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Low-permittivity ceramics for use as microwave band window materials must have good

mechanical and optical characteristics. Unfortunately, most known ceramics are opaque to

microwaves because of their high dielectric permittivity. Here, we present an effective theoretical

method that may be helpful in the development of innovative low-permittivity materials. Using the

material’s permittivity as a global optimization function, we performed a crystal structure search

for MgAl2O4 using an ab initio evolutionary algorithm implemented in the USPEX code. We iden-

tified four predicted MgAl2O4 polymorphs (P�4m2; P�42m, Cc, and Pc) that had lower permittivities

than MgAl2O4 spinel ðFd�3mÞ. Our results indicate that the density is not the only factor that affects

permittivity. Further analysis of permittivity from the viewpoint of the underlying structures shows

that reduced permittivity can be effectively achieved by reducing the cation coordination number.

This insight will help in the discovery of materials with minimum permittivity values based on sim-

ple crystal-chemical analysis. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890464]

MgAl2O4 spinel ðFd�3mÞ is one of the most important

transparent ceramics, because it allows most electromagnetic

waves that are incident upon it to be transmitted, with little of

the incident energy being reflected or absorbed.1–5 This func-

tional ceramic material also has some other excellent proper-

ties, including high corrosion resistance, high melting point,

good abrasion resistance, and good chemical stability.6–9 As a

result, MgAl2O4 spinel is considered to be an excellent trans-

parent material for optical and electronic component applica-

tions in devices.10–12 However, MgAl2O4 spinel is a typical

transparent ceramic in that it is readily transparent to infrared

wavelengths, while it remains opaque to microwaves.13 The

main reason for this is that the transmittance T, which repre-

sents the proportion of electromagnetic wave transmitted by

the material, varies with the electromagnetic wave frequency.

The transmittance T is calculated from

T ¼ 1� R� A: (1)

The reflectivity R, which describes the proportion of the

electromagnetic wave that is reflected, can be calculated

from the material’s permittivity e and the angle of incidence

h using the Fresnel equation, which, for a non-magnetic ma-

terial in air under normal incidence, reduces to

R ¼ 1� 2ffiffi
e
p
þ 1

� �2

: (2)

The absorptivity A, which is the proportion of the electro-

magnetic wave that is absorbed by the material, is approxi-

mately equal to zero for ideal materials in non-peculiar

frequency bands. Eqs. (1) and (2) demonstrate that as the

permittivity e increases, then R also increases, and thus, T
becomes smaller.

MgAl2O4 spinel has much higher permittivity in the

microwave band (8.38,14 8.4215) than in the infrared band

(2.96,15 2.985). Therefore, it is an intriguing prospect to

make MgAl2O4 spinel transparent in microwave band by

reducing its permittivity. Two effective paths can be used:

the design of a porous structure or the design of a composite

with a low-j substance.16 However, we have also considered

another idea: that of replacing the MgAl2O4 spinel structure

with a different structure that has the same chemical compo-

sition but lower permittivity. A number of methods have

been developed to discover crystal structures that offer min-

ima or maxima of certain properties17 when only their chem-

ical compositions are initially provided. The most widely

used of these methods is the ab initio evolutionary algorithm

implemented in the USPEX18–20 code, which has been

applied to the optimization of various material properties

other than the energy.21,22 In particular, we recently demon-

strated optimization of the material permittivity and related

functions23 using this method. In this paper, using MgAl2O4

as an example, we show how to use the method to explore

potential MgAl2O4 polymorphs with lower permittivities

than MgAl2O4 spinel.

The permittivity is a tensorial quantity that is closely

related to the crystal structure, the electronic structure, and

the lattice dynamics. We use the orientationally-averaged
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static permittivity �e0 as the fitness function, because most

dielectrics are used in their polycrystalline form. The fitness

value �e0 can be obtained from �e0 ¼ ðexx
0 þ eyy

0 þ ezz
0 Þ=3,

where exx
0 ; eyy

0 , and ezz
0 are the diagonal components of the

static dielectric tensor. We have searched for the lowest-

permittivity structure at 0 GPa with up to 14 atoms (2

formula unit) in the unit cell. For every candidate structure

generated by USPEX, we used ab initio structure relaxations

based on density functional theory24 (DFT) within the func-

tional PBEsol,25 a version of the generalized gradient

approximation26 (GGA) adapted for solids, as implemented

in the VASP code.27 The all-electron projector-augmented

wave (PAW) method,28 with a plane-wave kinetic energy

cutoff of 900 eV and k-point meshes with reciprocal-space

resolution of 2p� 0.06 Å�1, was used. These settings enable

excellent convergences for the energy differences, stress ten-

sors, and structural parameters. Then, denser k-point meshes

with reciprocal-space resolution of 2p� 0.04 Å�1 were used

for the calculations of the properties. Density functional per-

turbation theory29 (DFPT) was applied to investigate the

dielectric properties of each relaxed candidate structure.

A typical ab initio run for MgAl2O4 is as shown in

Fig. 1. The figure depicts the permittivity and enthalpy val-

ues of the explored structures. We also plotted the most sta-

ble spinel phase (denoted by the leftmost point in Fig. 1) at

ambient pressure for reference. The lowest permittivity

(3.01) was indicated by a layered structure (P�1 phase).

However, this structure is rather unrealistic because of its

high enthalpy (0.51 eV/atom greater than the spinel phase).

The MgAl2O4 polymorphs (P�4m2; P�42m, Cc, and Pc)

with their low permittivity and enthalpy values (within

0.20 eV/atom of the ground-state structure) are much more

plausible. The permittivities of these materials are 19%

(6.64), 30% (5.72), 27% (5.96), and 35% (5.35) lower than

that of the spinel phase (8.19), respectively. We have com-

puted phonon dispersion curves30 and the elastic con-

stants31 for these materials and found the four structures to

be both dynamically and mechanically stable—see Fig. S1

and Table SI in the supplementary material.32 In other

words, the predicted structures can exist as real materials

and may be suitable for applications as microwave-trans-

parent phases. For example, one could fabricate these

phases by epitaxial growth on a suitably chosen substrate in

the future. Geometry details of the predicted phases are

listed in Table I. The spinel phase details were also listed

for reference. The crystal structures of the MgAl2O4 poly-

morphs were illustrated by the inserted sub graphs (visual-

ized using VESTA33) in Fig. 1. The spinel phase contains

magnesium atoms in the tetrahedral coordination and alu-

minum atoms in the octahedral coordination. The P�4m2

phase has magnesium atoms in the tetrahedral coordination

and aluminum atoms in the 5-coordinate positions. The

other three phases, P�42m, Cc, and Pc, have both magne-

sium and aluminum atoms in the tetrahedral coordination.

We then studied the factors that make the predicted

structures have relatively low permittivity. We first built the

relationship between the permittivity and density (as shown

in Fig. 2). The figure shows that the P�42m phase is 1%

denser than the P�4m2, but its permittivity is 14% lower; the

Cc and Pc phases have nearly the same density, while their

permittivities differ by 10%. For different substances, such

as the MgAl2O4 polymorphs that are reported here, density is

not the only factor that affects their permittivity.

We can write (Ref. 29):

De ¼ �e0 � �e1 ¼
4p
V

X
m

Sm

x2
m

: (3)

Here, �e1 is the electronic permittivity, V is the volume of

the primitive unit cell, and xm and Sm are the frequency and

FIG. 1. Typical ab initio run for MgAl2O4, depicting the permittivity and en-

thalpy values (eV/atom) of the structures produced by USPEX. The inset

sub-graphs show the crystal structures of the MgAl2O4 polymorphs as fol-

lows: 1—Fd�3m phase; 2—P�4m2 phase; 3—P�42m phase; 4—Cc phase; 5—

Pc phase; 6—P�1 phase. The red spheres denote O atoms, the grey spheres

denote Al atoms, and the brown spheres denote Mg atoms.

TABLE I. Geometrical details of the MgAl2O4 polymorphs discovered

using USPEX.

Compound

Space group

(No.)

Lattice constants

(Å)

Atom position

(Wyckoff position)

Cubic Fd�3m a¼ 8.111 Mg(8a) (0, 0, 0)

MgAl2O4 (227) a¼ 8.08338 Al(16d) (0.625, 0.625, 0.625)

O(32e) (0.389, 0.389, 0.389)

Tetragonal P�4m2 a¼ 3.460 Mg(1b) (0.500, 0.500, 0)

MgAl2O4 (115) c¼ 6.990 Al(2g) (0, 0.500, 0.391)

O1(1c) (0.500, 0.500, 0.500)

O2(1d) (0, 0, 0.500)

O3(2g) (0.500, 0.500, 0.853)

Tetragonal P�42m a¼ 4.196 Mg(1a) (0, 0, 0)

MgAl2O4 (111) c¼ 4.719 Al(2f) (0.500, 0, 0.500)

O(4n) (0.242, 0.758, 0.709)

Monoclinic Cc a¼ 4.811 Mg(4a) (0.726, 0.194,0.873)

MgAl2O4 (9) b¼ 8.948 Al1(4a) (1.368, 0.937, 0.619)

b¼ 8.548 Al2(4a) (0.765, 0.122, 0.500)

b¼ 110.122 O1(4a) (1.462, 0.790, 0.505)

O2(4a) (0.590, 0.900, 0.151)

O3(4a) (1.437, 0.132, 0.322)

O4(4a) (0.988, 0.034, 1.008)

Monoclinic Pc a¼ 5.034 Mg(2a) (0.892, 0.169, 0.792)

MgAl2O4 (7) b¼ 5.321 Al1(2a) (0.402, 0.937, 0.619)

b¼ 8.199 Al2(2a) (0.649, 0.323, 1.045)

b¼ 128.204 O1(2a) (0.564, 0.647, 1.025)

O2(2a) (0.014, 0.274, 1.063)

O3(2a) (0.710, 0.827, 0.758)

O4(2a) (0.324, 0.138, 0.835)

022907-2 Xie et al. Appl. Phys. Lett. 105, 022907 (2014)
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the oscillator strength of the mth mode, respectively. We can

see that the permittivity is also affected by xm and Sm, which

differ from structure to structure. Therefore, it seems reason-

able to explain the differences in permittivity from a struc-

ture properties viewpoint. We preferentially selected

coordination polyhedra that were formed by cations and their

nearest anions as structural units (SUs), not merely because

they are both simple and common but also because they can

quantify permittivity well.34

The relationship between permittivity and the character-

istic quantities (Z and C�1) that is used to describe coordina-

tion polyhedron is as follows (Ref. 34):

De ¼ 4pZ2

�VC
: (4)

The characteristic dynamical charge Z is defined by

Z2 ¼ ð
P

j Z2
jÞ=N, where Zj represents the atomic Born

effective charges of the atom j and N the number of SUs.

According to Eqs. (3) and (4), the characteristic force con-

stant C is defined using C�1 ¼ ðð
P

m Sm=x2
mÞ=Z2Þ=N.

Averaged volume �V is simply V/N. Larger values of Z and

C�1 will, therefore, lead to higher permittivities. The spinel

phase has two MgO4 and four AlO6 SUs in the primitive

cell. The P�4m2 phase has one MgO4 and two AlO5 SUs in

the primitive cell. The P�42m, Cc, and Pc phases all have two

MgO4 and four AlO4 SUs in the primitive cell. We have

assumed the MgO4 SU plays an equal role in all these struc-

tures because it has an unchangeable coordination environ-

ment among all these polymorphs. Using the five structures,

we construct the relationship between the permittivity and

the coordination polyhedra (represented by the coordination

number of Al cations), as shown in Fig. 3. It is clear that per-

mittivity increased with the coordination number of the Al

cations. We have also calculated the permittivity of three

other experimentally reported high-pressure MgAl2O4 poly-

morphs (Cmcm, Pbnm, and P63/m) that contain both magne-

sium and aluminum atoms in the octahedral coordination.35

As shown in Fig. 4, an increased Mg coordination number

can also lead to the enhancement of the permittivity. The

theoretical values of �V , Z, and C�1 for the eight MgAl2O4

polymorphs are listed in Table II. The tendencies for these

values to vary with coordination polyhedra are shown in Fig.

5. It is likely that the increased coordination number will

cause �V to decrease, while Z increases as the coordination

number increase. Most importantly, C�1 increase occurs on

increasing coordination number.

We performed an in-depth analysis of the contribution

of each IR-active mode to the permittivity—see Table SII in

the supplementary material.32 To do this, we investigated the

origins of the different C�1 values by looking at the atomic

vibrations for modes that make a large contribution to the

FIG. 2. Relationships between permittivity and density (g/cm3) for the

Fd�3m; P�4m2; P�42m, Cc, and Pc phases.

FIG. 3. Average static permittivity �e0 computed for the Fd�3m; P�4m2;
P�42m, Cc, and Pc phases in relation to the Al cation coordination number in

each case.

FIG. 4. Average static permittivity �e0 computed for the Fd�3m, Cmcm, P63/

m, and Pbnm phases in relation to the Mg cation coordination number in

each case.

TABLE II. Cation coordination number, average static permittivity �e0, aver-

age electronic permittivity �e1, and average properties of (MgOmþ 2AlOn)

SUs—volume �V (Å3), characteristic dynamical charge Z, and reciprocal

force constant C�1. The subscript m is the coordination number of the Mg

cation, and the subscript n is the coordination number of the Al cation.

Phase
Coordination number

�e1 �e0
�V Z C�1

Mg2þ Al3þ (Å3)

Fd�3m 4 6 3.10 8.19 22.40 3.36 0.80

P�4m2 4 5 2.83 6.64 27.97 3.15 0.85

P�42m 4 4 2.86 5.73 27.69 3.04 0.68

Cc 4 4 2.73 5.96 28.90 3.09 0.78

Pc 4 4 2.73 5.35 28.85 3.06 0.64

Cmcm 6 6 3.30 14.46 20.05 3.53 1.43

P63/m 6 6 3.45 10.84 20.94 3.54 0.98

Pbnm 6 6 3.31 15.13 20.12 3.51 1.54

022907-3 Xie et al. Appl. Phys. Lett. 105, 022907 (2014)
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permittivity. For the Fd�3m phase, the T1u vibrational mode

at 472 cm�1 makes the largest contribution to the permittiv-

ity. The atomic vibrations of the octahedral AlO6 SU under

this mode are shown in Fig. 6(a). The central Al atom moves

to one side, while the six O atoms almost travel in the oppo-

site direction. The nature of the atomic vibrations will intro-

duce a large distortion to the AlO6 SU, and thus, a large C�1

is produced because of the high oscillator strength Sm. For

the P�4m2 phase, appreciable distortion of the square pyramid

AlO5 SU can be observed at 525 cm�1 (E mode). Fig. 6(b)

shows the atomic vibrations for this E mode in detail: the O

atom located at the top of the square pyramid is motionless,

the other four O atoms and the Al atom have exactly oppo-

site movements. This distortion of the square pyramid AlO5

SU can also produce a large C�1. It seems that the large dis-

tortion is difficult to induce in tetrahedral AlO4 SU.36 As

shown in Fig. 6(c), all four O atoms simply rock around the

central Al atoms.

Overall, the MgAl2O4 polymorphs that have high coor-

dination numbers have weaker bonds and are easily

deformed (higher C�1), are denser (lower �V ) and more ionic

(larger Z), which leads to the enhancement of permittivity

according to Eq. (4). This insight will help us to discover

materials with minimum/maximum values of permittivity

based on simple crystal-chemical analysis. This analysis also

justifies the use of empirical polarizable force fields (e.g.,

those including the shell model37) for the discovery of low-/

high-j materials, because these force fields are capable of

producing reasonable relaxed geometries, polarizabilities,

force constants, and effective Born charges.

In this paper, using evolutionary crystal structure predic-

tion, we have explored energetically permissible structures for

MgAl2O4 that have low permittivity. We found four MgAl2O4

polymorphs (P�4m2; P�42m, Cc, and Pc), with permittivities

that are 19%, 30%, 27%, and 35% lower than the known spinel

phase, respectively. Our results indicate that, even for

structures with the same chemical composition, the density of

each material is not the only factor that affects its permittivity.

Further analysis of the permittivity has been conducted from a

crystal structure viewpoint. We first used two characteristic

quantities (Z and C�1) to describe coordination polyhedra of

the MgAl2O4 polymorphs and associated them with the permit-

tivity. Then, we obtained their exact values from first-princi-

ples calculations. Our results show that structures with high

coordination numbers have weaker bonds (higher C�1) are

more ionic (larger Z), and likely to be denser (lower �V ), all

these factors leading to higher permittivity. Finally, by analyz-

ing atomic vibrations of the AlOx (x¼ 4, 5, and 6) SUs, we

found that the high coordination number coordination polyhe-

dra are easily deformed, and thus, a large C�1 is produced.
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FIG. 5. Atomic properties ( �V (Å3), Z,

and C�1) computed for the

Fd�3m; P�4m2; P�42m, Cc, Pc, Cmcm,

P63/m, and Pbnm phases in relation to

their coordination polyhedra. The

value of the abscissa is represented by

m-n, where m is the Mg cation coordi-

nation number and n the Al cation

coordination number.

FIG. 6. Atomic vibrations of AlOx (x¼ 4, 5, and 6) SUs for modes that

make large contributions to the permittivity: (a) AlO6 SU in the Fd�3m phase

for the T1u mode at 472 cm�1; (b) AlO5 SU in the P�4m2 phase for the E
mode at 525 cm�1; and (c) AlO4 SU in the P�42m phase for the E mode at

326 cm�1. The red spheres denote O atoms, and the pink spheres denote Al

atoms.
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