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Mixed Alkali Effect in Crystals of 8- and B”-Alumina Structure
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We develop a microscopic model for the mixed alkali effect in crystals of@dhend B”-alumina
type, which is based on the formation of certain mobile defects and the fact that different types of
mobile ions have a different preference to become part of these defects. Our computer simulations for
the ionic conductivity are in excellent agreement with experimental data. Our model predicts a common
shape of the rescaled conductivity isotherms independent of temperature and the specific type of probe,
which is also in agreement with the available experimental results.

PACS numbers: 66.30.Dn, 61.72.Bb, 66.30.Hs

When in certain ion conducting crystals two different Ross (BR) and anti—Beevers-Ross (aBR) sites. The BR
types of mobile ions are mixed, one finds that the ionicsites are preferentially occupied, but since the number of
conductivity does not linearly decompose into the twomobile ions per BR site isgr = 1 + ¢, > 1, not all of the
conductivities of the corresponding pure systems. Ratherpns can occupy a favorable BR site. As was shown in
the conductivity of the mixture can be several orders ofx-ray diffraction experiments [12—14], each of the excess
magnitude smaller. This spectacular phenomenon wasns displaces an ion from a BR site with which it forms a
originally found by mixing different types of alkali ions so-called midoxygenn(O) pair [15]. The ions in thenO
and is therefore known as the mixed alkali effect (MAE). pairs occupymO sites that are located halfway along the
The MAE occurs also in ion conducting glasses andoonds connecting the BR and aBR sites [see Fig. 1(a)].
presents a fundamental problem in the physics of solid The x-ray diffraction experiments have provided even
electrolytes (for reviews, see [1,2]). more detailed knowledge about the site occupation num-

In this Letter we focus on the microscopic understand-bers of different types of mobile ions [16]. The basic
ing of the MAE in crystals of the3- and B”-alumina  result of these measurements is that in the migeslys-
structure with compositiof(1 — x)A,0 — xB>OJ1+.,)- tems one type of mobile ion prefers to be om@® site,
11M,05, whereA andB are two different alkalis or other while the other prefers to be on a BR site. For example,
monovalent metals (e.g., Ag)/ a threevalent metal (Al, in Na/K-B-alumina with small K content, all K ions are
Ga, or Fe), and:, the excess of mobile ions compared found to occupy the BR sites. Only when the number of
to the stoichiometric composition (typicalty =~ 0.22 in K™ ions exceeds the number of accessible BR sites, are
the 8 andc, = 0.7 in the 8" modification) [3—7]. The mO pairs with K" ions formed.
change of the conductivityr(x) upon varying the mole The preference of one type of ion to become part of
fraction x of B ions is different in theB and 8" mod- a defect is the key ingredient of our model, which we
ifications. In theB systems, the conductivity isotherms will develop in the following. In both the3 and B”
display a pronounced minimum at= 0.7 (or 1 — x =  modifications the conductivity is caused by the mobility of
0.7), while in the 8" systems the conductivity is almost certain defects. Inthg system these are timeO pairs. In
constant forr < 0.8 (or 1 — x =< 0.8) and then increases the 8’ system, we consider a vacancy as a “triple defect,”
strongly forx = 0.8. since it attracts the three nearest neighboring ions, thereby

The different shape of the conductivity isotherms is re-causing them to be slightly displaced towards the vacancy
lated to a different structural environment of the mobile[10] [see ions 1-3 in Fig. 1(c)]. Anion is called a defect
ions. In both theg and B systems, the ionic diffusion ion whenitis part of a defect and a BR ion otherwise. We
is confined to conduction planes that are located betweerequire that an ion cannot be part of more than one defect,
two M, 046 spinel blocks (for a detailed description of the which implies that two defects do not come very close to
crystal structure, see [8—11]). In ti#® modification, the each other, i.e., they experience a “hard-core repulsion”
possible sites for the mobile ions form a honeycomb lattice(see the shaded areas in Fig. 1).

The number of mobile ions per lattice site jig = (1 + We assume that the defects diffuse by performing ther-
c.)/2. Hence, typically 85% of the lattice sites are occu-mally activated jumps between neighboring lattice sites.
pied and the rest of them are vacancies. Inghmodifica- During each defect jump, the actual movements of the ions
tion, the sites of the honeycomb lattice are not equivalentzan be considered as in Fig. 1. In tBesystem, similar
because of different relationships to the spinel blocks, buto a proposal by Wang, Gaffari, and Choi [17], ion 1 of a
belong to two different triangular sublattices of Beevers§jumpingmO pair passes an aBR site [Fig. 1(a)] and moves
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Ai=(E — Ei-1) + (E4 — Ep). 1)

These energy differences have a simple meanixygs the

energy needed to create a defect witB ions by substi-

tuting anA defect ion by aB BR ion in a defect withi —

1 Bions. Without loss of generality, we assume thatdhe

ions prefer to become defect ions and thus reqaire- 0.
The total activation energ¥, for a defect jump with

energy chang@FE is given by

_|U + AE for AE > 0,
Ea—{U for AE <0, @

whereU is an energy barrier. For simplicity we assume
thatU depends only on the type of the “moving” ion (ion 1
in Fig. 1),U = U,4 for Aions andU = Ug for Bions. Both

U, andUpg determine the activation energies for= 0 and

x = 1 and can be directly taken from the experiments.
With the specification off,, the jump ratesv,; of the
defects are given by, = vexp(—E,/kgT), where we
assume that the prefacterdepends only on the type of
the moving ion, i.e.p = vy Or v = vp.

FIG. 1.  Sketch of the collective ion movements during two TO explore the consequences of this model, we have
jumps of anmO pair in theB system (a), (b) and two jumps of a performed extensive computer simulations. Since the
vacancy triple defect in thg" system (c), (d). The opencircles defects can be considered as effective charge carriers

mark theA ions and the filled circles thB ions. In the pure ; ;
A systems [upper figures (a), ()] the jump rates assigned t nd interactions among them have been neglected (except

the jumps shown arer, = v, exp(— U, /k;T) in (a) andw, = or their hard-core repulsion), the conductivity can be
v exp(—UY/ksT) in (b), while in the mixed systems [lower calculated in a good approximation from the diffusion
figures (b), (d)] the rates ane, = vy, exd —(Us + Ay)/kgT]in  coefficient with the help of the Nernst-Einstein relation.
(b) andw, = vg exd—(Us + A7 + A5)/kgT] in (d). The diffusion coefficient was determined from the time
dependent mean square displacement of the defects by
to a newmO site. During this process, it pushes ion 3 fromusing the standard Monte Carlo algorithm [19].
a BR site to ammoO site, while ion 2 of the originahO pair Figure 2 shows our results (solid line) for the conduc-
relaxes onto a BR site. It has been shown [17] that this coltivity o(x) for the 8 and B systems. The results are
lective jump process requires a particularly low activationcompared with the experimental curves (dotted lines) for
energy. In theB” system [Fig. 1(c)], ion 1 of the triple Na/K-g-alumina [5] and N#K-8"-alumina [6], each for
defect moves towards the original vacancy, passing an utwo temperatures. The parameters we used are summa-
favorablemO site. Thereby it creates a new triple defectrized in Table I. The barrier energié€s, and Uy as well
together with ions 4 and 5. lons 2 and 3 of the originalas prefactors, andvy were taken from experiment [5,6].
triple defect relax onto the next BR site. For estimating the values of the energy differences in
To account for the preference of certain types of ionghe 8/ system, we note that(x) varies only slowly for
to become defect ions, we assign different energies to the < 0.8. Hence the variation of the activation enerBy
various possible defect configurations. Indeed, such defe¢see Eq. (2)] should be comparableis even for the low
energies have been estimatedatyinitio calculations for temperature curve & = 200 K; i.e., A{ and A} should
B-alumina [18]. In theB system we denote by, andEg  not be significantly larger than 17 meV. We have chosen
the energy of a\ andB ion on a BR site and b¥, E|, ! =AY =20 meV, but also smaller values give close
and E, the energy of amO pair with 0, 1, and B ions, fits to the experimental curves. More important is the
respectively. Equivalently, the BR ions in ti# system choice ofA3. In order to obtain the steep increasesdf)
have energie®), and E; and the defects the energig§  for x > 0.8 we have to require (see the discussion below)
(i =0,...,3), whereE;' is the energy of a triple defect A3 > AY,. We foundAs = 90 meV to be a good value.
with i B ions. To simplify the notation, we suppress For estimating the values of the energy differences in
the double-prime superscript in the following, keeping inthe 8 system, we note that(x) varies strongly for small
mind, however, that the energies in teand 8 system x, which implies thatA, is of the order oftU,. Accord-
are considered to be different. In tjge(8") system there ingly, we have chosem; = 140 meV. RequiringA, >
exist 8 (18) possible jump processes for the defects, which; (see the discussion below) we found that=2A, =
differ from each other by the types of ions which are280 meV gave a close fit to the experimental curves.
involved (four examples are shown in Fig. 1). The energy The ¢, values of the experimental probes used in [5,6]
changesAE associated with these jump processes can akire not known very precisely. They were reported as
be expressed by the 2 (3) energy differences c. = 0.22 in the B system andc, = 0.67 in the B8”
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For x > x., o(x) continues to decrease, becalBe
ions block further (short-range) diffusion paths for the
AA pairs beyond the critical threshold. The decrease
of the conductivity becomes increasingly weaker until at
Xmin = (1 — ¢.)/(1 + ¢.) = 0.64 all accessible BR sites
are occupied b ions. This is the value at whicbr(x)
has its minimum at low temperatures [16] [see the low
temperature curve in Fig. 2(a)]. At high temperatures
the B ions tend to occupynO sites and more of them
W, are needed to block all BR sites. Thus the minimum
0.0 02 04 06 08 1.0 02 04 06 08 10 is slightly shifted to the right. Fox > xp;,, only mO

X X sites are left for the occupation & ions. TheB ions
FIG. 2. Comparison between the conductivity found for theMight either formAB pairs by replacing ond ion of a
model (filled symbols) and in the experiments (open symbolsymO pair or form BB pairs, by replacing boti ions of
for (a) N&/K-g-alumina at7” = 273 K (A,A) and7T =423 K anmO pair. Because of\, > A, the B ions prefer to
(W.0), and (b) NgK- g"-alumina at7 =200 K (A,4) and  t5rm mixedAB pairs at low temperatures. The now highly
T =271 K (B,0). (The experimental data were redrawn . . .
from [5] and [6]) The solid lines (model) and dotted lines MOPIlEBB pairs are not formed until becomes larger than
(experiment) are guides for the eye. x1 =1/(1 + ¢,) = 0.82. Consequently, the conductivity

increases only slowly for,,;, < x < x; and then strongly

system. In the simulations we have used= 0.22 (8  for x > x; [see Fig. 2(a)].
system) and, = 0.7 (8" system). Despite the simplicity ~ In the 8" system the barrier energyp = 370 meV
of our approach, the agreement between the results of the@ much larger than the barrier energy = 280 meV,
models and the experimental data is very good. Smabvhich causes the conductivity isotherm to display a strong
deviations between model and experiment occur mainlasymmetry. Analogous to the system, the conductivity
on the K-rich side f — 1) [20]. of the B” system for smallx is dominated by the

The agreement between the model predictions and theaobility of triple defects with 3A ions (A3 triples).
experimental data enables us to give a coherent micrd ions preferentially replacé\ ions that are not part
scopic explanation of the MAE in crystals. IntBesystem of a defect. However, since the energig$ = A; are
for small x, the conductivity is dominated by the motion comparable tokgT at T = 200 K, there is no strong
of mO pairs consisting of twa\ ions (AA pairs). Since blocking effect, and thus a strong decreaser6f) is not
A; > 0, B ions replacingA ions occupy the BR sites (at observed. In fact, for a fairly gooqualitativeagreement
low temperatures) and thereby block diffusion paths of thevith the experimental results, one could even Aét=
AApairs. This blocking process continues until long rangeA’ = 0. Our choiceA = AJ > 0, however, improves
diffusion paths for theAA pairs cease to exist, i.e., until the guantitative agreement significantly. Only th&3
the concentration oB ions relative to the number of BR triples have a much larger defect enerdy > kpT.
sites become$ — p., wherep. = 0.5 is the percolation Accordingly, these defects practically do not exist until
threshold [21] in the triangular sublattice of BR sites. Thethe concentration oB ions is finally so large that they
corresponding mole fractionis = p./(1 + ¢,) = 0.41.  must form. This is the case for > x|, wherex| =
Accordingly, whenx, is approached from belowy(x)  2¢./(1 + c¢.,) = 0.82. In this regime the conductivity
decreases very strongly [see the steep decrease(x0f increases very strongly with increasing due to the
in Fig. 2(a)]. Different from ordinary percolatiorr(x)  formation of the highly mobileB3 triples [see Fig. 2(b)],
does not vanish at = x., sinceAA pairs can overcome analogous to the increase of(x) in the 8 system for
blocked sites by thermally activated formation of mixedx > x; due to the formation oBB pairs.

AB pairs. At low temperatures, however, we expect a Our results suggest that in both tgeand 8 systems
strong percolation effect to occur with a power law be-some kind of universal behavior can be expected: The
havior o(x) ~ (x. — x)* for x approachingc, from be-  values valuesx., xmin, x1, and x{ characterizing the
low with u = 1.3 [21]. We note that the occurrence of shape of the conductivity isotherms depend only (at low
a percolation effect ir8 structures was suggested also intemperatures) om,, but neither on temperature, nor on
[22,23]. the types of ions that are mixed, nor on the particular type

6/(Qcm)!

TABLE I. Numerical values of the parameters [5,6].

Uy (MeV) Ug (meV) vy (87 v (s71) Ay (meV) A, (meV) Az (meV)
B-alumina 135 370 18 1.7 X 10" 140 280
B"-alumina 370 280 5 % 10" 5% 10" 20 20 90
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of crystal (ARO3, G203, Fe03). These parameters We thank W. Dieterich, K. Funke, M.D. Ingram, P.
should only affect the conductivities of the pure systemdHeitjans, and J. Maier for very valuable discussions on
and the depth of the conductivity minimum. To testthe subject and the Deutsche Forschungsgemeinschaft for
this prediction, we show in Fig. 3 the (logarithmic) financial support.

relative conductivity2.(x) = log,,[o(x)/oo(x)] vs x for

various B systems, whererg(x) =(1 — x)os + xop is

the conductivity expected for a simple additive mixing
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