
the calculated dielectric tensor has two independent components
Fig. 1. Crystal structure of FE-BaAl2O4: (a) b–c plane of the unit cell, (b) a–b plane
of the unit cell, and (c) coordination environments of Al atoms in the FE-BaAl2O4.

Fig. 2. Crystal structure of PE-BaAl2O4: (a) b–c plane of the 2 × 2 × 1 supercell,
(b) a–b plane of the 2 × 2 × 1 supercell, and (c) coordination environments of Al
atoms in the PE-BaAl2O4.

ε⊥c and ε‖c (perpendicular to and parallel to the c axis). Our
present values of the electronic dielectric constants are ε∞,⊥c =
3.12 and ε∞,‖c = 3.13 for FE-BaAl2O4. The average permittivity
ε̄∞ , obtained from the expression ε̄∞ = (2ε∞,⊥c + ε∞,‖c)/3, is
3.12. The calculated values of ε∞,⊥c , ε∞,‖c and ε̄∞ for PE-BaAl2O4

are 3.12, 3.14 and 3.13, respectively, which are similar to those of
FE-BaAl2O4.

Using the electronic dielectric constants, we can obtain some
other properties such as the index of refraction n, the reflectivity R ,
and the optical transmittance T . These properties can also help us
to confirm the accuracy of our calculations. For nonmagnetic ma-
terials, the index of refraction n and reflectivity R of BaAl2O4 can
be calculated by n = ε1/2 and R = (n − 1)2/(n + 1)2, respectively.
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Table 2
Electronic dielectric constants, the index of refraction and transmittance of BaAl2O4

polymorphs.

Compound ε∞,⊥c ε∞,‖c n∞,‖c T

FE-BaAl2O4 3.12 3.13 1.77 92.3%
1.74 ± 0.03 [7] 93.0% [1]

PE-BaAl2O4 3.12 3.14 1.77 92.3%

The optical transmittance T of BaAl2O4 is equal to (1–R) assuming
without optical absorption.

Electronic polarization mainly contributes to the light absorp-
tion in the UV region, while ionic polarization plays a major part
in the infrared region. It was reported that BaAl2O4 has a very
low absorption and no absorption peak in the wavelength range
from 200 nm to 2500 nm [1], which suggested that total polar-
ization almost stays constant in this UV to near-IR (NIR) region.
Thus, the dielectric permittivity of the BaAl2O4 has very small vari-
ation in this wavelength range. We can utilize the calculated ε∞
to obtain some properties in UV-NIR region, not rigorously but ef-
fectively. These results are listed in Table 2. Our theoretical value
of n‖c of FE-BaAl2O4 is 1.77 which agrees well with experimental
data 1.74 ± 0.03 measured at 543 nm using a single crystal [7].
The optical transmittance of the FE-BaAl2O4 is 92.3% (93.0% from
experiment [1]). For PE-BaAl2O4, the calculated optical transmit-
tance is comparable to that of FE-BaAl2O4. Our study indicates
both phases are UV-NIR wave-transparent materials due to their
low electronic dielectric constants.

3.3. Phonons and static dielectric constants

Since the primitive unit cell of the FE-BaAl2O4 contains 56
atoms, there are a total of 168 vibrational modes, of which three
are acoustic modes and the remaining 165 are optical ones. At the
same time, PE-BaAl2O4 has 14 atoms in its primitive unit cell and
there are a total of 42 modes, of which three are acoustic modes
and the remaining 39 are optical ones. According to group the-
ory [17], the irreducible representations of optical phonon modes
at the Brillouin zone center are:

Γoptic = 27A(IR,R) + 27E1(IR,R) + 28B(S) + 28E2(R)

and

Γoptic = 2A1(R) + 4A2(IR) + 3B1(S) + 4B2(S)

+ 6E1(IR,R) + 7E2(R)

for FE-BaAl2O4 and PE-BaAl2O4, respectively. Where (IR) stands for
IR-active, (R) for Raman-active, and (S) for silent; A, A1, A2, B ,
B1 and B2 are single degenerate mode, E1 and E2 are twofold
degenerate modes.

For FE-BaAl2O4, inclusion of the long range polarization interac-
tion results in the splitting of A and E1 TO modes into correspond-
ing LO modes, which gives 54 polar vibrations (27 A modes along
c axis and 27 E1 modes perpendicular to c axis). At the same time,
for PE-BaAl2O4, 10 polar vibrations (4A2 modes along c axis and
6E1 modes perpendicular to c axis) are given due to the LO/TO
splitting of the A2 and E1 modes. As a result, different numbers
of IR modes are active for E‖c and E⊥c . Calculated values of the
IR-active optical phonon frequencies are given in Tables 3 and 4.
They are utilized to obtain static dielectric constants and the con-
tribution of each IR-active mode to the lattice dielectric constants.

To obtain static dielectric constants, we applied the well-known
generalized Lyddane–Sachs–Teller (LST) relationship [18]:

ε0 = ε∞
∏ ω2

LO,m

ω2
(1)
m TO,m
Table 3
Vibrational properties of FE-BaAl2O4: phonon frequencies of IR-active modes and
their contributions to the static dielectric constants.

E⊥c E‖c

Mode ωTO ωLO εlat
m Mode ωTO ωLO εlat

m

E1 63 68 1.39 A 63 63 0
85 87 0.38 77 77 0
93 94 0.17 79 79 0

107 110 0.42 111 118 1.27
123 132 0.98 121 147 3.16
139 146 0.61 147 173 1.84
162 183 1.27 200 200 0
211 212 0.04 225 225 0
240 241 0.04 259 259 0
263 263 0 284 284 0
287 287 0 345 345 0
300 300 0 379 380 0.03
370 371 0.02 395 395 0
376 376 0 409 409 0
412 416 0.09 413 452 0.79
424 430 0.12 452 478 0.42
437 464 0.48 561 561 0
510 511 0.02 578 578 0
688 688 0 666 666 0
698 699 0.01 728 729 0.01
742 760 0.18 802 804 0.02
773 785 0.11 971 982 0.08

1015 1019 0.03 1024 1024 0
1024 1033 0.06 1048 1049 0.01
1061 1078 0.11 1067 1072 0.03
1087 1099 0.07 1082 1095 0.08
1101 1119 0.10 1103 1138 0.20

Table 4
Vibrational properties of PE-BaAl2O4: phonon frequencies of IR-active modes and
their contributions to the static dielectric constants.

E⊥c E‖c

Mode ωTO ωLO εlat
m Mode ωTO ωLO εlat

m

E1 92 110 3.19 A2 109 172 7.14
133 171 2.93 409 482 1.34
363 367 0.10 978 983 0.04
424 457 0.61 1121 1169 0.28
744 775 0.30

1043 1102 0.36

where ωTO,m is the transverse optical mode frequency, and ωLO,m

the longitudinal optical mode frequency.
For FE-BaAl2O4, the static constants ε0,⊥c and ε0,‖c calculated

by LST model are 9.82 and 11.09, respectively. The calculated aver-
age static dielectric constant (10.24) agrees with the experimental
value (10.7 [19]) quite well. Huang et al. also reported the dielec-
tric constant of FE-BaAl2O4 with a fractional porosity of 11% [20].
Their value is 7.50, which is different from our calculation. How-
ever, the effect of porosity on the dielectric properties should be
considered. To obtain the average static dielectric constant of a
porous media, we apply an empirical model derived by Maxwell
[21]:

ε = εmatrix

(
1 − 3P (εmatrix − 1)

2εmatrix + 1 − P + Pεmatrix

)
(2)

where P is the fractional porosity, εmatrix the static dielectric con-
stant of the matrix, and ε the static dielectric constant of the
mixture. We obtain a theoretical static dielectric constant value of
8.85 for porous FE-BaAl2O4. This value agrees with Huang’s data
well.

Our calculated average static dielectric constant for PE-BaAl2O4
is 11.32, which is higher than that of FE-BaAl2O4 (10.24). We per-
formed a deeper analysis of the contribution of each IR-active
mode to the dielectric constant:
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εlat
m =

⎧⎪⎪⎨
⎪⎪⎩

ε∞
(∏

m
ω2

LO,m

ω2
TO,m

− ∏
m−1

ω2
LO,m−1

ω2
TO,m−1

)
(m > 1)

ε∞
(ω2

LO,1

ω2
TO,1

− 1
)

(m = 1)

(3)

These values are also listed in Tables 3 and 4. It is easily
found that the large contributions to lattice dielectric constants
mainly come from the low-frequency modes. For FE-BaAl2O4, the
modes at 63 cm−1 and 121 cm−1 makes the largest contributions
to ε0,⊥c and ε0,‖c , respectively. While for PE-BaAl2O4, the modes
making the largest contributions to static constant perpendicular
and parallel to (001) direction are 92 cm−1 and 109 cm−1, respec-
tively.

We can see that the static dielectric constants of the two
BaAl2O4 phases are much smaller than that of classical ferroelec-
tric materials like BaTiO3 (average static dielectric constant can
reach 2450 [3]). BaTiO3 has one IR-active mode (12 cm−1), a nearly
soft mode that can result in a great value of ω2

LO,m/ω2
TO,m (sev-

eral hundred). For BaAl2O4, we do not see any nearly as soft
phonons and no IR-active mode has such large effect on the di-
electric constant (see ωTO,m and ωLO,m listed in Tables 3 and 4).
We explain this by the anomalously low coordination numbers
of Ba (9, instead of the more usual 12) and Al (4, instead of the
more usual 6). The conclusion we draw is based on the relation-
ship between atomic nanostructure and permittivity proposed by
Rignanese et al. [22]. As a rule, the higher coordination numbers,
the lower force constant and the higher dielectric constants. Such
simple principles can help rational design of novel dielectric mate-
rials. The USPEX code [23,24] for crystal structure prediction may
help us realize this idea in our future research work.

4. Conclusions

In summary, DFT and DFPT were used to investigate struc-
tural, vibrational, and dielectric properties of FE-BaAl2O4 and
PE-BaAl2O4. Their high optical transmittances (>92.0%) obtained
from the electronic dielectric constant indicate they are UV-NIR
transparent materials. By the use of the well-known generalized
LST relationship, we obtained the static dielectric constants of
both BaAl2O4 polymorphs. The average static dielectric constant
is slightly larger after the FE-PE transition (changing from 10.24
to 11.32). Further vibrational analysis shows that the large vibra-
tional contributions to the lattice dielectric constants of the two
phases mainly come from their low-frequency IR-active modes. Our
theoretical results, in agreement with the experimental data well,
confirm that BaAl2O4 polymorphs have very low dielectric permit-
tivities compared with classical ferroelectric materials like BaTiO3
(>2000). Their relatively low permittivities are due to low coor-
dination numbers of Al and Ba, and the first-order FE-PE phase
transition, which does not involve complete mode softening.
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