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Diffusion of aluminum in MgO: A thermodynamic approach study∗
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We have applied a thermodynamical model to calculate the diffusion coefficient of aluminum in MgO with the aid of
bulk elastic properties. Our calculated diffusivities as a function of temperature and pressure are compared with the existing
results derived from experimental or theoretical investigations. We find that the present model provides a satisfactory
estimation for the activation volume and the activation enthalpy.

Keywords: MgO, diffusion, aluminum, cBΩ model

PACS: 66.30.J–, 64.30.Jk, 91.60.Dc DOI: 10.1088/1674-1056/22/5/056601

1. Introduction

Periclase, MgO, is a material of key importance to Earth
sciences and solid-state physics: it is one of the most abundant
minerals in Earth’s lower mantle and has the simplest structure
(NaCl-type structure) for a large group of ionic oxides, thus it
can serve as an excellent prototype for developing theoretical
models of the physical properties of oxides.[1–6] In addition,
MgO is frequently used as an industrial ceramic and especially
as an ideal pressure standard in in-situ X-ray diffraction high
pressure experiments[7–9] due to its wide pressure-temperature
stability range.[10]

A detailed knowledge about the physical and chemical
properties of MgO, particularly defect and diffusion, is crucial
for our understanding of the mantle rheology, as the dominant
deformation mechanism in the deep interior is thought to be
diffusive in nature. The high-pressure high-temperature be-
haviors of MgO have long been a subject of great interest for
experimental and theoretical investigations, the elasticity,[7–16]

deformation,[17,18] defect structure,[2,4,5,19] diffusion,[1,3,6,20,21]

and electrical conductivity[22,23] have been studied. Never-
theless, few experiments or theories have been carried out
on the diffusion of cationic impurities in periclase at high-
pressure and high-temperature. It should be noted that triva-
lent cations (e.g., Al3+, Cr3+, and Fe3+) are significantly sol-
uble in periclase,[24] and the cation diffusion is considerably
more rapid in periclase than that in silicate perovskite.[21,25]

As a consequence, periclase might enhance the bulk diffusive
transport in Earth’s lower mantle because the impurities di-
rectly control the diffusion process of the other species in per-
iclase.

Van Orman et al.[21,26] reported experimentally deter-
mined aluminum diffusion coefficients in periclase at 1577–

2273 K in the pressure range from 1 atm to 25 GPa. Their
data suggested that cation vacancies are strongly attracted to
Al in periclase and form bound pairs which have a strong in-
fluence on the Al diffusion. More recently, a first-principles
calculation[27] has been performed on the diffusion of Al in
periclase. Although the results of those different studies are
roughly similar, the number of data points is very limited, es-
pecially at high pressure. In addition, neither experimental
nor theoretical investigation has constrained well the pressure
dependence of Al diffusion in MgO. In this study, a thermo-
dynamic approach, as described previously,[28–30] is employed
to examine whether the diffusion coefficient of aluminum in
MgO can be successfully reproduced in terms of the bulk elas-
tic and the expansivity data.

2. Theoretical consideration
Defect parameters can be directly estimated by using

a macroscopic elastic thermodynamic model, the so-called
cBΩ model, which interconnects the Gibbs energy gi with the
bulk expansivity and the elastic data of the solid through the
relation[31–40]

gi = ciBΩ , (1)

where ci is practically a constant which can be consid-
ered as independent of temperature and pressure to the first
approximation,[36,41] B is the isothermal bulk modulus, and
Ω is the mean atomic volume per atom. Superscript i in
Eq. (1) refers to the defect process under consideration, i.e.,
i = f, act, and m, standing for formation, self-diffusion ac-
tivation, and migration processes, respectively. The validity
of the cBΩ model has been checked for different defect pro-
cesses (i.e., formation, migration, and activation processes)
in various categories of solids, including metals,[32,34,38,42]
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rare gas solids,[35,36] alkali and silver halides,[36,41,43,44]

fluorides,[31,36,45,46] as well as diamond.[30,47] It is also found
to satisfactorily provide a basis for the understanding of the
compensation rules in carbon subgroup crystals[48] and the
diffusivity-density scaling function for viscous liquids.[49] Fur-
thermore, this model is successfully applied to refine the self-
diffusion and heterodiffusion coefficients for silicate minerals
of geophysical interest.[28–30,50–52]

For a single operating mechanism, the self-diffusion pro-
cess at different temperature T is described in terms of activa-
tion Gibbs energy gact as[53]

D = f a2
ν exp

[
−gact/(kBT )

]
, (2)

where f is a geometrical factor, a stands for the jump dis-
tance, ν is the jump frequency (usually taken to be the Debye
frequency νD

[36]), kB is the Boltzmann constant, T is the ab-
solute temperature, and gact denotes the Gibbs free energy for
the activation process.

Considering gact is proportional to quantity BΩ , by in-
serting Eq. (1) into Eq. (2), we have

D = f a2
ν exp

[
−cactBΩ/(kBT )

]
. (3)

Clearly, for a given temperature T1 (or pressure P) and a con-
stant pressure P (or temperature T ), if the self-diffusion coef-
ficient D1 is known, the value of cact can be estimated from the
formula

cact =
kBT1

B1Ω1
ln

f a2
1ν1

D1
, (4)

where subscript 1 stands for the value of each quantity mea-
sured (a1, ν1, B1, and Ω1) at T = T1 (or P = P1). Once cact

is determined through Eq. (4), Eq. (3) permits the refinement
of the diffusion coefficient D at any temperature (or pressure)
provided that appropriate values of f , a, ν , B, and Ω corre-
sponding to the temperature are available.

In the application of the above-mentioned method to the
case of impurity diffusion (heterodiffusion), we must empha-
size that the jump frequency ν depends roughly on the mass
of the diffusant for a given matrix.[29,36,42,43,52] As a conse-
quence, ν can be reasonably given by

ν = νD(mm/mi)
1/2, (5)

where νD denotes the Debye frequency of the host material,
mm and mi represent the masses of the matrix and the diffu-
sant, respectively. Henceforward, the resulting values of cact

and D can only be correctly calculated from Eqs. (3) and (4)
through employing the appropriate ν determined from Eq. (5).

The accuracy of the calculated value of cact relies on lots
of parameters, such as diffusion data D1 at T1 and elastic prop-
erties ( f , a, ν , B, and Ω). Among them, appropriate D1 and
T1 are crucial for the accurate determination of cact in Eq. (4).

Several approaches have been proposed to obtain them, in-
cluding the lowest[34,36,41–44] or highest[54] experimental tem-
perature and an improved approach based on the compensation
effect.[50–52] However, in this work, the most important con-
stant cact can be directly estimated by using the mean value
method.[28–30] Another source of error is the determination of
the Debye frequency. From a physical point of view, there are
two kinds of Debye frequencies, one is the optic Debye fre-
quency, the other refers to the acoustic one. Although these
two frequencies are not equal to each other for most silicate
minerals, the recent studies[28,30] have verified that the value
of cact merely yields a small change and the resultant refined
diffusivities remain within the experimental uncertainties even
if the optic Debye frequency was replaced by the acoustic one
in Eqs. (4) and (5). A major challenge in the precise refine-
ment of diffusion coefficients arises from the errors associated
with the experimental elastic and expansivity data (especially
B and Ω) of minerals. The bulk properties of minerals, such as
compressibility and expansivity, are frequently determined by
experimental studies in quite limited temperature and pressure
ranges, and thus the extrapolation of these available bulk prop-
erties to relative higher or lower temperatures of geological in-
terest is required in practical application. Unfortunately, such
an extrapolation can easily introduce additional uncertainty in
the framework of the cBΩ model, because the bulk properties
of minerals (especially volume V and isothermal bulk modulus
B) often vary with the temperature and pressure in a nonlinear
manner at relatively lower temperatures and near the melting
point.[26,30,36,50]

3. Results and discussion
In order to check the validity of the cBΩ model for alu-

minum diffusion in MgO, we will reproduce both temperature
and pressure dependences of diffusion coefficient reported by
Van Orman et al.[21,26] in periclase at 1577–2273 K and from
1 atm to 25 GPa. First of all, we have to determine the value
of cact in Eq. (4). For the reason of brevity, ambient pressure
data[26] are taken as an example to show how the value of cact

can be calculated. At isobaric conditions of P = 1 atm, each
experimental temperature (see Table 1 of Ref. [26]) is used to
calculate the corresponding expansivity and elastic data (a, B,
and Ω) based on the equation of state (EOS) of MgO.[8,9,55]

The frequency ν is estimated from Eq. (5) in terms of the
experimental Debye temperature.[11] By inserting all elastic
properties and the known diffusion data (listed in Table 1) into
Eq. (4) for each T with f = 0.75,[36] we finally get a mean
value cact

mean = 0.3281(±0.0080). The same procedures can
also be applied to calculate the mean value of cact at other con-
fined pressures (for instance 15 GPa and 25 GPa) provided that
the necessary bulk elastic and experimental diffusion data are
available.
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Table 1. Elastic data, experimental (Dexp) and calculated (Dcalc) diffusion coefficients of Al in MgO at atmospheric pressure
along with their errors for different temperatures.

T /K a[8]/Å B[55]/GPa Ω[9]/Å3 Dexp
[26]/m2·s−1 Dcalc/m2·s−1

1577 4.2629 122.7920 9.7819 5.52+1.07
−1.07×10−14 3.98+2.43

−1.21×10−14

1578 4.2630 122.7616 9.7823 6.78+3.47
−3.47×10−14 4.04+3.36

−2.54×10−14

1670 4.2658 119.9657 9.8146 1.46+0.37
−0.37×10−13 1.52+1.97

−0.83×10−13

1673 4.2659 119.8745 9.8156 1.81+1.19
−1.19×10−13 1.58+2.01

−1.32×10−13

1674 4.2660 119.8441 9.8159 2.02+0.58
−0.58×10−13 1.60+2.47

−1.02×10−13

1767 4.2689 117.0179 9.8486 3.11+1.80
−1.80×10−13 5.27+4.69

−2.62×10−13

1768 4.2689 116.9875 9.8498 3.23+0.64
−0.64×10−13 5.34+4.51

−2.71×10−13

Once cact is known, we can proceed to calculate the diffu-
sion coefficient Dcalc from Eq. (3) using the approximate elas-
tic and expansivity data listed in Table 1 for each temperature.
The resulting values of Dcalc are presented in Table 1 along
with their errors arising from the uncertainties of B, Ω , ν , and
cact.
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Fig. 1. (color online) Comparison of the calculated temperature depen-
dence of Al diffusion in MgO via the cBΩ model with the experimental
and theoretical data.

Figure 1 shows a comparison of the present calculations
with the available data for the temperature dependence of Al
diffusion in periclase. It is evident that not only the exper-
imental results at ambient and high pressures (15 GPa and
25 GPa)[21,26] but also the theoretical calculations[27] are in
good agreement with our predictions. However, we note that
the theoretically computed diffusion coefficients of Al at am-
bient pressure using the five-frequency model[27] (the gray
dashed line in Fig. 1) and the Lidiard’s expression[56] (the
gray line in Fig. 1) are by one order higher or lower than our
thermodynamic calculations, respectively, as well as the ex-
perimental reports.[21,26] This discrepancy may be caused by
the complicated diffusion mechanisms of Al and Al-vacancy
association in periclase (for details see Refs. [26] and [27]).
In particular, the theoretical investigations[27,56] have demon-
strated that the diffusion coefficient of Al has a complicated
dependence on the Al concentration. Unfortunately, the cBΩ

model cannot give any direct explanation for the aforemen-

tioned phenomena (i.e., diffusion mechanism and concentra-
tion dependence).[29,50,51]

We proceed to calculate the pressure dependence of D.
As an example, the elastic data (a, B, and Ω) and the experi-
mental values of Dexp along with their errors for various pres-
sures at T = 2273 K are given in Table 2. We apply Eq. (4)
for all data at 15 GPa and 25 GPa, leading to a mean value
cact

mean = 0.2984(±0.0134). By employing a similar procedure
for other temperatures, we can obtain the corresponding val-
ues of cact. As a result, the satisfactory agreement between
our predictions and the experimental/theoretical investigations
implies that the present thermodynamic model is successful
for calculating the pressure variation of D, as shown in Fig. 2
and Table 2. In addition, if differentiating Eq. (1) with re-
spect to pressure and considering the definition of activation
volume υact =−(∂gact/∂P)T , we can write the activation vol-
ume as υact(P,T ) = −kBT (∂ lnD/∂P)T . Here, (∂ lnD/∂P)T
is directly determined through the slop of lnD versus P plot
(for additional details see p. 126 of Ref. [36] and our previ-
ous discussion[29,30,51]). Consequently, our calculated υact at
2273 K is 3.53±0.05 cm3/mol, which is fairly comparable to
that estimated experimentally (3.22±0.25 cm3/mol).[21,26]

We now turn to the estimation of the activation enthalpy
for Al diffusion in periclase based on the cBΩ model. Note
that, when cact is known, the activation enthalpy can be di-
rectly calculated at any temperature from the relation[57,58]

hact = cact
Ω

(
B−T βB−T

dB
dT

∣∣∣∣
P

)
, (6)

which immediately results from the definition of the defect en-
thalpy (hact = gact− T (dgact/dT )|P) by introducing Eq. (1),
where β is the thermal (volume) expansion coefficient. For
example, at T = 2273 K and P = 1 atm, by inserting cact =

0.3281, Ω = 10.026×10−24 cm3,[9] β = 3.16×10−5 K−1,[55]

B= 101.641 GPa,[55] and (dB/dT )P =−0.023 GPa/K[14] into
Eq. (5), we find hact = 2.91 eV. This value is higher than the
experimental value 2.21 eV reported by Van Orman et al.[26]

and the first-principles calculation result 2.56 eV,[27] but close
to the theoretical value 2.71 eV.[19] The difference in the acti-
vation enthalpy hact (the activation volume υact) between our
calculation and the experimental/theoretical works might be
arisen from the anharmonic effects.[4,30,36,54] Especially, at rel-
atively lower temperatures and near the melting point, this
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phenomenon becomes clear and more important, because the
bulk properties of minerals (volume V and isothermal bulk
modulus B) often change with temperature and pressure in
a nonlinear manner.[36] As a consequence, such anharmonic

properties would introduce additional uncertainties into the
present calculations, as our calculated results of T and P de-
pendences of Dcalc, hact, and υact in the framework of the cBΩ

model do not consider anharmonicities which may be present.

Table 2. Elastic data, experimental (Dexp), calculated (Dcalc), and theoretical (Dtheor) diffusion coefficients of Al in MgO for different
pressures at T = 2273 K along with their errors.

P/GPa a[8]/Å B[55]/GPa Ω[9]/Å3 Dexp
[21]/m2·s−1 Dcalc/m2·s−1 Dtheor

[27]/m2·s−1

0 4.2847 102.6262 10.2152 – 1.26+1.37
−0.84×10−10 –

15 4.1852 165.1814 9.2133 0.85+0.10
−0.10×10−12 1.34+2.36

−1.51×10−12 2.36+2.51
−1.48×10−12

25 4.1189 206.8823 8.7285 1.50+0.13
−0.13×10−13 0.87+0.67

−0.36×10−13 1.25+2.42
−1.35×10−13

40 4.0194 269.4336 8.2471 – 1.58+2.47
−1.24×10−15 –

60 3.8867 352.8354 8.0750 – 3.81+2.59
−1.27×10−18 –
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Fig. 2. (color online) Comparison of the calculated pressure depen-
dence of Al diffusion in MgO via the cBΩ model with the experimental
and theoretical data.

4. Summary
The thermodynamic calculated diffusion coefficient of

aluminum in periclase is presented as a function of tempera-
ture and pressure. The quantitative agreements between our
predictions and the experimental/theoretical data show that
such a model is capable of adequately describing the alu-
minum diffusion in periclase over a wide range of tempera-
ture and pressure (up to 60 GPa). We also show that, despite a
small difference, the estimated activation volume and enthalpy
are comparable to the known ones when errors are taken into
account.

The major difficulty associated with the meaningful cal-
culation of the diffusivity of impurity-Al in the MgO host
crystal is that the diffusion of cations has a strong depen-
dence on the Al concentration.[21,26] Unlike the case of self-
diffusion, within the framework of the cBΩ thermodynamic
model, it is not possible to account for this dependence, be-
cause the mechanism of Al-vacancy association in periclase
is quite complicated.[19,26,27] On the other hand, as stated
previously,[29,30,36,51] the validity of the cBΩ model largely
depends on the estimation of uncertainties including the bulk
elastic and expansivity data, the Debye frequency, and the ac-

curacy of the calculated value of cact. In addition, the effect of
anharmonicities on the bulk properties may induce potential
uncertainties for the present thermodynamic calculation. This
needs further investigation.
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[1] Vočadlo L, Wall A, Parker S C and Price G D 1995 Phys. Earth Planet.

Inter. 88 193
[2] Ita J and Cohen R E 1997 Phys. Rev. Lett. 79 3198
[3] Ita J and Cohen R E 1998 Geophys. Res. Lett. 25 1095
[4] Oganov A R and Dorogokupets P I 2003 Phys. Rev. B 67 224110
[5] Karki B B and Khanduja G 2006 Am. Mineral. 91 511
[6] Ito Y and Toriumi M 2007 J. Geophys. Res. 112 B04206
[7] Speziale S, Zha C, Duffy T S, Hemley R J and Mao H K 2001 J. Geo-

phys. Res. 106 515
[8] Fei Y, Li J, Hirose K, Minarik W, Van Orman J, Sanloup C, Westrenen

W, Komabayashi T and Funakoshi K 2004 Phys. Earth Planet. Inter.
143–144 515

[9] Kono Y, Irifune T, Higo Y, Inoue T and Barnhoorn A 2010 Phys. Earth
Planet. Inter. 183 196

[10] Duffy T S, Hemley R J and Mao H K 1995 Phys. Rev. Lett. 74 1371
[11] Isaak D G, Anderson O L and Goto T 1989 Phys. Chem. Mineral 16

704
[12] Matsui M, Parker S C and Leslie M 2000 Am. Mineral 85 312
[13] Li H P, Xu L P and Liu C Q 2005 J. Geophys. Res. 110 B05203
[14] Aizawa Y and Yoneda A 2006 Phys. Earth Planet. Inter. 155 87
[15] Wu Z, Wentzcovitch R M, Umemoto K, Li B, Hirose K and Zheng J

2008 J. Geophys. Res. 113 B06204
[16] Jin K, Li X Z, Wu Q, Geng H Y, Cai L G, Zhou X M and Jing F Q 2010

J. Appl. Phys. 107 113518
[17] Merkel S, Wenk H R, Shu J F, Shen G Y, Gillet P, Mao H K and Hemley

R J 2002 J. Geophys. Res. 107 2271
[18] Cordier P, Amodeo J and Carrez P 2012 Nature 481 177
[19] Gourdin W H and Kingery W D 1979 J. Mater. Sci. 14 2053
[20] Wuensch B J, Steele W C and Vasilos T 1973 J. Chem. Phys. 58 5258
[21] Van Orman J A, Fei Y W, Hayri E H and Wang J H 2003 Geophys. Res.

Lett. 30 1056
[22] Sempolinsky D R and Kingery W D 1980 J. Am. Ceram. Soc. 63 664
[23] Wu X P, Zhang B H, Xu J S, Katsura T, Zhai S M, Yoshino T, Manthi-

lake G and Shatskiy A 2010 Physica B 405 53
[24] Wood B J 2000 Earth Planet. Sci. Lett. 174 341
[25] Holzapfel C, Rubie D C, Frost D J and Langenhorst F 2005 Science

309 1707
[26] Van Orman J A, Li C and Crispin K 2009 Phys. Earth Planet. Inter.

172 34
[27] Ammann M W, Brodholt J P and Dobson D P 2012 Phys. Chem. Min-

eral 39 503
[28] Dologlou E 2011 J. Appl. Phys. 110 036103
[29] Zhang B H 2012 J. Asian Earth Sci. 54–55 9
[30] Zhang B H and Wu X P 2012 Appl. Phys. Lett. 100 051901
[31] Varotsos P A 1976 Phys. Rev. B 13 938

056601-4

http://dx.doi.org/10.1016/0031-9201(94)02987-M
http://dx.doi.org/10.1016/0031-9201(94)02987-M
http://dx.doi.org/10.1103/PhysRevLett.79.3198
http://dx.doi.org/10.1029/98GL50564
http://dx.doi.org/10.1103/PhysRevB.67.224110
http://dx.doi.org/10.2138/am.2006.1998
http://dx.doi.org/10.1029/2005JB003685
http://dx.doi.org/10.1029/2000JB900318
http://dx.doi.org/10.1029/2000JB900318
http://dx.doi.org/10.1016/j.pepi.2003.09.018
http://dx.doi.org/10.1016/j.pepi.2003.09.018
http://dx.doi.org/10.1016/j.pepi.2010.03.010
http://dx.doi.org/10.1016/j.pepi.2010.03.010
http://dx.doi.org/10.1103/PhysRevLett.74.1371
http://dx.doi.org/10.1029/2004JB003294
http://dx.doi.org/10.1016/j.pepi.2005.10.002
http://dx.doi.org/10.1029/2007JB005275
http://dx.doi.org/10.1063/1.3406140
http://dx.doi.org/10.1063/1.3406140
http://dx.doi.org/10.1029/2001JB000920
http://dx.doi.org/10.1038/nature10687
http://dx.doi.org/10.1007/BF00688410
http://dx.doi.org/10.1063/1.1679138
http://dx.doi.org/10.1029/2002GL016343
http://dx.doi.org/10.1029/2002GL016343
http://dx.doi.org/10.1111/jace.1980.63.issue-11-12
http://dx.doi.org/10.1016/j.physb.2009.08.036
http://dx.doi.org/10.1016/S0012-821X(99)00273-3
http://dx.doi.org/10.1126/science.1111895
http://dx.doi.org/10.1126/science.1111895
http://dx.doi.org/10.1016/j.pepi.2008.03.008
http://dx.doi.org/10.1016/j.pepi.2008.03.008
http://dx.doi.org/10.1007/s00269-012-0506-z
http://dx.doi.org/10.1007/s00269-012-0506-z
http://dx.doi.org/10.1063/1.3610411
http://dx.doi.org/10.1016/j.jseaes.2012.02.017
http://dx.doi.org/10.1063/1.3680600
http://dx.doi.org/10.1103/PhysRevB.13.938


Chin. Phys. B Vol. 22, No. 5 (2013) 056601

[32] Varotsos P A and Alexopoulos K D 1977 Phys. Rev. B 15 4111
[33] Varotsos P A and Alexopoulos K D 1979 J. Physics C: Solid State 12

L761
[34] Varotsos P A and Alexopoulos K D 1980 Phys. Rev. B 22 3130
[35] Varotsos P A and Alexopoulos K D 1984 Phys. Rev. B 30 7305
[36] Varotsos P A and Alexopoulos K D 1986 Thermodynamics of Point

Defects and Their Relation with Bulk Properties (North Holland: Am-
sterdam)

[37] Varotsos P A and Ludwig W 1978 J. Physics C: Solid State 11 L305
[38] Varotsos P A, Ludwig W and Falter C 1978 J. Physics C: Solid State

11 L311
[39] Varotsos P A, Ludwig W and Alexopoulos K D 1978 Phys. Rev. B 18

2683
[40] Varotsos P A and Alexopoulos K D 1982 Physica Status Solidi B 110 9
[41] Varotsos P A 2007 J. Appl. Phys. 101 123503
[42] Varotsos P A and Alexopoulos K D 1981 Phys. Rev. B 24 3606
[43] Dologlou E 2010 J. Appl. Phys. 107 083507
[44] Dologlou E 2010 Glass Phys. Chem. 36 570
[45] Varotsos P A 2007 Phys. Rev. B 76 092106

[46] Varotsos P A 2008 Solid State Ionics 179 438
[47] Varotsos P A 2007 Phys. Rev. B 75 172107
[48] Papathanassiou A N and Sakellis I 2010 J. Chem. Phys. 132 154503
[49] Papathanassiou A N, Sakellis I and Grammatikakis J 2010 Appl. Phys.

Lett. 97 041913
[50] Zhang B H, Wu X P, Xu J S and Zhou R L 2010 J. Appl. Phys. 108

053505
[51] Zhang B H, Wu X P and Zhou R L 2011 Solid State Ionics 186 20
[52] Zhang B H and Wu X P 2011 J. Asian Earth Sci. 42 134
[53] Shewmon P G 1963 Diffusion in Solids (New York: McGraw-Hill)
[54] Varotsos P A 2009 J. Appl. Phys. 105 083524
[55] Fabrichnaya O, Saxena S K, Richet P and Westrum E F 2004 Thermo-

dynamic Data, Models and Phase Diagrams in Multicompoent Systems
(Berlin: Springer)

[56] Lidiard A B 1955 Phil. Mag. 46 1218
[57] Varotsos P A and Alexopoulos K D 1977 J. Phys. Chem. Solids 38 997
[58] Lazaridou M, Varotsos C, Alexopoulos K D and Varotsos P A 1985 J.

Physics C: Solid State 18 3891

056601-5

http://dx.doi.org/10.1103/PhysRevB.15.4111
http://dx.doi.org/10.1103/PhysRevB.22.3130
http://dx.doi.org/10.1103/PhysRevB.30.7305
http://dx.doi.org/10.1103/PhysRevB.18.2683
http://dx.doi.org/10.1103/PhysRevB.18.2683
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1063/1.2745359
http://dx.doi.org/10.1103/PhysRevB.24.3606
http://dx.doi.org/10.1063/1.3387861
http://dx.doi.org/10.1134/S1087659610050056
http://dx.doi.org/10.1103/PhysRevB.76.092106
http://dx.doi.org/10.1016/j.ssi.2008.02.055
http://dx.doi.org/10.1103/PhysRevB.75.172107
http://dx.doi.org/10.1063/1.3382645
http://dx.doi.org/10.1063/1.3467203
http://dx.doi.org/10.1063/1.3467203
http://dx.doi.org/10.1063/1.3476283
http://dx.doi.org/10.1063/1.3476283
http://dx.doi.org/10.1016/j.ssi.2011.01.007
http://dx.doi.org/10.1016/j.jseaes.2011.04.015
http://dx.doi.org/10.1063/1.3115451
http://dx.doi.org/10.1016/0022-3697(77)90201-3
http://dx.doi.org/10.1088/0022-3719/18/20/015
http://dx.doi.org/10.1088/0022-3719/18/20/015

	1. Introduction
	2. Theoretical consideration
	3. Results and discussion
	4. Summary
	References

