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RECENT DEVELOM4NTS IN O" ALUMINA

B. Dunn

Department of Materials Science and Engineering,
University of California, Los Angeles, CA 90024

and

0. C. Farrington

Department of Materials Science and Engineering,

University of Pennsylvania, Philadelphia, PA 19104

The multivalent IL-aluminas are the first family of high conductivity solid electrolytes for
divalent and trivalent cations. The rich ion exchange chemistry of these materials leads to
a variety of chemical environments within the conduction plane which consequently influence
their ion transport and optical properties. This paper reviews some of the pertinent struc-
tural aspects Of the multivalent A'-alUminas and considers the properties of selected systems
which contain either mixed ions or ions with two valence states within the conduction plane.
The results indicate that the multivalent exchanged A"-aluminas are excellent materials for
studying the effects of ion/lattice and ion/ion Interactions in 2-dimensional systems.

ITRODWCTION

The OILaluminas are one of the most widely conductivity at 4006C is comparable to that of
investigated solid electrolytes. One of the 0 2-in calcia stabilized zirconia. From a more
most Interesting features to be observed within fundamental standpoint, these studies Of the
the past few years is the remarkable Ion "Multivalent" 014aluminas demonstrate that the
exchange characteristics of the PI'-aluminas. We phenomenon of fast oation transport in solids is
have found that both divalent and trivalent not restricted to monovalent cations.
cations diffuse rapidly in the OI-alumina struc- The rich ion exchange chemistry of the
ture (but not in O-alumina) and we have utilized O'-aluminas is able to produce a variety of
this effect to prepare a wide range of divalent interesting properties In addition to those of
and trivalent compositions. 1 ' The Ion transport fast ion transport. As the chemical environment
properties of these materials are unique. The within the conduction plane is changed, the
divalent 0p'aluinas represent the first family resulting ion transport and/or optical proper-
of high conductivity solid electrolytes for ties are affected. The present paper reviews
divalent cations. One composition. P 2 IL. recent experimental and theoretical work in

samn exhibits an anomalously high oonduc- Which mixtures of ions or Lone with mixed
tivity. nearly equal to that of Na +PL-alumina, valences are present In the conduction plane.
at room temperature and below. 1 Similarly, the The results Indicate that multivalent ion
lanthanide pL-aluminas are the first solid ele- exchanged 'L-aluminas offer an excellent oppor-
trolytes for trivalent cations. Although tunity in which to observe the effects of.
0d 3+ jI-alumins Is an Insulator at room tempera- ion/lattice and ion/ion Interactions in 2-
ture (.(i~om 1.the Gd3 ' dimensional systems. .
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TABLE 1: Lattice Parameter and Ion Distributions in Divalent P'LAluminas

(4.6)

Ion Ionic Radius &(M) 0(A) Kid-Oxygen

.'I (A) Occupation (W) I' I
i Ba2  1.35 5.169 .04 - I
I 2II Pb 1.19 5.610 33.967 10

I Sr 2 +  1.18 5.610 33.720 61 II 2 +I
1 Ca

2 +  0.98 5.613 33.270 47

I Cd2 +  0.95 5.620 33.146 53 I"-I 2+ l
?. 0.83 5.618 33.141 60

Zn 2+ 0.74 5.623 33.517 27

3TUWCTURZ AND 0flI3 0

Structural studies provide substantial the lanthanide isomorpha exhibit structural

insight regarding the chemical environment similarities. The structure of Gd 3+ ALalumir

within the 0'-alumina conduction plane as well was reported previously $ and the behavior of
as whether ordering effects are present. Thomas Nd3+ and Eu3 + 'l-alumin8 appear to be compar-

* and co-workers have performed single crystal I- able. The lanthanide ion exhibits strong

* ray diffraction studies on many of the mul- preference for the 9d site, with only minor
3.4

tivalent p"-alumina compounds. In the case of occupation of the 6c site. This feature is
divalent compositions, considerable variation in clearly shown in the Fourier synthesis for tt

M2+ 3+
the average M2  arrangement is observed and no Od distribution (Fig. 1). As in the case c

two distributions are quantitatively alike. The most divalent R"-aluminas, the 0(5) Is disor-

. distributions range from having H2 + primarily in dered and displaced from the 3b site, towards

the 6c (Beevers-loss type) sites with minor the lanthanide ion.

amounts In the 9d (mid-oxygen) sites, to having

. the majority of M2 + In the 9d site (see Table

1). In addition, the 6c site occupations are 7 Vb
generally unequal. Displacements in the column , *+ .. - - -

-'*i oxygen 0(S) from the 3b site and towards the 6c .
*i or 9d sites are also evident. The 0(5) shows

*varying degrees of disorder, ranging from the 'Y
2'-" undisplaced case (Ba ) to 0.59A displacement in

Mn2+0'-aluminas. The latter composition also

exhibits the minimum c-axis lattice parameter

for the M2  '-aluminas, and the relationship

between ion size, O(S) distortion and interac-

tion between M2+ ions and the rest of the spinel FIgure 1 Fourier synthesis for Gd 3 i n Gd3+

block Is beginning to emerge. alumina (z , 6 plane) (after Ref

In contrast to the divalent p'Laluminas, 5).



Another significant result related to the appear to have little effect on the transport

structure Is the observation that superstruc- properties of most divalent O'-aluminas. are

tures exist for some of the multivalent p'O- quite significant for the transport properties

alumina compositions. Boilot et al. 6 used X-ray of mixed ion compositions. Finally, the fact

diffuse scattering techniques to detect 2D short that ordering phenomena are observed in the mul-

range order in Sr 2 0'-Lalumina. A local super- tivalent '4-aluminas indicates that substantial

structure of 2a x 2a (coherence length -SOA) was interaction occurs between conduction planes as

observed, and the results are consistent with well as within planes. The origin of such

the indirect evidence for short range order in superstructures and their influence on proper-

Ca 2  and Ba 2+0'Laluminas as obtained from the ties are not fully established and remain an

X-ray diffraction studies of Thomas. 4 In 2- intriguing area for future investigations.

dimensional order it is generally assumed that

there is no interaction between the conducting

ions and the host lattice. In contrast, 3D TRANSPORT IN NCD ZOE SZ3TZS

order indicates the existence of interplanar The ability of OILalumina to incorporate

correlations. Bilot et al.6 reported 3D long such a large variety of ions has enabled

range order in Cd 2+p' -alumina (superstructure of researchers to consider ion transport in situa-

2a x 2a x 2c; coherence length )lOOA within the tions where more than one cation is located

plane and -30A along the c-axis). It is within the conduction plane. hen multivalent

Interesting to note that this material was Ions substitute for Na+ , several interesting

characterized by the presence of excess CdO in factors arise. The presence of a higher valence

the conduction plane. This stoichiometry fluc- cation (M 2 or R3 +) should lead to enchanced

tuation is apparently affected by synthesis con- coulambic interactions as well as stronger let-

ditions. pb 2+ialutna is different than the tioe polarization.I In addition, charge neutral-

Cd 2 isomorph. There are no stoichiometry fluc- ity requires that more vacant sites be created

tuations and 3D order is still observed. In as Na is replaced by le or Rt . To date, the

this case, synthesis conditions determine transport properties of two mixed systems,

whether long range order or short range order is Na +/Ba 2 + and Na /Nd 3+ O-aluminas, have been

observed. Ordering effects in lanthanide 0'- examined. It is evident that ion exchanged P'-

aluminas have also been reported. Davies et alumina offers a model system for theoretical

al. 7 used high resolution TEN to observe 3D and experimental studies. Both studies carry
3+ 3+ 3+

superstructures of Nd I Gd , and Eu 3p'. out Monte Carlo calculations using a procedure

aluminas. In Nd3 + '1alumina, the authors found similar to that of Murch and Thorn 9 to under-

that approximately 50% of the material exhibited stand the mechanisms and magnitude of Ion tran-

an ordered phase with a superstructure 3a x 3a x sport.

30. The approach presented by Pechenik et al.

The structural studies indicate that a Is based on a lattice gas hopping model with

variety of different chemical environments exist nearest-neighbor repulsion. The Na+/Ba 2  ysten

for the multivalent Opf-aluminas. As will be was selected because the ions reside only in

shown later, site symetry and small displace- Beevers-Ross positions. As Ba2 + replaces Na+ ir

ments from these sites exert a large influence the conduction plane, the presence of the

on optical properties. Site occupations, which additional vacancy leads to an increase in



20 in a mid-oxygen site effectively blocks Na+

o m BA
TOTAL motion through the two adjacent Beevers-Ross0 16 DOTA

NA positions. The authors also demonstrate that

*12 the decrease in Na + diffusivity above 60. Na +

replacement is consistent with the effect of ion

8 percolation through a 2D honeycomb lattice.

I The research effort on mixed ion systemsF-

U is clearly at Its inception. The models provide
C3 substantial evidence that transport properties
Z
0 0 D will be affected by both ion/ion and ion/vacancy

.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

MOLE FRACTION OF BARIUM interactions in such systems. Relatively little

experimental work is available (especially in

Figue 2 Calculated ionic conductivity for regard to divalent and trivalent ions) and.

Na /K Ba'24-alumina as a function of therefore, detailed transport measurements and+

Na content 2000C (after Ref. 8). corresponding structural studies will be very

significant future contributions. A related

topic of Interest is the "picture frame" effect.
conductivity (Fig. 2). In the case of low tem- where ion exchange provides a sharp ooncentra-

peratures (200oC), a maximum conductivity is tion gradient. 8 The phenomenon has been noted
observed with increasing Ba2+ content. The cal- previously but was neither characterized nor
culations by Pechnik et al. indicate that order- explained.

ing effects are responsible for the decrease in
2+conductivity at the higher Ba concentrations,

and that Na+ and Ba2 + exhibit correlated motion

through the lattice. These correlation effects,
2+ 01* which become larger with increasing Ba con- A

" tent, lead to non-Arrhenius behavior in the compntv simulaton

conductivity-temperature relation. It is
interesting to note that the ordered superlat-

tioe suggested by the authors is consistent with ae .19

the results of the structural studies. c data o-/N 3+ Londuutvit invlve 0

The work on Na involves -7 0 tracer dffuson

both experimental measurements and theoretical - 0 o
, calculations. 10 The results are quite different -g ,

0+2+ o 0.2 0.4 0.6 08
" from the Nae/Ba case. Na diffusivity was

" Fraction of No 4 mplacsd by Nd 3
'determined at 335oC as a function of Na+ con-

tent. The diffusivity was found to decrease
* sharply when approximately 60% Na was replaced Figure 3 Comparison of measured and calcu-

lated diffusion coefficients for Na+

* (Fig. 3). This behavior Is nicely approximated lad iffusio n s forin+ in Na+ /Nd$+p'Lalumina as a function

* by the computer simulation for Na+ diffusion10 of Na + content. Temperature 3350C

developed by Rohrer et al.1 0 The model makes the (after Ref. 10).
asumption that the presence of (immobile) NdS +

° , . . .. , . . . . .. ... * **. * * * .
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We previously reported that Cu2+ exchange

led to the presence of both Cu+ and Cu2  in p'- 10
1 130

alumina. Another system ezhibiting mixed 120
valences, Ru.2+ /Zu3+pO'4-alumtne, has the added12- u+alri:

as prepared
advantage of being amenable to study by optical 100

techniques. chosal et al. 1 1 synthesized both 90

the pure compounds as well as compositions con- 80

taining a mixture of valences. Eaission spectra 70

were found to be a very sensitive means for dis- 60

tinguishing between the two valences. Recently. 50

Saltzberg and Farrington12 demonstrated that the 40

valence state of Eu could be controlled by heat 30

treatment. These valences changes are readily 20

apparent by considering the optical spectra in 10

Figs. 4 and 5. 50,000 40.000 33.333 28.571 25,000 22.222 20.000 11.182

Figure 4 illustrates how Eu2 OI-alumina is Energy (cm 1 )

oxidized by heat treatment in air at 6009C. The

characteristic absorptions of Eu 2 + at the 25,000 so-

-1 range are eliminated and the charge Charge transfer band for Eu3+

transfer band of Eu
3 + at 40,000 cm-

1 is pro- 70

duced. he opposite of this behavior is shown

in Fig. S. In this case emission spectra are Heat treated in sir

used to demonstrate how single crystal Eu3 PL,600C/48 hrs

alumina changes under vacuum annealing at 6500C. 50 .

The characteristic emission lines for Eu3 + at

16,000-17300 cm-1 are greatly diminished upon . 40

bheating in vacuum and the broad band emission of

Eu2+ appears. The fact that some of the Eu3 +  30

lines still remain indicates that not all Eu
3+ '

has been reduced. This result also illustrates 20

the ability of optical spectra to sensitively

detect mixed valences. 10

The results Shown in Figs. 4 and 5 bring

forward a number of issues which have never been 0 I I
fully explored in the ' -altuinaa. The opticL 60.000 40,000 33,333 2,171 25,000 22.222 20.000

responses suggest that oxygen migration effects Energy (cm 1)

must somehow be involved, despite the fact that
pP-al .nia Is not known for its anion transport F2ire 4 Absorption e.ctrum for Eu2+L.

properties. The precise means by which alumina: as prepared (upper) and
oxidation/reduction occurs and whether It is heat treated in air at 6000C for 48

reversible is not fully known. What is apparent hours (lower) (after Ref. 12).

Is that this multivalent p'salumina has the

-..-... -.- :,'-:..,..---- -.-.-.-.-. :. -, -.-.-... . . ...... . -.... . . . . .,
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Energy (cm 1 )-

Hnam treated in vacuum 650 C/24 hrs

100-
90a Emission band for Eu 2

so-
I60
£50
g40-

30-
20
10

16,000 17,000 13,000 13,000 20,00 21,000 22,000 23,000

Energy (cm 1 ) T

Figure 5 Eission spectrum tar Eu 3 'I Lalumina: as prepared (upper)

and heat treated in vacuum at 6500C for 24 hours (lower)

(after Ref. 12).

ibility to change tho local chemical environrent interplanar and/or spinel block defects are pro-

tithin the conduction plane by relatively simple duced from the heat treatments.

ieat treatments. This is novel behavior for a

hLalumio because these aolid electrolytes are

generally not considered to be capable of alter- OPTICAL POOPZaTIoS

oag their defect structure. On the other hand, The optical properties of Nd exchanged

hbe stoichiometry fluctuations observed for 01'-alumina have been Investigated in some detail

ed2eDalu in t d uestn t s a and rather significant effects have been

ositional changes within the conduction plane reported. Small single crystals of Na+ /Nd ta

re possible In the multivalent ompounds. In alumina exhibited laser action despite a short

he case of u 2 '/Eu 3 o P11aluina, there are optical path (-Sr) and poor optical Quality. 1 3

alonce changes involved rather than the m"or- Jansen et a I. also observed an anomalously

oration of neutral species. Thus, there are strong absorption line at S800A and a long

everal. interesting questions to be consideried fluorescence lifetme ()3Splsec) at high Nd 3 '

oncerning processes occurring within the con- concentration, both of which are instrumental in

uction plane; the source of the valence change, achieving lasing action. Recent work by Alfrey

be means by which Zu ions interact and vhether et al. 14examined these optical properties and,



TAMLZ 2. Optical Properties for Nd3+ in Oxide Hosts

EM~ MlATERIAL
YAG AILAlumina Glass

(YA1 401) (silicate)

Rd3 + concentration 1.4 x 1020 5.7 x 1020 3 x 1020

(ur-3)

Effective liewidth 68 256 343

at 1.06p(cm 1 )

Fluorescence lifetime 230 420 300

(Psec)

Stimulated Emission 33 x 10- 2
0  2.1 x 10- 20  2.8 x 10- 20

cross section (cm 2)

once again, the local chemical environment The positions shown in Fig. 6 represent an

within the Al-alumina conduction plane is of average of many specific displacement configura-

central importance. tions. As a result of this variation, two

The strong absorption at 5800A is believed interesting effects are observed; (1) the oscil-

to arise from subtle displacements of Nd
3+ and lator strength at S800A is a function of Nd 3+

02- within the conduction plane. In a mid- concentration and exhibits a maximum value, and

oxygen site, Nd3 + would occupy a site of inver- (2) the emission spectrum is inhomogeneously

sion symmetry, which is inconsistent with the broadened. The latter behavior is commonly

spectroscopy data. Thus, there must be certain observed in glasses where it arises from the

factors which cause the loss of inversion sym- large number of physically inequivalent sites

metry. Alfrey et a.14 performed - Judd-Ofelt

analysis on the absorption spectrum and were

able to identify the nearest neighbor environ- PROPOSED SITE DISTORTION
ment responsible for the observed 

oscillator

strengths. They calculated that a slight dis-

placement of Nd 3+ from the 9d site coupled with
3+a small shift of the o(S) towards the Nd were OIN- --E

capable of producing the oberv ed oscillator T v  . 6oo

strength. The subtle distortions in the conduc- D o :
tion plane are shown in Fig. 6. It is important \ ,,o

well within the variation in ion position as

determined by I-ray diffraction (Fig. I

represents the fully exchanged case). Further-
more, the asyinetric distribution of Na+ and Fgr rpsdst itrin n cu

Nd3  around the column oxygen is completely con- pations for Na+/Nd p'-alumina

siatent with the Na+/Nd 3+ diffusion model. 1 0  (after Ref. 14).

ID A . d
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for Nd. In the present case of Na +/Nd '- exchanged p'Lalumians were quite sensitive to

alumina, where the Nd3+ occupies essentially one local configurations. The precise means by

site, the existence of inhomogeneous broadening which properties are affected by chemical
3+

is consistent with the interpretation that Nd environments is an area worthy o continued

is located in a variety of differently displaced interest. and the multivalenti Lalumnas offer

positions within the conduction plane. Another an excellent vehicle in which to study these

property compatible with this explanation is the effects in 2-dimensional environments.

stimulated emission cross section, which also

exhibits values comparable to that of glass
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