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Mixed Alkali Effect in Crystals of b- and b00-Alumina Structure
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We develop a microscopic model for the mixed alkali effect in crystals of theb- and b00-alumina
type, which is based on the formation of certain mobile defects and the fact that different type
mobile ions have a different preference to become part of these defects. Our computer simulatio
the ionic conductivity are in excellent agreement with experimental data. Our model predicts a com
shape of the rescaled conductivity isotherms independent of temperature and the specific type of
which is also in agreement with the available experimental results.

PACS numbers: 66.30.Dn, 61.72.Bb, 66.30.Hs
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When in certain ion conducting crystals two differe
types of mobile ions are mixed, one finds that the ion
conductivity does not linearly decompose into the tw
conductivities of the corresponding pure systems. Rath
the conductivity of the mixture can be several orders
magnitude smaller. This spectacular phenomenon
originally found by mixing different types of alkali ions
and is therefore known as the mixed alkali effect (MAE
The MAE occurs also in ion conducting glasses a
presents a fundamental problem in the physics of so
electrolytes (for reviews, see [1,2]).

In this Letter we focus on the microscopic understan
ing of the MAE in crystals of theb- and b00-alumina
structure with compositionfs1 2 xdA2O 2 xB2Ogs11ced-
11M2O3, whereA andB are two different alkalis or other
monovalent metals (e.g., Ag),M a threevalent metal (Al,
Ga, or Fe), andce the excess of mobile ions compare
to the stoichiometric composition (typicallyce ø 0.22 in
the b and ce ø 0.7 in the b00 modification) [3–7]. The
change of the conductivityssxd upon varying the mole
fraction x of B ions is different in theb and b00 mod-
ifications. In theb systems, the conductivity isotherm
display a pronounced minimum atx ø 0.7 (or 1 2 x ø
0.7), while in theb00 systems the conductivity is almos
constant forx & 0.8 (or 1 2 x & 0.8) and then increases
strongly forx * 0.8.

The different shape of the conductivity isotherms is r
lated to a different structural environment of the mob
ions. In both theb and b00 systems, the ionic diffusion
is confined to conduction planes that are located betw
two M11O16 spinel blocks (for a detailed description of th
crystal structure, see [8–11]). In theb00 modification, the
possible sites for the mobile ions form a honeycomb latti
The number of mobile ions per lattice site isps ­ s1 1

cedy2. Hence, typically 85% of the lattice sites are occ
pied and the rest of them are vacancies. In theb modifica-
tion, the sites of the honeycomb lattice are not equivale
because of different relationships to the spinel blocks,
belong to two different triangular sublattices of Beeve
0031-9007y96y76(13)y2338(4)$10.00
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Ross (BR) and anti–Beevers-Ross (aBR) sites. The
sites are preferentially occupied, but since the number
mobile ions per BR site ispBR ­ 1 1 ce . 1, not all of the
ions can occupy a favorable BR site. As was shown
x-ray diffraction experiments [12–14], each of the exce
ions displaces an ion from a BR site with which it forms
so-called midoxygen (mO) pair [15]. The ions in themO
pairs occupymO sites that are located halfway along th
bonds connecting the BR and aBR sites [see Fig. 1(a)]

The x-ray diffraction experiments have provided eve
more detailed knowledge about the site occupation nu
bers of different types of mobile ions [16]. The bas
result of these measurements is that in the mixedb sys-
tems one type of mobile ion prefers to be on amO site,
while the other prefers to be on a BR site. For examp
in NayK-b-alumina with small K content, all K1 ions are
found to occupy the BR sites. Only when the number
K1 ions exceeds the number of accessible BR sites,
mO pairs with K1 ions formed.

The preference of one type of ion to become part
a defect is the key ingredient of our model, which w
will develop in the following. In both theb and b00

modifications the conductivity is caused by the mobility o
certain defects. In theb system these are themO pairs. In
theb00 system, we consider a vacancy as a “triple defec
since it attracts the three nearest neighboring ions, ther
causing them to be slightly displaced towards the vacan
[10] [see ions 1–3 in Fig. 1(c)]. An ion is called a defec
ion when it is part of a defect and a BR ion otherwise. W
require that an ion cannot be part of more than one defe
which implies that two defects do not come very close
each other, i.e., they experience a “hard-core repulsio
(see the shaded areas in Fig. 1).

We assume that the defects diffuse by performing th
mally activated jumps between neighboring lattice site
During each defect jump, the actual movements of the io
can be considered as in Fig. 1. In theb system, similar
to a proposal by Wang, Gaffari, and Choi [17], ion 1 of
jumpingmO pair passes an aBR site [Fig. 1(a)] and mov
© 1996 The American Physical Society
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FIG. 1. Sketch of the collective ion movements during tw
jumps of anmO pair in theb system (a), (b) and two jumps of
vacancy triple defect in theb00 system (c), (d). The open circle
mark theA ions and the filled circles theB ions. In the pure
A systems [upper figures (a), (c)] the jump rates assigned
the jumps shown arewd ­ nA exps2UAykBTd in (a) andwd ­
n

00
A exps2U 00

AykBT d in (b), while in the mixed systems [lowe
figures (b), (d)] the rates arewd ­ nA expf2sUA 1 D1dykBT g in
(b) andwd ­ n

00
B expf2sU 00

B 1 D
00
2 1 D

00
3 dykBTg in (d).

to a newmO site. During this process, it pushes ion 3 fro
a BR site to anmO site, while ion 2 of the originalmO pair
relaxes onto a BR site. It has been shown [17] that this c
lective jump process requires a particularly low activati
energy. In theb00 system [Fig. 1(c)], ion 1 of the triple
defect moves towards the original vacancy, passing an
favorablemO site. Thereby it creates a new triple defe
together with ions 4 and 5. Ions 2 and 3 of the origin
triple defect relax onto the next BR site.

To account for the preference of certain types of io
to become defect ions, we assign different energies to
various possible defect configurations. Indeed, such de
energies have been estimated byab initio calculations for
b-alumina [18]. In theb system we denote byEA andEB

the energy of anA andB ion on a BR site and byE0, E1,
andE2 the energy of anmO pair with 0, 1, and 2B ions,
respectively. Equivalently, the BR ions in theb00 system
have energiesE00

A andE00
B and the defects the energiesE00

i
(i ­ 0, . . . , 3), whereE00

i is the energy of a triple defec
with i B ions. To simplify the notation, we suppres
the double-prime superscript in the following, keeping
mind, however, that the energies in theb andb00 system
are considered to be different. In theb (b00) system there
exist 8 (18) possible jump processes for the defects, wh
differ from each other by the types of ions which a
involved (four examples are shown in Fig. 1). The ener
changesDE associated with these jump processes can
be expressed by the 2 (3) energy differences
to
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Di ; sEi 2 Ei21d 1 sEA 2 EBd . (1)

These energy differences have a simple meaning:Di is the
energy needed to create a defect withi B ions by substi-
tuting anA defect ion by aB BR ion in a defect withi 2

1 B ions. Without loss of generality, we assume that theA
ions prefer to become defect ions and thus requireDi . 0.

The total activation energyEa for a defect jump with
energy changeDE is given by

Ea ­

Ω
U 1 DE for DE . 0,
U for DE , 0 , (2)

whereU is an energy barrier. For simplicity we assum
thatU depends only on the type of the “moving” ion (ion 1
in Fig. 1),U ­ UA for A ions andU ­ UB for B ions. Both
UA andUB determine the activation energies forx ­ 0 and
x ­ 1 and can be directly taken from the experiment
With the specification ofEa, the jump rateswd of the
defects are given bywd ­ n exps2EaykBT d, where we
assume that the prefactorn depends only on the type of
the moving ion, i.e.,n ­ nA or n ­ nB.

To explore the consequences of this model, we ha
performed extensive computer simulations. Since t
defects can be considered as effective charge carr
and interactions among them have been neglected (exc
for their hard-core repulsion), the conductivity can b
calculated in a good approximation from the diffusio
coefficient with the help of the Nernst-Einstein relation
The diffusion coefficient was determined from the tim
dependent mean square displacement of the defects
using the standard Monte Carlo algorithm [19].

Figure 2 shows our results (solid line) for the condu
tivity ssxd for the b and b00 systems. The results are
compared with the experimental curves (dotted lines) f
NayK-b-alumina [5] and NayK-b00-alumina [6], each for
two temperatures. The parameters we used are sum
rized in Table I. The barrier energiesUA andUB as well
as prefactorsnA andnB were taken from experiment [5,6].

For estimating the values of the energy differences
the b00 system, we note thatssxd varies only slowly for
x & 0.8. Hence the variation of the activation energyEa

[see Eq. (2)] should be comparable tokBT even for the low
temperature curve atT ­ 200 K; i.e., D

00
1 andD

00
2 should

not be significantly larger than 17 meV. We have chos
D

00
1 ­ D

00
2 ­ 20 meV, but also smaller values give clos

fits to the experimental curves. More important is th
choice ofD3. In order to obtain the steep increase ofssxd
for x . 0.8 we have to require (see the discussion below
D

00
3 . D

00
1,2. We foundD

00
3 ­ 90 meV to be a good value.

For estimating the values of the energy differences
the b system, we note thatssxd varies strongly for small
x, which implies thatD1 is of the order ofUA. Accord-
ingly, we have chosenD1 ­ 140 meV. RequiringD2 .

D1 (see the discussion below) we found thatD2 ­ 2D1 ­
280 meV gave a close fit to the experimental curves.

The ce values of the experimental probes used in [5,
are not known very precisely. They were reported
ce ø 0.22 in the b system andce ø 0.67 in the b00
2339
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FIG. 2. Comparison between the conductivity found for th
model (filled symbols) and in the experiments (open symbo
for (a) NayK-b-alumina atT ­ 273 K (m,n) andT ­ 423 K
(j, h), and (b) NayK- b00-alumina atT ­ 200 K (m, n) and
T ­ 271 K (j, h). (The experimental data were redraw
from [5] and [6].) The solid lines (model) and dotted line
(experiment) are guides for the eye.

system. In the simulations we have usedce ­ 0.22 (b
system) andce ­ 0.7 (b00 system). Despite the simplicity
of our approach, the agreement between the results of
models and the experimental data is very good. Sm
deviations between model and experiment occur mai
on the K-rich side (x °! 1) [20].

The agreement between the model predictions and
experimental data enables us to give a coherent mic
scopic explanation of the MAE in crystals. In theb system
for small x, the conductivity is dominated by the motion
of mO pairs consisting of twoA ions (AA pairs). Since
D1 . 0, B ions replacingA ions occupy the BR sites (a
low temperatures) and thereby block diffusion paths of t
AApairs. This blocking process continues until long ran
diffusion paths for theAA pairs cease to exist, i.e., unti
the concentration ofB ions relative to the number of BR
sites becomes1 2 pc, wherepc ­ 0.5 is the percolation
threshold [21] in the triangular sublattice of BR sites. Th
corresponding mole fraction isxc ; pcys1 1 ced ­ 0.41.
Accordingly, whenxc is approached from below,ssxd
decreases very strongly [see the steep decrease ofssxd
in Fig. 2(a)]. Different from ordinary percolation,ssxd
does not vanish atx ­ xc, sinceAA pairs can overcome
blocked sites by thermally activated formation of mixe
AB pairs. At low temperatures, however, we expect
strong percolation effect to occur with a power law b
havior ssxd , sxc 2 xdm for x approachingxc from be-
low with m . 1.3 [21]. We note that the occurrence o
a percolation effect inb structures was suggested also
[22,23].
2340
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For x . xc, ssxd continues to decrease, becauseB
ions block further (short-range) diffusion paths for th
AA pairs beyond the critical threshold. The decrea
of the conductivity becomes increasingly weaker until
xmin ; s1 2 cedys1 1 ced ­ 0.64 all accessible BR sites
are occupied byB ions. This is the value at whichssxd
has its minimum at low temperatures [16] [see the lo
temperature curve in Fig. 2(a)]. At high temperatur
the B ions tend to occupymO sites and more of them
are needed to block all BR sites. Thus the minimu
is slightly shifted to the right. Forx . xmin, only mO
sites are left for the occupation ofB ions. TheB ions
might either formAB pairs by replacing oneA ion of a
mO pair or formBB pairs, by replacing bothA ions of
an mO pair. Because ofD2 . D1 the B ions prefer to
form mixedABpairs at low temperatures. The now high
mobileBBpairs are not formed untilx becomes larger than
x1 ; 1ys1 1 ced ­ 0.82. Consequently, the conductivity
increases only slowly forxmin , x , x1 and then strongly
for x . x1 [see Fig. 2(a)].

In the b00 system the barrier energyUB ­ 370 meV
is much larger than the barrier energyUA ­ 280 meV,
which causes the conductivity isotherm to display a stro
asymmetry. Analogous to theb system, the conductivity
of the b00 system for smallx is dominated by the
mobility of triple defects with 3A ions (A3 triples).
B ions preferentially replaceA ions that are not part
of a defect. However, since the energiesD

00
1 ­ D

00
2 are

comparable tokBT at T ­ 200 K, there is no strong
blocking effect, and thus a strong decrease ofssxd is not
observed. In fact, for a fairly goodqualitativeagreement
with the experimental results, one could even setD

00
1 ­

D
00
2 ­ 0. Our choiceD

00
1 ­ D

00
2 . 0, however, improves

the quantitative agreement significantly. Only theB3
triples have a much larger defect energyD3 ¿ kBT .
Accordingly, these defects practically do not exist un
the concentration ofB ions is finally so large that they
must form. This is the case forx . x00

1 , where x00
1 ;

2ceys1 1 ced ­ 0.82. In this regime the conductivity
increases very strongly with increasingx due to the
formation of the highly mobileB3 triples [see Fig. 2(b)],
analogous to the increase ofssxd in the b system for
x . x1 due to the formation ofBB pairs.

Our results suggest that in both theb andb00 systems
some kind of universal behavior can be expected: T
values valuesxc, xmin, x1, and x00

1 characterizing the
shape of the conductivity isotherms depend only (at lo
temperatures) once, but neither on temperature, nor o
the types of ions that are mixed, nor on the particular ty
TABLE I. Numerical values of the parameters [5,6].

UA (meV) UB (meV) nA ss21d nB ss21d D1 (meV) D2 (meV) D3 (meV)

b-alumina 135 370 1011 1.7 3 1012 140 280 · · ·
b00-alumina 370 280 5 3 1013 5 3 1013 20 20 90
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of crystal (Al2O3, Ga2O3, Fe2O3). These parameter
should only affect the conductivities of the pure syste
and the depth of the conductivity minimum. To te
this prediction, we show in Fig. 3 the (logarithmic
relative conductivitySsxd ; log10fssxdys0sxdg vs x for
various b systems, wheres0sxd ; s1 2 xdsA 1 xsB is
the conductivity expected for a simple additive mixin
behavior. Ssxd is a measure for the strength of th
“nonlinearity” in the MAE. In order to normalize the
minimum, we have dividedSsxd by jSsxmindj in Fig. 3.
As can be seen from the figure, all data follow inde
one master curve as suggested by the model. We ex
an analogous behavior for theb00 systems, but were no
able to test this prediction seriously because a suffici
number of probes with comparablece values have not
been investigated so far. New experiments would be v
helpful in this respect.

In summary, we have developed a coherent pict
for the MAE in crystalline probes of theb- and b00-
alumina type. Our model describes the distinct sha
of the conductivity isotherms quantitatively, and predic
a universal conductivity behavior, which is confirmed b
the available experimental data.

A problem that has been debated for a long time
the question if or to what extent the MAE in crystals h
the same origin as the MAE in glasses. From a gene
point of view, there exist indeed intrinsic similaritie
to the dynamic structure model that has been sugge
recently to account for the ion transport anomalies
glassy electrolytes [24]. Also in the dynamic structu
model the preference of different types of ions to occu
certain types of sites (equivalent toB ions preferring to
be on BR sites) plays a key role. But different from th
crystalline systems, the “sites” in the glassy network a
not predetermined by the quenched periodic structure
are formed by the interaction of the mobile ions with the
local environment during the process of cooling.

FIG. 3. Scaling plot of the conductivity isotherms for sever
probes of theb modification: NayK-b-alumina atT ­ 273 K
(h) [5], AgyNa-b-alumina atT ­ 273 K (n) [5], NayLi-b-
alumina atT ­ 298 K (e) [5], and NayK-b-gallate atT ­
422 K (,) [3]. For comparison the simulation result for273 K
is also shown (j). The solid lines (model) and dotted line
(experiment) are guides for the eye.
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