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The B-site cation ordering of Ba(Mg1/3,Ta2/3)O3 microwave dielectrics with the complex

perovskite structure has been studied using a combination of first-principles calculations, a cluster

expansion technique, and Monte Carlo simulations. Our calculations confirm the experimentally

observed hexagonal superstructure with space group P
-

3m1 (D3
3d) as the ground state. The order-

disorder transition between the low-temperature 1:2 ordered hexagonal phase (P
-

3m1) and high-

temperature simple perovskite phase (Pm3m) is predicted to occur at ~ 3770 K. This indicates that

Ba(Mg1/3,Ta2/3)O3 in equilibrium should be fully ordered at all practical temperatures. Sintering at high
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temperature for a long time or prolonging the anneal should therefore be effective in enhancing the

degree of cation order in Ba(Mg1/3,Ta2/3)O3.  The charge density distribution and one electron density of

states (DOS) for the 1:2 ordered structure indicate that Ta and O atoms possess some degree of

covalency with some overlap between the O-2p orbitals and the Ta-5d orbitals.

KEYWORDS: Ba(Mg1/3,Ta2/3)O3, microwave dielectrics, order-disorder transition, first-principles,

cluster expansion, Monte Carlo simulation, charge density distribution, density of states.
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1. Introduction

Recently, mobile communications have become widespread, as evidenced by the extensive use

of pagers, cellular phones and wireless LANs. When global satellite phones and wideband code division

multiple access (W-CDMA) systems are practically introduced, mobile communication requirements

will increase even more. The proliferation of Radio Frequency (RF) devices such as band-pass filters,

resonators, and oscillators, has generated considerable materials research into the microwave dielectrics

present in these devices. These RF systems require low power consumption and narrow frequency

selectivity, which are determined by the Q-factor of the dielectric, a measure of the relative absorption

in the microwave regime. Thus, it is important to develop and study dielectrics with a high Q-factor in

the microwave regime. Other key factors of good microwave dielectrics besides a high Q-factor are

high dielectric constant and near-zero temperature coefficient of resonant frequency (TCf).

The complex perovskite A(B’1/3,B”2/3)O3 ceramics have been widely studied as high Q-factor

microwave dielectrics1-3). In order to elucidate the mechanisms of dielectric characteristics and increase

the accuracy of Q-factor evaluation for these materials, far infrared reflection spectroscopy4), lattice

vibrations5), phase transitions6,7), ionic model calculations8-11) and direct measurement techniques12-14)

have been discussed.

One of these ceramics, Ba(Mg1/3,Ta2/3)O3 (BMT), is known to possess the highest product of

frequency (f) and Q (Qf~430000 GHz), moderate dielectric constant (εr~24) and near-zero TCf15,16).

BMT has been put to practical use as dielectric resonators, oscillators and filters in base stations for the

RF range17).

When Mg and Ta cations are disordered over the B-site, the crystal structure of BMT is a cubic

perovskite with Pm3m (O1
h) space group symmetry. When B-site cations order along the [111]

direction of this simple perovskite compound, a hexagonal superlattice is formed with space group
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-

3m1 (D3
3d), as illustrated in Figs.1(a)-(c)18,19). This ordering has been investigated for its effect on the

microwave Q-factor: A strong relationship between ordering parameters and microwave Q-factors in

BMT system was experimentally observed by Matsumoto et al. under various heat conditions15).

Kawashima et al. reported a remarkable improvement of the microwave Q-factor in the similar

Ba(Zn1/3,Ta2/3)O3 system by prolonged sintering, and indicated that this Q-factor improvement

corresponded with an increase in cation order of the structure2). A similar sintering effect can be also

seen in BMT system16).

The objective of this paper is to study the order-disorder phenomena of the B-site cations in

Ba(Mg1/3,Ta2/3)O3 using first-principles methods. The cluster expansion method, which can be used to

study fully or partially disordered systems, is outlined in the next section. Results are presented and

discussed in section 3.

2. Methodology

To examine the B-site ordering in the Ba(Mgx,Ta1-x)O3 system, a generalized lattice model

based on the cluster expansion technique is applied20-24). The cluster expansion is a method to

parameterize the energy of the material as a function of the distribution of Mg and Ta cations over the

B-sites. A well-converged cluster expansion can represent the energy of any configuration from fully

ordered to fully disordered. This method has been successfully applied to the study of configurational

disorder and phase transitions in oxides, metals, and semiconductors20,21,24,25).

The characterization of a configuration is done with pseudospin variables σi, assigned to each

possible B-site i. The variable σi is +1 (-1) if a Mg (Ta) atom occupies site i. It has been shown that the

configurational energy, E, can be exactly expanded in terms of polynomials φα of these discrete

pseudospin variables σi
20). φα  is defined as a product of pseudospin variables σi, σj, …,σN, where the
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indices i, j, ...,N correspond to a collection of sites belonging to the cluster α. The clusters α can, for

example, be a nearest-neighbor pair cluster, a next nearest-neighbor pair cluster, a nearest-neighbor

triplet cluster, and so on. The cluster expansion Hamiltonian takes the form:

,                                                                                                      (Eq.1)

where

.                                                                                                                (Eq.2)

V0 and Vα are constant expansion coefficients and are called the effective cluster interactions (ECI’s).

The sum in the Eq.1 extends over all possible clusters of B-sites α. However, in practice, Eq.1 can be

truncated after some maximal cluster. Numerical values for the ECI can be determined by fitting to

calculated energies of a series of structures with different B-site arrangements. A truncated form of Eq.1

was fitted to the values of these energies using linear programming techniques26) rather than with

traditional least squares fitting techniques. Finite temperature information on the structures and

thermodynamics is obtained by Monte Carlo simulations on the cluster expansion27).

An advantage of the cluster expansion formalism is that it can be used with any model for the

energy. Using various models that incorporate different interactions can therefore give direct insight

into the specific physics, which stabilizes a particular structure.

In this work, we investigate the B-site ordering with an accurate quantum mechanical method,

as well as with a simple electrostatic model. For the latter model, Madelung energies were determined

for various B-site configurations on a fixed underlying lattice. The objective of using this simple energy

model is to investigate which B-site ordering has the lowest electrostatic energy. The form of the

electrostatic interaction in this study is a simple Coulomb potential:

                                       ,                                                                                                              (Eq.3)

where q represents the charge on the ions and rij is the distance between ion i and ion j.
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Secondly, a more accurate parameterization of the energy of B-site arrangements was obtained

with quantum mechanical first-principles methods. Total energies were obtained for a series of B-site

ordered superstructures in the Ba(Mgx,Ta1-x)O3 system with the Vienna Ab initio Simulation Package

(VASP)28,29). VASP numerically solves the Kohn-Sham equations within the Local Density

Approximation (LDA) using ultra-soft pseudopotentials30,31) and a plane wave basis set. An energy

cutoff of 600 eV was used for the plane wave expansion, since this value was sufficient to ensure

convergence of the energy. The exchange and correlation potential implemented in the calculations was

that of Ceperley and Alder as parameterized by Perdew and Zunger32,33). Cell parameters and positional

parameters were fully relaxed for each structure with the conjugate gradient algorithm.

Charge compensation requires Mg and Ta cations to be present in a perfect 1 to 2 ratio. Any

deviation from this stoichiometry is expected to occur at a very high energy cost. In order for this

energy cost to be well represented by the cluster expansion, it is important to include non-stoichiometric

structures in the fit. Hence we calculate not only the energy of Ba(Mg1/3,Ta2/3)O3 with various B-site

configurations, but also that of hypothetical compounds with different ratios of Mg to Ta cations such

as Ba(Mg1/2,Ta1/2)O3, Ba(Mg2/3,Ta1/3)O3,and so forth. Since no vacancies or interstitials are allowed in

our calculations on these non-stoichiometric phases, all charge compensations are forced to occur by

valence shifts of the ions. By including these non-stoichiometric compounds in the cluster expansion, it

is possible to accurately capture the high energy of ionic arrangements which are locally charge

imbalanced.

Rather than plot the total energy of each structure (which is very large), we plot the formation

energy, ∆fE, which for a given B-site arrangement with composition Ba(Mgx,Ta1-x)O3, is defined as:

,                                                       (Eq.4)

where E is the total energy of the configuration per Ba(Mgx,Ta1-x)O3 formula unit, and EBaMgO3 and
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EBaTaO3 are the energies of the hypothetical BaMgO3 and BaTaO3 perovskites. Subtracting or adding a

linear function of composition from the energies does not modify any equilibria between structures. In

this case, the hypothetical end-members, BaMgO3 and BaTaO3, were used for convenience only.

3. Results and discussion

3.1. Electrostatic energy

The calculations of the electrostatic energy have been carried out for all possible B-site

configurations of Ba(Mg1/3,Ta2/3)O3 in unit cells with up to 75 atoms. These 2194 different supercells

include three structures with 3 B-sites in the unit cell (15 atoms), twenty-four structures with 6 B-sites

(30 atoms), fifty-two structures with 9 B-sites (45 atoms), seven-hundred-twenty-three structures of 12

B-sites (60 atoms), and one-thousand-three-hundred-ninety-two structures of 15 B-sites (75 atoms).

The crystal structures of the supercells with the four lowest electrostatic energies are illustrated

in Fig.2. The B-site configurations for these structures are shown in Figs.3(a)-(d). These results indicate

that the experimentally observed structure is also the one with lowest electrostatic energy, in agreement

with an earlier Monte Carlo simulation by Bellaiche et al11).

The electrostatic ground state structure has 1:2 ordering of Mg and Ta cations along the [111]

direction of the cubic perovskite unit cell. The other phases with the next lowest electrostatic energy

(Figs.3(b)-(d)) can be viewed as periodically “anti-phased” versions of the 1:2 ordering along the [111]

direction. The structure of Fig.3(b), for example, contains segments of 1:2 ordering which are shifted

along [111] every third cubic unit cell. Fig.3(c) is similar. It contains alternating [111] and [1
-
11]

versions of the 1:2 ordering.

The electrostatics of the system seems to prefer this defected [111] stacking to a perfect 1:2
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stacking along any other direction. We calculated the electrostatic energy of a 1:2 ordering along the

[100] direction, shown in Fig.3(e), and found it to rank 2062nd out of all 2194 cells investigated in

terms of electrostatic energy.

3.2. First principles energy calculations

To investigate the dependence of the energy on the B-site ordering more quantitatively, we

calculated the formation energy of 46 structures with different B-site arrangements by the ab initio

pseudopotential method. The result is shown in Fig.4. The convex hull connecting the structures with

lowest formation energies is also drawn in this figure to indicate the most stable phases among those

considered with the pseudopotential method. The lowest energy structure has 1:2 ordering of Mg and

Ta cations along the [111] direction in agreement with experimental observation. The calculated lattice

parameters and ionic positions are shown in Table I. As is customary in the LDA, all lattice parameters

are slightly smaller than the experimental ones. However, the calculated c/a axis ratio (7.029/5.727 =

1.227) is very good agreement with the experimental one (7.095/5.773 = 1.229)34).

3.3. Cluster expansions and Monte Carlo simulations

A cluster expansion containing 14 terms for the Ba(Mgx,Ta1-x)O3 system is constructed by

applying an inversion method based on linear programming techniques to the first-principles energies.

This includes effective interactions corresponding to the empty cluster V0, one point cluster, 7 pair

clusters, 4 triplet clusters and one 5-pt cluster, as illustrated in Fig.5. The values of the ECI are shown

in Fig.6 and listed in Table III. The comparison between the first-principles formation energies and

cluster expansion fitted energies is also summarized in Fig.7. Since the cluster expansion can be

implemented to calculate the energy of any configuration, we used it to estimate the energy difference
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between the 1:2 ordered structure and the ideal disordered phase. The resulting value is 334 meV per

perovskite unit. This indicates a large stability of the ordered structure with respect to the disordered

arrangement. A more detailed temperature dependence characterization for the degree of this order can

be studied by performing a Monte Carlo simulation on the results of the cluster expansion.

All Monte Carlo simulations are applied in a canonical ensemble on cells containing

243=13,824 B-sites. One thousand equilibration passes per lattice site are performed at each

temperature, after which sampling occurred for 10,000 Monte Carlo passes. Figs.8 shows the internal

energy as a function of temperature. The ordered phase clearly transforms to a disordered phase by a

first order transition around 3770 K. The temperature dependence of the long-range 1:2 order (LRO)

parameter η is evaluated from the Monte Carlo results and confirms the strong first order character of

the transition (Fig.9). The LRO parameter η of the 1:2 B-site arrangements is estimated with perfect

sublattices of Mg and Ta atoms, and normalization of valencies as:

,                          (Eq.5)

where As_B is the number of A atoms in the sublattice of B atoms and N is the total number of atoms.

The BMT system has virtually no equilibrium disorder until it completely disorders at 3770 K.

Conventionally, Ba(Mg1/3,Ta2/3)O3 is sintered at ~ 1923 K, and prolonged sintering or

annealing at just below the transition temperature has been used to improve ordering15,16). However, our

theoretical investigation suggests that sintering at higher temperatures for longer times or prolonging

the annealing is effective in enhancing the degree of cation order in Ba(Mg1/3,Ta2/3)O3, since our results

indicate that equilibrium corresponds to a fully ordered material.

The order-disorder transformation temperature can depend sensitively on the accuracy of the

cluster expansion. To acquire some information on possible errors in the cluster expansion, we tried to
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obtain a direct energy evaluation of the disordered state to compare with the number predicted by the

cluster expansion. Although a completely disordered structure can not be calculated as it has no

translational symmetry, the disordered state can be approximated with Special Quasi-random Structures

(SQS)35). These structures give the best possible approximation to a disordered state within a supercell

of a given number of sites. The quality of the approximation is measured by how well the lattice

correlations correspond to those of the disordered state. The correlations of the ideally disordered state

are compared to those of the SQS we used (with nine B-sites) in Table II. The calculated energy

difference between the 1:2 ordered state and the SQS is 311 meV/cell, which compares excellently with

the cluster expansion result of 334 meV/cell. This may indicate that our cluster expansion is reasonably

well converged.

3.4. Crystallographic details of the first principles calculated ground state

We have investigated the relaxation of the ions in the 1:2 ordered phase. Figs.10 and 11

respectively show the relaxation of the oxygen octahedron around the B-site cations and the interplanar

distances from the ideal perovskite case. The results of the first-principles calculations indicate that

ordering in a 1:2 arrangement along the [111] direction leads to the expansion of Mg-O octahedron

(Distance of Mg-O: 2.100 Å) and contraction of Ta-O octahedron (Distance of Ta-O(I): 1.914 Å and of

Ta-O(II): 2.068 Å) as shown in Fig.10(a). The experimental observation of an octahedron twist or

distortion has been reported in some complex perovskite microwave ceramics36,37) and Desu et al.

pointed out that this kind of distortion was more significant than B-site ordering to improve microwave

Q-factors3). According to these positional variations, the distance between the Mg layer and Ta layer is

3% smaller than that between Ta layers as illustrated in Fig.10(b).

To study details of bonding in Ba(Mg1/3,Ta2/3)O3, we calculated the valence charge density.
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The charge density distribution of the (110) plane in the primitive perovskite unit are shown in Fig.11

for the ground state. The charge density results seem to indicate that there is some bonding between Ta

and O atoms. Mg is fully ionized and does not engage in covalent bonding with oxygen.

The density of states (DOS) for the Ba(Mg1/3,Ta2/3)O3 ordered structure is plotted in Fig.12(a).

The projected DOS for each element are given in Figs.12(b)-(e). As can be seen in Figs.12(d) and (e),

there is some overlap between the O-2p orbitals, which are about 3 eV below the Fermi energy, and the

Ta-5d orbitals, corresponding the results of charge density distribution.

4. Conclusion

In this work, the B-site cation ordering of Ba(Mg1/3,Ta2/3)O3 microwave dielectrics with the

complex perovskite structure has been studied using a combination of first-principles calculations, a

cluster expansion technique, and Monte Carlo simulations. Our calculations confirm the experimentally

observed hexagonal superstructure with space group P
-

3m1 (D3
3d) as the ground state. The order-

disorder transition between the low-temperature 1:2 ordered hexagonal phase (P
-

3m1) and high-

temperature simple perovskite phase (Pm3m) is predicted to occur at ~ 3770 K. This indicates that

Ba(Mg1/3,Ta2/3)O3 in equilibrium should be fully ordered at all practical temperatures. Sintering at high

temperature for a long time or prolonging the anneal should therefore be effective in enhancing the

degree of cation order in Ba(Mg1/3,Ta2/3)O3. The charge density distribution and one electron density of

states (DOS) for the 1:2 ordered structure indicate that Ta and O atoms possess some degree of

covalency and some overlap between the O-2p orbitals and the Ta-5d orbitals.

Also, the electrostatic stability of Ba(Mg1/3,Ta2/3)O3 has been investigated using Madelung

energy calculations for different B-site arrangements. This result shows the importance of 1:2 ordering

of Mg and Ta cations along the [111] direction of the simple perovskite in determining electrostatic
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stability of Ba(Mg1/3,Ta2/3)O3.
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Figures

Fig.1(a) Crystal structure of disordered Ba(Mg1/3,Ta2/3)O3 as a simple perovskite cell with space group

Pm3m (O1
h).

Fig.1(b) B-site stacking sequence of the ordered Ba3(Mg,Ta2)O9 structure.

Fig.1(c) Crystal structure of ordered Ba3(Mg,Ta2)O9 as a hexagonal superlattice with space group P
-

3m1

(D3
3d).

Fig.2 Crystal structures of Ba(Mg1/3,Ta2/3)O3 supercells corresponding to the four lowest Coulomb

energies for a fixed lattice of Mg and Ta ions (Ea < Eb < Ec < Ed).

Fig.3 B-site configurations of Ba(Mg1/3,Ta2/3)O3 supercells with (a) first lowest, (b) second lowest, (c)

third lowest, (d) fourth lowest, and (e) two-thousand-sixty-second lowest Madelung energy.

Fig.4 Formation energies of 46 different B-site configurations in Ba(Mgx,Ta1-x)O3 system calculated

with the pseudopotential method.

Fig.5 Clusters used in the cluster expansion technique.

Fig.6 Values of the Effective Cluster Interactions (ECI).

Fig.7 Comparison between first principles formation energies (ð) and cluster expansion fitted energies

(+).

Fig.8 Energy in the Monte Carlo simulation as a function of temperature.

Fig.9 Long-range 1:2 order parameter η as a function of temperature.

Fig.10(a) Octahedron distortions surrounding Mg and Ta cations for the calculated ground state.

Fig.10(b) B-site plane arrangement for calculated ground state.

Fig.11 Charge density distribution of the (110) plane of the primitive perovskite cell for ordered

Ba(Mg1/3,Ta2/3)O3.

Fig.12 One electron density of states (DOS) of the ordered Ba(Mg1/3,Ta2/3)O3 structure for (a) total, (b)
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Ba atom, (c) Mg atom, (d) Ta atom, and (e) O atom.
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Table I. Atomic coordinates of the first-principles calculated ground state. Values in parentheses

are reference positions in ideal perovskite structure.

a =5.727 (Å), b=5.727 (Å), c=7.029 (Å), α=90.00, β=90.00, γ=120.00

(Experimental: a =5.773 (Å), b=5.773 (Å), c=7.095 (Å), α=90.00, β=90.00, γ=120.00)34)

Atomic coordinate
Element Site

X Y z

Ba 1a  0.0000  0.0000  0.0000

Ba 2d  0.3333  0.6667  0.6627  (0.6667)

Mg 1b  0.0000  0.0000  0.5000

Ta 2d  0.3333  0.6667  0.1767  (0.1667)

O 3e  0.5000  0.0000  0.0000

O 6i  0.1713  (0.1667)  0.8287  (0.8333)  0.3245  (0.3333)
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Table II. Comparison of pair-cluster correlation functions between special quasi-dynamic structure

(SQS) and ideal disordered structure.

Cluster type Special Quasi-dynamic
Structure

Ideal disordered structure

Point cluster -0.333333 -0.333333

First NN Pair cluster 0.111111 0.111111

Second NN Pair cluster 0.111111 0.111111

Third NN Pair cluster 0.000000 0.111111

Fourth NN Pair cluster 0.111111 0.111111

Fifth NN Pair cluster 0.111111 0.111111

Sixth NN cluster 0.000000 0.111111

Seventh NN Pair cluster 0.111111 0.111111

Eighth NN Pair cluster 0.000000 0.111111

Ninth NN Pair cluster 1.000000 0.111111

Tenth NN Pair cluster 0.111111 0.111111

Eleventh NN Pair cluster 0.111111 0.111111

Twelfth NN Pair cluster 0.000000 0.111111

Thirteenth NN Pair cluster 0.111111 0.111111

Fourteenth NN Pair cluster 0.111111 0.111111

Fifteenth NN Pair cluster 0.111111 0.111111

Sixteenth-a NN Pair cluster 0.111111 0.111111

Sixteenth-b NN Pair 0.111111 0.111111

Eighteenth-a NN Pair 0.000000 0.111111

Eighteenth-b NN Pair 1.000000 0.111111

Twentieth NN Pair cluster 0.111111 0.111111
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Table III. ECI of cluster expansions for formation energies.

Cluster type Coordinate combination Vα ECI (meV/cell)

Empty cluster V0 ------ -1717.542986

Point cluster (000) 1414.742849

First NN Pair cluster (000)-(100) -30.093824

Second NN Pair cluster (000)-(110) 0.936342

Third NN Pair cluster (000)-(111) 57.324777

Fourth NN Pair cluster (000)-(200) 121.953925

Fifth NN Pair cluster (000)-(210) 61.502962

Sixth NN Pair cluster (000)-(210) 33.867582

Eighth-b NN Pair cluster (000)-(300) 20.866331

First NN triplet cluster (000)-(100)-(101) -67.282857

Second-a NN triplet cluster (000)-(100)-(011) -15.733278

Second-b NN triplet cluster (000)-(110)-(010) -16.416667

Second-c NN triplet cluster (000)-(100)-(200) 9.389252

First-b NN 5-pt cluster (100)-(110)-(111)-(010)-(001) -21.709601

* Origin (000) is converted from referential B-site atomic position (1/2, 1/2, 1/2) in the primitive

perovskite structure.
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Fig.1(c)
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Fig.7
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Fig.10(a)
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Fig.12(b)
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Fig.12(c)
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Fig.12(d)
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Fig.12(e)
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