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INTRODUCTION

Tills thesis is centered around the synthetic garnets, a class of
materials with the same crystallographic structure as the natu-
rally occurring garnet minerals. For the last thirty years there
has been a considerable technological and scientific interest in
the synthetic garnets (to be correct, they should be termed as
complex oxides with the garnet structure).

Yttrium iron garnet (YsFegOu = YIG) first attracted atten-
tion in 1956 after Its magnetic properties had been discovered
[1-4] and after it was shown that the low line-width makes YIG
technically useful as a microwave device material [5,6).

The physical properties of oxides with the garnet structure can
be adjusted over a wide range by introducing different ions into
the lattice. From the beginning YIG and the iron garnets
provided an inexhaustible reservoir of compounds for basic
studies, such as ferromagnetic resonance [7], Faraday rotation
[8], magneto-acoustic behaviour [9], photolnduced changes of the
magnetic properties [10] and others. In the seventies YlG-based
crystal films became the leading magnetic bubble domain device
material [11].

Besides the class of magnetic garnets the lsomorphlc non-magnetic
garnets became an important material. Primarily they were deve-
loped and Investigated to get basic data about the garnet struc-
ture, about energy levels of incorporated foreign ions, about op-
tical properties etc.. With the advent of the solid state laser
yttrium aluminium garnet (Y3A15O12

 r YAG) was soon found to be
an excellent solid state laser host material (e.g. the Nd: YAG
laser) [12,13]. The demand of high quality laser crystals spurred
an extensive study on YAG. Much work has concentrated on the corre-
lation between lattice imperfections of the YAG host lattice and
the laser light emitting properties [14].

In 1973 hot-pressed YAG ceramics first have been mentioned as a
possibly useful optical material [15] by Gazza and Dutta. They
succeeded in hot-pressing powders to translucency. Translucency can
be obtained in sintered materials if the volume of pores and in-
clusions is approximately zero. For translucent materials a high
total light transmission exists, but due to substantial scattering
there is only a low in-line transmission. Materials with a high
in-line transmission and a negligible scattering, so that bodies
lying beyond are entirely visible, are called transparent; in
many cases translucent materials are wrongly called transparent.
Until now several materials have been sintered to trans-
lucency, for example Y 2O 3 [i6],MgAl2O4 [17],BeO [16], MgO [19],
A12O3 [20], AIM [21], A1ON [22], beta-sialon [23] and others.

Properties which are relevant for translucent ceramics can be
arranged into three groups: optical, mechanical and chemical
behaviour. The factors which influence the optical properties
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can be devlded into intrinsic ones (refractive index, birefrin-
gence and absorption coefficient) and extrinsic ones (presence
and nature of pores, impurities and inclusions). Of primarily
interest is that the material has a low absorption coefficient
in a certain range of wavelengths. A low value of refractive
index is also important to minimize reflection losses. The
birefringence,as the third important intrinsic property, should
be low to minimize (bicK-(scattering of light in the polycrystal.
However, the extrinsic parameters determine to a large extent
the transmlttance of a real material. These properties could
be optimized in many cases by an appropriate process technology:
by finding powders with "good" properties (concerning grain
size, grain size distribution and dopants) and by choslng
a "good" sintering procedure (concerning sintering atmosphere,
sinterlng-cycle, -temperature and -time).

Fracture toughness, thermal shock resistance,hardness, corrosion
resistance and thermal stability are the limiting factors which
determine if a translucent material is feasible under given
conditions.
The most familiar translucent ceramic is alumina (Lucalox),
first reported by Coble [ZO] In 1962. Alumina is the only mater-
ial that is used in lamp envelopes In commercial high pressure
sodium discharge lamps. Such a tube is filled with Ha (acting as
the actual light source), Hg (for starting the lamp) and noble gas
(for stabilizing the plasma). In the burning lamp the sodium .
vapour pressure is about 10 KPa; the maximum wall temperature is '
about 1530 K. From these conditions it is clear that the alumina
has to withstand rather extreme conditions. The main disadvantage ?
of translucent alumina is that sodium slowly penetrates along the ?
grain boundaries (^corrosion). This is accompanied by a de- j
crease of the sodium concentration inside the lamp resulting J>
in an alteration of the Ha:Hg relation. As the result of these f
processes the efficiency of the lamp decreases slowly. j

After it had turned out that YAG powders can be sintered to
translucency [24-26], further experiments showed the optical
properties of YAG to be better than those of alumina. Moreover
YAG exhibits a better high temperature corrosion resistance
against hot sodium vapour than alumina [27]. The penetration
depth of sodium along the grain boundaries of pure YAG is very
low. The main difficulty is that YAG Is a line compound. This
means that stolchlometry has to be controlled very carefully in
order to obtain a single phase material. Sintering stolchlometrl-
caliy YAG-powders in vacuum, leads to a two phase mlcrostructure:
a YAG matrix with Al-rlch Inclusions. Sintering in H2/H2O leads to
a reduction of the Inclusions; this shows that the sintering
atmosphere plays an important role. At the present time it Is
still a problem to make single phase YAG ceramics.

When dealing with high temperature materials under extreme condi-
tions ionic and electronic transport properties play an
essential role. Full optimisation of the characteristics of YAG
is probably attainable with a comprehensive understanding of the
defect chemistry. In this thesis we have Investigated the inter-
relation between the transport properties and the type of sinter-



additive. We propose defect mode's based on experimental results
and, as far as possible, grounded on the outcome of computer simu-
lations.
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THE GARNET STRUCTURE
An/ study of garnets must begin with a thorough understanding of
Its crystal stucture. The determination of this structure was first
made on natural garnets nearly fifty years ago by Henzer [1,2).
Structural refinements were carried out on synthetic yttrium
Iron garnet by Seller and Gllleo [3], Batt and Post [4] and by
Euler and Bruce [5]. The most probable space-group of the garnet
structure is Ia3d. Its Bravals lattice is body-centred cubic.

Garnets have the general formula |C3)[Ag](D3JOJJ, where O denotes
oxygen and the different brackets (), [] and () symbol lie cations
on the dodecahedral, octahedral and tetrahedral sites respectively:

1. tetrahedral sites: each tetrahedral or d-site is surrounded
by 4 h-sltes to form a tetrahedron. There are 24 d^sites in
each unit cell. Each d-slte has the point symmetry 4

2. octahedral sites: each octahedral or a-site is surrounded by
6 h-sltes to form an octahedron. There are It a-sites in the
unit cell of the garnet. Each a-site has the point group sym-
metry 3

3. dodecahedral sites: each dodecahedral or c-site is surrounded
by 0 h-sites to form a triangular dodecahedron (twelve faces
with each face a triangle. There are 24 c-sltes in each unit
cell of the garnet. Each c-slte has the point group symmetry
222.

There are 96 h sites with a point symmetry 1 which are occupied by
oxygen ions. They form the different coordination polyhedra as shown
in fig.2.1. The unit cell of the cubic garnet structure contains 6
formula units ( = 160 ions).

The oxygen parameters for TAG were given by Euler and Bruce [5) as:

X = 0. 0306 y - 0. 05)12 2 : 0 . 6500.

All 96 oxygen positions are derived from

r
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eq. -2. 1 a (x-1 + y-J + z-K) (with a the lattice constant
and T.T, T? the vector coeffi-
cients along x-.y- and x-axls)

by 46 symmetry operations of the space group Ia3d.

The primary considerations of the occupancy of the three different
polyhedral sites by cations is the Ionic radius. In yttrium alu-
minium garnet Al-lons occupy both the d- and the a-sltes, while
Y occupies the c-sltes: JY3l[Al2](Al3)O12. Tolksdorf and Volfmeler
(9) as well as Vang [10] give the ionic radii and the site occu-
pancies of ions for most of the Known garnets.

Fig. 2. l shows a typical structural unit In the garnet lattice.
Besides the polyhedron-arrangement the interlonlc distances and
bond angles are given for YAG. Seller and Gllleo found that the
edge-lengths of the three polynedra in the garnet structure are
not regular with respect to their edge-length [3].

Good drawings of the garnet structure are given by Novak and
Glbbs [6], Glbbs and smith [7], Prandl [8] and TolKsdorf and Volf-
meier [9). A very comprehensive description of the structure, the
properties and the application of garnets was given by Vang
[10] and KhattaK [11]. The crystal chemistry of garnets was re-
viewed by Geller [12].

DISTANCES:

Cell edge length 1,2000 nm

catlon-anion distance
d-h (tetr. ) d4 0. 1761
a-h (octa. ) d6 0. 1937
c-h (dodeca) l) da 0.2432

2) d a o 0. 2303

BOHD ANGLES:

a-h-d
a-h-(dao)-c
a-h-(da)-c
d-h-(dao)-c
d-h-(da)-c
d-h-(da)-c

130. 1
104. 2

99. 7
94. 2

121. 6
101. 7

[deg]

anion-anion distance
tetr. dodeca. dija
octa. dodeca. d 6 S

dodeca. dodeca. daa

tetra.
octa.
dodeca. OBI

0. 2696
0. 2658
0. 2837

0. 2961
0. 2818
0. 2917



Fig. B.I The garnet structure as a network of tetrahedra,
octahedra and dodecahedra. The data given above be-
long to YAG (from [9]).
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LITERATURE REVIEW: DEFECT PROPERTIES Of GARNETS

The presence of point defects in garnets strongly influences
optical, e lectr ical and magnetic properties of single crysta ls
and Ceramics, as welt*as-the s in terabl l i ty of powders. Basic
questions concerning with defects in a crystal l ine sol id that
have to be considered are:

a) type of defects
b) actual concentration of defects
c) relation between defect concentration and temperature,

gas atmosphere, etc.
d) mobility of the defects

ambient

The most intensely studied garnet material from the defect
chemical point of view, is yttrium iron garnet (T^FesO^. abbrevia-
ted as YI6). In this section we will review the papers describing de-
fect properties of YAG (Y3A!5O12) and YIG and some other garnets,
from which we can learn about the preferred defects in this sort
of complex materials. Several basic physico-chemical parameters
are the same for crystals having the garnet structure (e. g. the
relation between the mobility of cation- and anlon-defects, or
preferred defect species). So from experimental results for one
garnet conclusions can be drawn concerning the defect properties
of another garnet. In this section we consider the defect chemis-
try of YIG and some other garnets as detailed as necessary to
understand our own experimental results on YAG.

3.1 IRON CASKETS

A very comprehensive study of the electrical properties of YIG
has been performed by P. K. Larsen and R. Hetselaar in the seven-
ties. This and many other research and development projects
were launched at that time,because it had been shown that
YIG exhibits a strong photomagnetlc effect. A short time later it
became clear that epitaxially grown YIG films can serve as magne-
tic bubble memory devices. The data storage density of such
memory devices reaches the capability of the modern "megabit-
chip", in 1979 the YIG bubble memory was commercialised, but it
turned out that the costs associated with an entire new technology
were higher than expected, in addition there have been
unexpectedly rapid developments in capacity and price of silicon-
based storage devices. But at the present time modified YIG is
gaining more and more commercial interest again, because the
magneto-optical effect makes YIG an interesting material for

w.



optical switching in fiber-optics telecommunication systems [1].
Now technology is taking advantage from the scientific work which
was performed in the seventies.

The study of the transport properties of TIG were started in 1957
by van Ultert and Swanekamp [2). Larsen and Hetselaar have
developed a defect model for TIG based on their electrical con-
ductivity - , photomagnetlc -. thermogravlmetrlc - and lattice
parameter measurements [3-10]. To be consistent with previous Ideas
[11] a model based upon the presence of doubly ionized oxygen
vacancies ( V o

f ) to explain several phenomena was postulated*.
Ve will now look at diffusion and electrical measurements in TIG
in some more detail.

3.1.1 diffusion In XI©

The first diffusion experiment (Olfl-tracer) in TIG was reported in
1964 by Paladlno and coworkers [12]. Their experiments were carried
out with single crystals and polycrystalIine material under con-
stant partial pressure of oxygen. Due to the large ratio of the
cation- to anlon radii the probability of oxygen interstitials
is very low. The diffusion of the tracer-atoms in TIG can
therefore only be achieved by Jumps via vacant oxygen sites [3].
The temperature dependence of the diffusion coefficient reported
by Paladino et al. [12] Is represented by

eq-3. 1 D r 4-iO-5exp [-2.8* eV/kT) mz/s.

The diffusion data are given in form of the usual diffusion
equation D •- Do»exp [-Ea/KT], in which Do is often termed
the frequency factor; E a the activation energy of the diffusion
process, here given In eV. T is the temperature In t and k is the
Boltzmann constant in eV/K.

The activation energy of 2.84 eV prevails in a temperature
range from 1370 to 1670 C. The diffusion coefficient is the same

• in this thesis we use the Kroger-Vlnk notation.



for single crystal and polycrystal1ine YIG. This is in a marked
contrast to the results found for alumina, in which diffusion
rates in sintered AI2O3 are two orders of magnitude greater
than in single crystals [13] due to a grain boundary effect.
Later Metselaar and Larsen reported [3] measurements of the
oxygen diffusion coefficient in polycrystalline YIG. The method
they applied was the "dynamic conductivity measurement", in
which the time evolution of the electrical conductivity as
a response to small pOg-changes was analysed. Their diffusion
coefficient between 1170 and 1570 K is represented by

eq-3. 2 D : 0. 84-exp [-2. 9 eV/KT] me/s.

The activation energy of 2. 9 eV reported in this study is the
same as that found by Paladlno. The difference in the preexponen-
tlal factors Do in eq-i. 1 and eq-l. 2 is due to the different
method used to determine the diffusion coefficients (tracer-diffu-
sion - or chemical diffusion methods).

Metselaar and coworkers came to the conclusion [3,4.6] that
there is a reversible temperature-dependent loss and gain of oxy-
gen. In ref. [3] the following oxygen exchange reactions are
considered to be alternatively responsible for the variation of o
after changing pO£:

eq-3. 3 Vo
m> • m-e' • 1/2 O2

and

eq-3. 4 12 0 o* 3YJ 1' + 5 Fti" * 24 e' • 6 O 2

Equations 3. 3 and 3. 4 reveal that donor-centres in YIG
principally can be anion-vacancies (eq-3. 3) or cation-interstitial!
(eq-3. 4). The empty b-sltes in the structure of YIG can accommodate
only interstitial ions with radii less than 0.6 1. Consequently
the probability of Interstitial Y-lons Is very low; after ref.
[3.4] such defects may be excluded. All theoretical and
experimental work indicates that oxygen vacancies are the most
preferred defect species in TIG. In this thesis we confirm this
opinion e.g. by calculating the reaction energies for the proces-
es comparable to eqs-3. 3 and 3.4 in YA6 and YIG. On the basis of
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the CASCADE computer code (see section 16) it was shown that a va-
cancy forming reaction according to equation 3.3 needs 6. 1 eV,
while the interstitial mechanism would consume an energy as high
as 13.8 eV (in the first approximation). So the activation ener-
gies derived in diffusion experiments are due to oxygen migration
via a vacancy mechanism.

In 1984 Kilner et Jl., using the O16-tracer/SIMS-technique, have
determined a somewhat higher activation energy of 3.7 eV [14, 15J
for the oxygen diffusion in YIG. The authors found that their
single crystalline YIG material was dominated by imperfections;
this fact together problems com ing surface charges on the sample
due to the ion-bombardement should be responsible for discrepancies
between conventional andSIMS technique applied by Kilner and
colleagues to analyse tracer diffusion profiles.

R. c. Le Craw et al. [16] reported a rapid oxygen diffusion at
low temperatures between room temperature and 520 K in YIG films
with an uncompensated Ca-additlon of 0. 1 - 0. 23 atoms per formula
unit. The authors found an oxygen diffusion distance of about 500
um within 25 hours at 520 E by observing a colour zone.
A model based on the dependence of the diffusion on oxygen vacan-
cy concentration was proposed. This is in consistency with the
fact that the diffusion coefficient of oxygen in YIG increases
with decreasing pO2 in the ambient gas atmosphere as stated
by Wolfmeier [26]. Additional conductivity data on substituted YIG-
films are reported e.g. by Hiblya [17].

Reviewing their earlier work Hetselaar et al. [3] gave a correction
of their oxygen diffusion coefficient given in [4]. The former
was based on the assumption that only doubly ionized oxygen va-
cancies (Vo••) were present. From [4] it became clear that also a
small concentration of doubly positive Vo• has to be taken into
consideration. The corrected diffusion coefficient is

eq-3. 5 D : 0. i-exp [-2.7 eV/KTJ B»2/s.

Besides oxygen diffusion one paper describes the diffusion of
F"-ions in YIG [23].

3.1.2 Cation diffusion In TIC \
\

Cation diffusion in YIG was measured by Lyashevich and co- '
|- worRers [24.251 by radioactive tracer technique (Fe59, Y90, Y 9 1 ). Ac- j

cording to Wolfmeier [26] their data were doubtful because of the
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relatively wide scatter of results obtained by applying different
analytical methods (absorption- and section-method; this should
be conceived as an inaccuracy in measurements, using the same
methods in spinels, SchmaUrled et al. found a 20 x scatter
of results [27], while the diffusion data reported in [24,25]
differ for about more than one order of magnitude. Ve give here
the activation energies for the yttrium-, Iron- and oxygen- dif-
fusion in YIG, as collected from literature:

Tab. 3.1 Self-diffusion data for YIG

I OH E a[eV] remark ref

Fe 3*

s -

3 4
2.
1-

2.
6.
1-
4 -
1-

4 -
8.

ng

1 • 10"*
10-3

310-2
6-10"*
10-5
10-5
10-3

10-5
410-1

le crystal

5. 2
3. 64
4. 6

4. 1
3. 75
2. 56
3. 2
3. 7

2. 84
2. 9

P

S
P
s

s
s
p
p
p

S*P
p

: polycrystal

[24]
[24]
[26]

[25]
[25]
[25]
[25]
[36]

[12]
[ 3 ]

Based on above data and their interpretation given in the
thesis of Volfmeler [26] we can extract for the diffusion coeffi-
cients of the ions In TIG

eq-3. 6 I>Fe

This result is contrary to several classes of materials like
spinels (for example Co 2TlO 4) where oxygen is the slowest diffusing
ion at low pO 2 (Vagner mechanism [29] ).

i

Sellable data about the lnterdlffusion of Y, Fe, Ga and Gd in the
diffusion couples GGG-YIG, GGG-GIG and QIG-YIG are given in
[30] (GGG ; gadolinium gallium garnet, GIG = gadolinium iron gar-
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net).

The mobility of the iron ions in the d- and a-sltes of the garnet
structure is considered in [61] by using radioactive Fe59.
In this study two similar polycrystalline iron-containing gar-
nets were Investigated; one material with Fe exclusively In the
tetrahedral and another material with iron exclusively in the
octahedral coordination. By determining the self-diffusion coef-
ficients (see tab. 3.2) transport-parameters of iron were obtained:
the mobility of Fe via the octahedral sites is preferred and the
diffusion along the grain boundaries was found to be easier than
through the bulk (in Ca 3Fe 2Ge 30 1 2 - Fe in a-positlon and in
YCa 2Zr 2Fe 30 1 2 - Fe In d-posltlon). The data for the diffusion
processes are given below.

Tab. 3.S Diffusion data for octahedral and tetrahedral iron
ions along the grain boundaries and through the bulk
of garnets (Fe59 tracer diffusion) [61]

Do [m2/s] [eV)

Ca3Fe2Ge30i2 bulk
gb

YCa 2Zr 2Fe 30 I 2 bulk
gb

8. 97 10~ 8

6. 4 • 10~ 1 0

1. 51 10-2
2. 39-10"2

0. 50
0. 36

0. 97
0. 92

A comparable result was obtained for the tetrahedral and octahe-
dral sites In a spinel (ZnFe2O4) using radioactive Fe
and Zn isotopes (62).

Proton diffusion in YIG was investigated by Vood [18. 19] and
Hllani [20] to get basic data of about the interaction of the
crystal lattice with H2. From an appllcatlonal point of view,
e.g. Suran [Si] and Milan! [22] used ion-implantated YlG-films
as a new sort of H2-sensor.

3.1.3 Direct determination of oxvten vacancies In TIC

Metselaar et al. in ref. [»] stated that until the mid-seven-
ties a direct quantitative determination of the oxygen vacancy
concentration as a function of po2 is still lacking. Therefore
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a study of tne reversible oxygen loss in pure and Ca-doped Y1G by
means of a thermobalance was presented [4]. Thermogravimetric ana-
lyses were performed as f(T,pO2) with T ranging from 1220 K to 1540 K
and po2 varying between 10s and l Pa (at lower pOg's YIG decomposes
into YFeO3 and Fe2O3 [31]). From the weight changes the concentra-
tions of oxygen vacancies were derived. In pure oxygen at 1670 K
the oxygen-loss a in Y3Fes012-a

 ls a b 0 U t 0.002. The maximum concen-
tration of empty oxygen-sites which can be accommodated by the
YlG-lattlce is 0.01 per formula unit, which ls approximately one
Vo per unit cell.

The total oxygen vacancy concentration largely depends upon the
concsntration of uncompensated donors or acceptors. For the Ca-
doped sample denoted "sample l" in ref. [4] the authors found for

1 1 9 iT=1370 K and p02=10* Pa that [Vo]=2. 2 10
1

daO. 0016 in Y 3Fe 50 1 2_ d.
cm"

3, which gives

Vorob'ev and coworkers [63] determined the departure of YIG and GdIG
from oxygen stolchlometry between 1070 and 1670 K at pO2's ranging
from io5 t0 io"15 Pa. The non-stolchiometry or degree of
reduction of both garnet compounds ls presented as a function of
the lattice constant. The values of a in HE3Fe5Oig_g derived from
these data are very much higher than those presented in [4] (RE:
rare earth). For example there is given a value of d = 0. 714 in
GdIG at -lg pO2 = 6. 25 and T;1370 E.

A direct IR spectroscopic identification of [Vo]
presented by Andlauer and TolKsdorf [32].

in GGG was

Volfmeler [26] from his ESR-measurements on GGG concludes, that the
oxygen-vacancies are mainly doubly ionized (Vo-• ), which is in accor-
dance with other results.

3.1.4 Electrical conductivity and thermo-electric power In

Larsen and Hetselaar have performed several measurements of the
electrical conductivity to check their hypothesis [7, a, io]. The first
paper dealing with this item gives high temperature current-voltage
and ac-conductivity data as well as the low temperature high and low
frequency permittivity for polycrystalline YIG. The results are
interpreted in terms of a two-layer model: well conducting grains
are separated by poorly conducting grain boundaries. This ls in
contrast to other ceramic materials like yttrla or zlrconla In which
good conducting grain boundaries are surrounding poorly conducting
grains [e.g 33].
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DC-measurements of the resistance In (Gd, Y^FejOjg were also re-
cently published by Kuanr and colleagues [34]. They come to the
conclusion that the Gd-substltutlon in YIG does not affect the
grain boundary potential barrier height.

In another paper [6] the influence of extrinsic impurities (ac-
ceptor Pb2+ and donor Si 4 4 simultaneously) on electrical conduc-
tivity and optical absorption of YIG is investigated. The resis-
tivity of the sample has a maximum when the concentration differen-
ce is

eq-3. 7 [Pb2+) - [Sl*+] s 0. 06.

From Seebeck measurements it became clear that the sample at the
point of maximum resistivity changes from n-type to p-type con-
ductivity as [Pb^+j increases.

The same paper [6] also gives the band gap energy determined by
electrical measurements as 3. 15 eV for the hopping model and 2.85
eV for band conduction. The latter is in good agreement with the
optical measurements giving a band gap of 2. 8 - 2. 9 eV [64].

Reference [7] gives trse pOg-dependence of a (pO2 ranging
from 105 to 1 Pa) at four temperatures between 1487 and 1707 K.
The sample was polycrystalllne YIG containing 0.02 Hg per formula
unit. The a-pO2 isotiierras show a distinct minimum at the
transition from p-type to n-type conductivity. This result is
Interpreted on the ba-si:* of electronic defects alone without
paying attention to possible Ionic conduction in the
independent o-reglme.

Moreover, paper [6] presents a combination of the thermoelec-
tric power a and conductivity a. Again a conversion from n-type
to p-type conductivity was ^served. The temperature dependence
of a and a are the same within the experimental error. This
result and the interpretation of the Jonker's pear lead the
authors to the conclusion a large polaron model is in best
agreement with experimental results. Jonker [65] has shown that
it is often useful to combine the expressions for a and a into
an equation. From that it follows that the shape and dimension
of an a vs. \n(a/omin) plot depends only on the transport coef-
ficients and the bandgap energy. Using such plots one is able to
compare data obtained from different samples.

In 1966 Petrov et al. [35] published a paper asking what is the
nature of electrotransport in 'pure' YIG. Starting from oxide
powders as pure as possible they sintered 'balanced' samples
(containing t 0. Oil wt. x donors and E 0. 010 wt. x acceptors).
Petrov and coworkers measured the conductivity o as f(pOg, T)
and the thermopower a as f(pO2, T). They come to the conclusion

14



that the properties of their samples have to be explained on
the basis of a small polaron model. Concerning the problem of the
conduction mechanism (small- vs. large polaron model) it has to
be remarked that the interpretation of experimental results is
difficult; a final decision cannot be made for YI6. The conclu-
sions may be valid rather for the individual YIG samples than
for the YIG in general.
There is only a single paper [36] which gives a very short hint
about the ionic transport properties of YIG, revealing that the
YIG sample under test was a pure electronic conductor (note that
there is no information on the impurity content of the sample
nor the pO2 at which the transport measurement was performed).

The apparent discrepancies found for electrical transport proper-
ties of iron garnets can be ascribed to various causes, which are
analysed in WlnKler's book "Magnetic Garnets" [31]. He states that
the preperatlon and analysis of well defined samples is difficult,
that the conductivity is relatively small due to small mobilities
of the charge carriers and that the ionic nature of the material
leads to different points of view concerning the interpretation
of experimental results (see ref. [31], p. 311)

3.1.5 Other Iron Garnets

Lai and coworkers [37-39] report electrical conductivity measure-
ments made on several iron garnets with Gd, Dy, Ho, Er or Yb in
the dodecahedral c-slte. The conductivity was investigated by an
ac-voltage as a function of temperature and frequency and the
thermopower is given as a function of temperature. Ref. [39] gives
the values of the mobilities u of the charge carriers in six
different iron garnets. In ref. [37-39] it is argued, that the
electrical conduction in these materials is extrinsic and related
to the presence of impurities. Lai and coworkers suggest a
'thermally activated hopping' model as a suitable explanation
for their experimental results.

3.2 TTTRIUM ALUMINIUM - AMD OTHER NON-IRON GARNETS

Besides YIG some other garnets have found applications in technolo-
gy. Doped yttrium aluminium garnet (Y3Al50i2) became a widely
used laser host material [40]. Also gadolinium scandium gallium
garnet (Gd3Sci. sGa3, 2°ia) [41] has attracted recent interest as
a potential host for ions in solid state laser technology, as well
as CALGAR (Ca3Al2Ge3o12) [42] which was tested at MIT not long ago.

1 5
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Gadolinium sal Hum garnet serves as a substrate In the iron garnet
thin film technology and can, as Hakuruku et al. [43] demon-
strated, be used as a refrigerator in low temperature physics
(magnetic cooling).

3.2.1. Oxygen diffusion in XAG

The only synthetic garnet besides YIG for which oxygen diffusion
data are available is YAG (YgAlgO^)- The first experimental re-
sults were published in 1977 by K. Mori [44] as a by-product of
his investigation of transient colour centres caused by UV irra-
diation. Mori performed anneMlng experiments in oxidizing and re-
ducing atmospheres and observed the colouration of a YAG crystal
near the sample surface, that depends on the previous heat treat-
ment. After 32 hours annealing at 1000 K in oxygen the decoloura-
tion depth in a coloured crystal had moved about l mm. Mori
assumed anion diffusion and analysed the diffusion length. From
such experiments he estimated the anlon diffusion coefficient to
be

eq-3. 8 = 1012-exp [-4. 3 eV/KT] B.2/S.

Somewhat later Nelman et al. [36] stated that the self-diffu-
sion coefficients of anlons and cations In YAG can be charac-
terized by

eq-3. 9 DY.

The first investigation that was undertaken to get reliable
quantitative data about oxygen diffusion in YAG was contributed by
Haneda et al. [45] using O 1 8 tracer. They used crushed single
crystal material with low impurity content (less than 200 ppm in
total). For as-grown YAG without facets measurements indicate that
the Ols-exchange is controlled by oxygen volume diffusion,
which is represented by

eq-3. 10 Do - 5. 2 4 1 0 " 7 exp [-3.36 eV/kT] m2/s.

Do is independent of the size of the crystal fragments - if
sub-grain boundaries or rate controlling exchange reactions at the
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surface occur, the diffusion coefficient should depend on the par-
ticle radius [46]. In a second experiment YAG was neat treated In
Al-vapour (as done earlier by Horl [44]). The resultant crystal
was dark coloured (F-centre formation [44]). O 1 8 diffusion
experiments revealed that now the oxygen exchange was not inde-
pendent of the extent of the surface area- The diffusion
coefficient is represented by

eq-3. 11 D = a. 3-10"7 exp [-3.07 eV/KT] ma/s.

In both cases (oxidized and reduced YAG) the activation
energy of the diffusing species Is nearly the same; so Haneda
et al. concluded that the transport mechanism of oxygen is
the same in both cases. The diffusion coefficient on the other
hand, differs one order of magnitude, which led the authors to the
conclusion that the oxygen defects are extrinsic In nature. More-
over, Haneda and coworkers considered the question whether oxygen
ions diffuse via an interstitial or a vacancy mechanism; following
ref. [45] the most probable defects in YAG are oxygen vacancies.
So the electrical conduction at elevated temperature can be
lnterpretated in terms of anlon diffusion.

Masumoto and Kuwano [47] In 1965 give a deeper Insight in the
pO2-dependence (after a high temperature anneal at a certain pOg)
of the optical absorption of YAG. The interpretation of their data
support Mori's model [44], in which transient absorption is due
to v0'-centres - a conduction electron captured by an oxygen
vacancy; again the predominant role of the oxygen vacancies was
confirmed.

3.2.2. Electrical conductivity in XAO and other non-iron garnets

one of the first papers dealing with the high temperature
electrical conductivity in non-iron garnets was the work presen-
ted by Lai and Jhans [46] in 1976. The authors measured a as f(T)
in single crystal gadolinium gallium garnet (GGG) In air, N2, Ar
and vacuum. The conductivity was influenced by the gas atmosphere,
so Lai and Jhans claimed that ionic diffusion may contribute to
total conductivity.

Helman and coworkers [36] performed ionic transference -, thermo-
power - and conductivity measurements on YAG, YIG and GGG under
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oxidizing conditions. It was concluded that TAG is a mixed lonic-
electronlc conductor. The ionic transference number tj was
determined to be

eq-3. 12 °- 25(at 1070 K) 0. 55 { a t 1 6 7 0

Following [36] the most disturbed sublattlces in YAG are the oxy-
gen - and the alumlnium-sublattlce; moreover, it Is stated that
YAG can exist with a small Al2O3-deflclt [36,49]. The ionic
charge carriers are described to be Intrinsic V Aj''' and v0-•
defects; Nelman does not consider the possibility of inadvertent
donors and acceptors.

Bates and Gamier [50] performed conductivity measurements on YAG
in 0 2 and oxygen-inert gas mixtures as f(T). Their single
crystal sample had an impurity content of 300 ppm Na and several
other ions in a lower concentration. They found an activation
energy of the conduction process of 3. 4 eV between 1220 and 1540
K. This value is the same as that reported later by Haneda et al,
[45] describing their diffusion experiments. Contrary to Haneda
et al. Bates and Gamier assume a conduction process which is re-
lated to the diffusion of Al-ions.

In 1984 a paper about the electrical conductivity In GGG was
presented by Hartmann and coworkers [51]. It was pointed out
that, due to the large band gap and a relatively small activation
energy of a, electronic charge carriers could not be generated
thermally across the band gap ( however, nothing is said whether
the measured conductivity is ionic or electronic, e.g. by measu-
ring tj). Hartmann et al. assume that p-type conductivity is attri-
buted to extrinsic 00* centres.

A detailed investigation of gadolinium scandium gallium garnet
(Gd3Sc1, a

Qa3.2°ia) w a s contributed by Schwartz and Duba [52] in
1985. This paper gives a study of ac-conductlvity and thermopower of
single- crystal material as f(pO2) between 1332 and 1622 K.
The measurements could only be performed at pOg's ranging from
10s to 10 Pa because the compound decomposes at lower oxygen pres-
sures. Depending on the temperature a as f(pO2) changes with a
slope ranging from -1/16 (at 1332 K) to -3/32 (at 1622 K). This
situation was assumed to be associated with the creation of oxy-
gen vacancies, a situation that can be controlled by the neutra-
lity-equation [e'J = 2[V0--]. An ionic contribution to the conducti-
vity could explain the very shallow slope of lg a vs. lg pO2-plot.
The activation energy of the conduction process is 2. 4 eV.
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Furthermore the thermopower is not Independent of T as would be ex-
pected for an electron hopping (small polaron) model with a fixed
number of charge carriers [53]; such a situation was found for
Ca 3Mn 2Ge 30 1 2 [54],

Until 1985 no worK on the defect chemistry of YAG was presented,
besides the paper contributed by Neiman [36] and a short note
published by Andreev et aJ. [55] suggesting that electrical
transport in YAG may be associated with a recombination of
electronic charge carriers with oxygen vacancies.
Rot man et al. [56,57,58,59] presented an extensive study of
the high temperature properties of YAG. The first of the three
papers presents electrical conductivity data of Ce-doped YAG in-
cluding both ti as f(pO2) and the ionic and electronic
contribution to total conductivity. This study on YAG:ce has shown
it to be a mixed ionic-electronic conductor. Measurements are
consistent with a defect model dominated by doubly ionized oxygen
vacancies fixed in number by background impurities. The vacancies
were found to move with an effective migration energy of 2. 3 eV. A
strong n-type component dominated at lower pO2's, while a p-
type component becomes evident at the most oxidizing conditions.

An ar. ..''/sis of the conductivity resulted in a value for the
there. - .i:i>i gap of 6. l eV and a redox energy of 7. 8 eV for the
reaci :.•„* < > V o " + 2 e' • 1/2 02.

This worK was followed by two papers [58,59] considering the
influence of Nl- and Zr-dopants on electrical and optical proper-
ties of YAG. Electrical conductivity measurements of Nl-doped
material exhibit results consistent with a defect model in which
the concentration of doubly ionized vacancies is controlled by
background acceptors and the pO2-dependent concentration of
divalent Nl ([Nl] t o t a l = [Hi2*] • [Hl3+]). An activation energy of
2 - 2. 2 eV was found for the moving ionic charge carriers and the
ionisatlon energy of N i A 1

x — > Hi^i' was found to be 1.6 eV.

The data on YAG doped with Ni + Zr showed a marked decrease in
ionic conductivity while p-type conduction increases at low
po2. No evidence of a change of the valence state of the do-
pant ion Nl was observed, indicating that Zr fixes the Ni into
the Ni2* state even under oxidlxlng conditions.

3.3 SITE EXCIWHBE EfFECTS IN GARNETS

The redistribution rate of cations between the d-, a- and c-sites
of garnets has been elucidated by Roschmann [60] in quasiblnary
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mixed yttrium iron gallium and iron aluminium garnet single
crystals between 773 and 1533 K. The frozen-ln cation distribu-
tions of quenched or slowly cooled samples were derived from
magnetization measurements and by a phenomenological Kinetic
equation. The activation energies derived for a thermally
activated lnter-sublattice (d-site < — > a-slte) redistribution
range from l. 3 to 4 eV and are related to the concentration of
anlon vacancies. The barrier heights for the considered inter -
and intra-sublattlce site exchange effects are strongly reduced
by anlon vacancies surrounding the cation-defect.
The statistical jumps of the vacancies due to thermal fluctu-
ations at elevated temperatures thus provide a mechanism for
observed enhancement of cation redistribution rates in mixed
garnets e.g. yttrium iron gallium garnet. It is inferred that
'premeltlng' or local melting of defect centres play an impor-
tant role in solid state ionic migration. For a perfect (zero-
defect) garnet the Intrinsic lnter-sublattice a < — > d barrier
Is 4. 5 eV. As will be discussed in chapter 16 our computer si-
mulation work comes to the conclusion that a Jump of an Al-lon
from an a- to a d-slte needs an energy not lower than 3. 5 eV

Roschmann further derived, that the c <—>c barrier height, 1. e.
the energy for a Jump of a c-slte ion from one dodecahedral site to
another, is 5. 4 eV. Apparently the c-c bonds form the strongest
binding scaffold of the garnet structure.
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LITERATURE REVIEW : COLOUR CENTRES AND PAR/WtiNETIC
DEFECTS IN GARNETS

COLOUR CENTRES

Many papers dealing with colour centres in YAG have been pub-
lished in the past. These centres, crystal defects in nature,
are analytically detected by absorption bands between 200 and
800 nm wavelength (or as ESR-actlve paramagnetic centres). On the
whole they are similar to those in alkali halides [1]. On laser
applications the absorption of the pump radiation by these colour
centres contributes to the heating and subsequent deterioration
of the effectiveness of the crystal as a laser.

In view of the large amount of papers dealing with this subject a
restricted review pointing out the most important aspects for
this thesis is given.

in 1967 Bass and Paladlno [2] published a first paper describing
the properties of absorption bands in YAG evoked by radiation
with a xe-flash lamp. The same absorption bands were detected in
Nd-doped YGG grown from a non-stolchlometrlc melt. In the same
paper [2] the authors demonstrated that radiation induced defects
in YGG heal In time at temperatures below 370 E, while for the
same process in YAG a considerably higher temperature is required.
Ho suggestion about the structure of the observed colour centres
was given Bass and Paladlno.

Later in 1968 Arsen'ev and coworkers [3] reported the formation
of colour centres in Eu- or Yb-doped YAG during the annealing in
vacuum (low oxygen pressure) or as a result of gamma-irradiation.
The centres formed in vacuum were attributed to ionized com-
plexes consisting of activator ions (Eu or Yb) and oxygen vacan-
cies, while those formed during irradiation were interpreted as
Oo" or Oo"'-centres.

In spite of the fact that nothing is said expllcltely about the
structure of colour centres in YAG in ref. [2,3] it Is evident,
that defects in the oxygen sub-lattice play a crucial r-;e. The
concept of the formation of Oj -centres in YAG as proposed in
[3] is the logic generalisation of early experiences gained with
Al2o3-crystals by Maruyama et ai. [4] and Bertram et »i. [6],

Batygov and coworkers [6] tried to trace back the colouration of
YAG after gamma-irradiation at room-temperature to rare earth
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Impurities. They found Pr and Tb to increase the absorption '
between 300 and 500 nm after Irradiation. This Is considered to
be associated with the oxidation of Pr3*- and Tb3+-ions to the
4+-state. So these ions act as hole traps. The elements Eu and Yb
are reduced during irradiation to Eu2* and Yb2*" which should
act as electron traps.

Kvapll and colleagues [8] investigated both the reversible colour ',
change as a function of the annealing atmosphere and several '
doping elements (Be, Mg, Ca, Sr, Ba as well as Nl, Fe, Tl, v, \\
Mn, Cr, Co). YAG crystals doped with Iron group ions in a higher
valency state (*+) can be coloured yellow-brown by annealing in
oxygen; when exposed to UV-radlatlon the colouration Is deepened.
The crystals containing iron group ions in a lower valency state
(2+). Mg2* or Ca2*, can be coloured yellow-brown to a less extent
by an anneal in oxygen. Annealing In H 2 fully eliminates the
colour in all samples, with the exception of YAG:Ni, which be-
comes greenish-black. The colour change induced by a treatment in
oxygen begins at 1170 - 1870 K. Kvapll and co-workers interpreted
the nature of these absorption centres In terms of a foreign ion
Induced compression of O2~-lons in the first coordination sphere.
This and the requirement of electro-neutrality leads to the for-
mation of 00'-defects.

Such 00"-centres have in particular been observed In alumina
as an absorption band [18] at nearly the same energy as in YAG.
Other papers published by Kvapll and ctfworKers dealing with the
influence of various annealing conditions and doplngs on the
crystal colouration are given In ref. [9-10],

A detailed study of non-stoichlometrlc defects appearing as
colour centres in YAG was given by Kvapll and coworkers In 1985
(11). They found brown colour centres termed "durable" because
they do not bleach out easily by annealing in crystals grown from
slightly non-stolchlometrlc melts. Centres having a brown colour
were introduced by growing YAG from a melt having a small
surplus of Y2O3 (3.005:5 < Y:A1 < 3.01:5). Crystals grown from a
melt containing a small surplus of AI2O3 (Y:A1 < 2.99:5) show a
blue coloration. The colour intensity depends on the H e/ H20 ra-
tio in the protective atmosphere in the growth apparatus. Kvapil
assumes that the brown colour is caused by the introduction of a
certain amount of YA)

x-defects during the crystal growth. Subse-
quent cooling causes a compression of the substitutlonal Y by the
oxygen-polyhedron, followed by a release of an electron forming a
hole or a bound poiaron according to Bernhardt [16].

Bernhardt was the first who took pains of gaining a deeper under-
standing of the structure of 00--centres in YAG [12-16].
Following results obtained for crystal-defects in smoky quartz
(S1O2:A1) obtained by schirmer et al.. [17] Bernhardt

' Eu3* is the rare earth ton with the greatest electron
affinity, followed by Yb3* and Sm3* [7].
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applied the "bound polaron model". By performing model calcula-
tions [16] of colouration bands in YAG: Mn he verified the polaron
character of the centres. Holes have less the character of simple
00' ("self trapped holes") than of (0o0o)'-centres, which is a defect
electron fixed between two oxygen ions. A further refinement of this
model leads to the conclusion that the oscillator o2"••hole• O2"
must be stabilized by an additional Coulomb-potential that acts
perpendicular to the vibration direction. This stabilizing poten-
tial should be an impurity ion (see fig. 4. l)

The polaron model proposed by Bernhardt was later
Cermak [19].

confirmed by

Fig. 4.1 Model of a linear harmonic osci1lator stabi1 lied by
an additional Coulomb potential (from [16])

Mori [20] performed optical absorption and ESH measurements in
pure and Fe-Sl - doped YAG. He found a correlation between the
bleaching of the absorption bands and the dlsappearence of the
isotroplc ESR-llne. From the g-values found In the ESR-spectra
Mori concluded that in YAG: Fe, Si electrons are trapped at the
iron-ions (a hole-like centre) while in pure YAG electrons are
captured at anlon vacancies, which act as colour centres.

The russian group around Karaseva and Gromov published a series
of papers concerning colour centres in YAG [16, 21-24], proposing a
"•ultl defect model".

I
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.a PARAMACPffTIC DEFECTS

Several paramagnetic defect centres caused by foreign cations in
TAG have been investigated in the past. However, many more papers
dealing with paramagnetic centres In alumina have been published
in the recent years. One of the pioneering publications descri-
bing electron spin resonance studies In acceptor-doped a-AI2O3 was
presented by Cox [25} In 1971. Crystals containing Mg+Ti, Li+Tl
(in a compensating molar ratio) were gamma-irradiated, which
turned the previously colourless crystals to a dark brown colour.
Subsequently recorded ESR-spectra were interpreted In terms of
single holes trapped by the negatively charged defects MgA1',
Ll A 1"and v A i " ' , which form MgAi*. Li A 1' and v A 1 "
respectively. The primary product of the irradiation are electron-
hole pairs. The electrons may be trapped by positively charged
defects (e. g. TlAi'), but these were not detected in [25]. The
brown colour was attributed to the paramagnetic defect-bound hole
in a concentration of about 10 1 8 per cm3.

The structure of the trapped hole defect in alumina has first
been discussed In a theoretical paper by Bertram [5). He used a
model of a hole localized on Just one O2~ in the nearest
neighborhood of the substitutional defect. Cox interpreted his
results on the basis of that model

In a following paper Cox [26] investigated A12O3 doped with Hg.
Annealing in a reducing atmosphere produces colourless and ESR
inactive samples containing the closed shell defect MgAj'. which
is compensated by intrinsic or extrinsic donors. Annealing such
a crystal in oxygen results In a paramagnetic, purple-grey sample.
ESR spectra can be attributed to a hole trapped by Mg2*, that is
to the neutral defect HgAi

x. The hole is located on an oxygen
ion next to the impurity (= (Oo* Mg Ai')

x. These defects are
perfectly stable. Later Kroger, Cox and colleagues [27] annealed
Mg-doped alumina at different oxygen partial pressures and per-
formed ESR measurements. It was evaluated, that the concentration
of the paramagnetic centres decreases successively with
the oxygen pressure. Based on that fact a defect model of Mg-doped
alumina including a pOg-dependent hole-release mechanism was pro-
posed.

The defect model of alumina described above is of interest for
us because comparable pO2-dependent ESR-data are not available for
YAG.

Mori [26] performed ESR and optical absorption measurements on
undoped YAG after a high temperature treatment in an Al-vapour.
After this reduction the crystals had a dark blue colour. The ESR
spectrum associated with this colour had a g-value which was
slightly smaller than that of a free electron. So Horl con-
cludes that the ESR-date indicate an electron (trapped at an
oxygen vacancy) rather than a hole, resonating in a defect. The
ESS-slgnal disappeared simultaneously with the decolouration of
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the crystal. By investigating the moving colour zone while oxidi-
sing a reduced sample Horl [28] evaluated in a clear way, that
this process is connected with anlon diffusion. After irradiating
an undoped YAG crystal with UV-light the same author detected ESR-
signals with g-values which were assumed to be due to hole-centres
of the O'-type.

Horl [28] suggested that the luminescence peak occurring at an
energy of 2.6 eV (480 run) Is connected with the release of
electrons from oxygen vacancies which recomblne with holes.

Referring to this suggestion Hayes et *l. [29] presents own
experiments and a reinterpretatlon of Mori's data [28]. Hayes
et al. bring into discussion the idea of self-trapped exci-
tons or holes near cation-vacancies (for simple oxides there is
evidence for holes trapped near cation vacancies [30) ). This
theory's major problem is that while it is true that holes tend
to be located at negatively charged cation vacancies, both the
number of holes and the number of cation vacancies should decrease
when the crystal is annealed in atmospheres of decreasing
po2. instead the emission data show an increase in 300 nm
emission with decreasing oxygen pressure [31]. Bobbins resolved
this dilemma by postulating a second defect which competes with
the luminescent one at 300 nm [32-35]. Based on this he deve-
lopes a model which can explain the experimental data, as summa-
rized in [31].

In 1986 Asatryan and coworkers presented ESB-measurements perfor-
med on Zr-doped YAG [37]. Such crystals, grown under hydrogen,
showed a red colour, which was not observed when charge compensa-
ting ions (ca or Hg) are present. X-ray measurements performed on
ceramic samples revealed that the lattice constant a0 decreases
with increasing Zr-concentratlon.

ESR-spectra of Zr-doped YAG show the presence of paramagnetic
centres localized in the dodecahedral sites. These centres are
associated with Zr3* ions (4d1, S - 1/2). Other oxidation states
of Zr are not ESH-active, and are not expected to be present in
a considerable concentration in reduced YAG. In another experi-
ment Asatryan and coworkers showed that there is a direct
correlation between the ESR-lntenslty and the intensity of the
optical absorption (brown colour) in Zr-doped YAG. The colour
centres and the paramagnetic centres are assumed to be the same
in nature (see fig. 4. 2).

3
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Fig.4.2 Correlation of ESS and optical intensities [37].

Several ESK-experlments were performed to find out how the
different crystallographlc sites in the garnet structure are
occupied substitutionally by foreign cations (mainly transition
elements). ESS measurements are described for TAG containing e.g.
Fe3+ [43], Cr3+ [43], Gd 3 + [43], V2+/*+ [44,45], Zr3+'** [37],
Co2 + [38], MO3* [46], Mn 2 + [47].

Although the aim of this short review is not to give detailed in-
formation about site occupancy, nevertheless it should be mentioned
that there is one paper describing not a substltutlonal metal
ion in YAG but an interstitial Co2* [38}. This should be look-
ed upon in some more detail. Experiments made with co-doped yttrium
gallium garnet (YGG) [39-42] gave no indication that cobalt
occupies interstitial lattice sites. However, Yoslda and collea-
gues [36] took ESR-spectra of TAG doped with 1 at. x Co and
tried to interpret their data assuming substitutional cobalt-ions.
The angular dependence of the spectra showed that the lines do
not come from substitutional Co2* or Co 3 + spins alone. So
1/3 of the Co-lons having the charge 2+ are located on interstitial
sites to charge-compensate a/3 Co3+ positioned on substltu-
tlonal sites - sofar the model proposed by Yoslda. In a second
step the authors Identified 24 magnet leal ly lnequlvalent inter-
stitial positions and one of then was chosen to be the most appro-
priate: the 48 g-posltlon (see fig. 4.3). This is the first clear
evidence of interstitial ions in YAG.
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O Octahedral (16)

• Tctrahtdrol (24)

O DodKOhcdral(24)

Interstitial (48)

Fig. 4.3 Crystal structure of YAG. Oxygen ions are not shown.
The interstitial site occupied by Co is given by a
hatched circle (38).
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SMPLE PREPARATION AND EXPERIMENTAL SET (IP

5.1 POWDER PREPARATION

Several papers describing preparation methods for YAG ceramic
powders have been published in the past. The classic route for
oxide ceramics is the so-called mixed oxide method [1] in which
mixed oxide powders react at elevated temperature to the proper
compound. More advanced methods for YAG powder synthesis such »s
freeze-drying [2J, hydrothermal growth [3], sol-gel techniques
[41 or spray-drying [5,6] lead to much better powders than the
mixed oxide method.

The samples investigated here were prepared by spray-drying
sulphate solution (modified sulphate process) [5]: AlgCSOji)? was
solved In H2SO4 (pH=3) to which a proper amount of of Y2O3 was
added while the pH was Kept constant by addition of H2SO4. After
spray drying the solution calcination was done at 1600 K. Subse-
quent ball milling in lso-propanol and sieving gave a powder with
an average grain size of 1 l in [5].

Controlled doping with aliovalent cations such as Ca, Hg or Zr
was done following two different routes:

a) by addition of a proper amount of an ethanollc solution of
Ca-, Mg- or Zr-nitrate to the powder and subsequent heating
to vaporize the alcohol

b) by Immersing preslntered pellets (1620 E, 2 b In air (see
section 5.2) with a porosity of 20-30 x in methanolic
solutions of Zr- or Hf-acetylacetonate for 12 hours. It was
assumed that the rest-porosity is open porosity, so from the
penetrated volume of solution (assuming that all pores are
completely filled) the dopant concentration could be estimated.
This method did not lead to homogenious samples; only a
surface layer contains an appropriate dopant concentration.

5.2 SINTERINC OF THE POWDERS

T.

i

Two grams of pure or doped powder were pressed unlaxlally with 40
MPa (density:!. 6 g/cm3=35x relative density) and preslntered
on an alumina holder for 2 h at 1820 K in air, the samples were
not sintered in a powder-bed.

Jr.



Afterwards the preslntered samples were placed in a Mo-nolder and
sintered in an Astro-furnace in a Hj/HaO-atmosphere (Hg saturated
with water at 293 K) with the following temperature program:

60 K/ min S K/min
room temperature > 1170 K > 2070 K

sinter time 120 min at 2070 K

to K/min 100 K/min
2070 X > 1170 K * room temperature

5.2.1 Evaporation effects during sintering

1
f

Sintering at high temperature and, in the case of YAG, in a strong-
ly reducing atmosphere, involves a considerable evaporation of
material. The drastic loss of MgO sinter-dope has already been
realized in the first sinter experiments; a YAG powder doped with
500 ppm MgO for example contains 50 ppm MgO after final sinter-
ing at 2070 K. To a lesser extent also an evaporation of A1 2O 3

has to be taKen into consideration. Auger-analyses of sintered
surfaces of Ca-doped TAG showed that also CaO tends to vaporize,
but to a much smaller extent than MgO; the entire Ca-concentra-
tion in a sample decreases insignificantly (for evaporation of
ceramic materials see also [29] ).

The effect of a severe weightloss of oxides heated in reducing
atmospheres is treated Heuer by and colleagues In [30] giving
several volatility- and Ellingham-dlagrams. Fig. 5.1 gives a vo-
latility diagram for MgO in H2/H20- and CO/CO2-atmospheres for
different temperatures.

From fig. 5.l it can be derived for example that if the H 2O/H 2

ratio changes from 0. 01 to o. 001 at 1900 K, p M. increases from 30
to 300 Pa. It is a role of thumb that weightloss due to evapora-
tion from a high temperature ceramic material is important only If
the vapour pressure is higher the 0.001 Pa - following this sugges-
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tion MgO is a highly volatile matter (30).

IOfltPCO,<PCOl

' - 1 0

Pa

0 / log I0co,1>col

Fig. 5.1 Volatility diagram tor MgO in different reducing
atmospneres ( the dotted line is constructed for
H20/Ha = l*

When we apply these diagrams for pure oxides we have to bear
In mind that we are not dealing with single phases, but with
solid solutions (dopants) or with dispersed particles (in the
case of Al-rlch Inclusions, which will be discussed later).
But nevertheless, such diagrams give a quite useful impres-
sion about solid state-gas phase reactions In the system we
are considering.

t
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Volatility diagram for the Al-O system [30],

noon

Fit- 5.3 Comparison of volatility for Al-0 ana Mg-0 systems
at 1900 K [30].
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For A1 2O 3 the volatility diagram is shown in fig. 5.2. The Al-0
species with the highest tendency to evaporate is A1O2. Asssuming
a H2O/H2 ratio of 0. 003 and T=2100 K the vapour pressure of AIO2

can be estimated as 0. 1 Pa. Relying on this result the vapour
pressure of alumina under reducing conditions is not negligible.

For the sake of comparison fig. 5.3 shows the volatility
diagrams for both the Al-0 and the Mg-O system in one plot at
1900 K.

There is one paper Known to us giving data about the evaporation
rate of - as suggested by the authors - YAG from a melt (T:Z400 -
2500 K) [31]. This paper considers a progressing weight loss, with-
out asking if the melt changes in stoichlometry, e. g. due to vo-
latilisation of A102. Extrapolating the plots given in [31]
to our sinter temperature leads to following evaporation rates:

a) 3070 K in air: 0. 75-10"3 g/cm2h

b) 2070 K in H2/Hg0: 0. 5'10~2 g/cm2h

For a YAG pellet with l. 6 cm in diameter it can be estimated that
0.05 g material i- 2.5 %) will evaporate while sintering 2h in a
Hg/HgO-atmosphere.

5.3 SOLUBILITY Of C», Mft. Zr AMD tiff Iff XAO

Ve found that Ca has a low solubility in the YAG lattice [7]. Sig-
nificant Ca-rlch precipitations were detected by SEH/EDX In sam-
ples containing Ca-concentratlons as low as 500 ppm. It was found
that Zr has a much higher solubility in the YAG lattice; 700 - aoo
ppm were solved without forming second phases. Ve checked the so-
lubility of Hf and found that 1000 ppm are soluble without forming
precipitates. The solubility of Hg is not investigated due to the
high volatility (see also section 16 where solution enthalpies are
estimated based on computer simulations).

I



5.4 CLCCTRICAL MEASUREMENTS

To get an insight into the defect chemical properties and some
mlcrostructural features the electrical conductivity as a function
of T and pO2 was investigated at high temperature. The theory of
defects In ionic crystals and their practical determination was
worked out and properly described by Brouwer [8), Kroger [9], van
Gool [10] and Brook [11], experimental methods for high tempera-
ture conductivity measurements were worked out and described by
Peters [12], Brook [13], Ozkan [14], Blumenthal [15], schmalzried
[16], Kltazawa [17] Etsell [25] and others. The interrelation-
ship between ceramic inlcrostructure and ac-frequency dispersion
or dielectric relaxation has been considered by Jonscher [16],
Macdona id [19.20], Bauerle [21], Armstrong [22] and several
other workers in the mentioned papers.

The conductivity cell we used was a spring loaded alumina cell,
(see fig. 5.4), comparable to that described in [23]. This cell
was placed in an alumina tube wrapped with Pt-foll to shield dis-
turbing fields caused by the furnace. We used a dc-driven Sic
tube furnace with a maximum temperature of 1670 K.

Conductivity measurements were performed with a Solartron 1174
frequency response analyser (l MHz - 0.0001 Hz) interfaced to a
HP-B6 computer. Samples equlped with painted or sputtered Pt-
electrodes were connected to the Solartron as shown in fig. 5.4 B.
The data were analyzed and presented in the impedance or admit-
tance mode by choice or as a 3-dimenslonal Z' vs. Z"vs. frequen-
cy plot.

For measuring the pO2 dependence of the conductivity different
oxygen pressures were maintained by mixing O2/N2, CO/CO2 or
H2/H2O. The pressures were controlled with a ZrO2-cell which
could measure the gas entering or leaving the cell alternatively
to control the tightness of the equipment.
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AljCbtube
sample

tube

internal thermocouples
gas inlet

Leads for conduction and temp, measurements

B

Fig. 5.4 A) The high-temperature celt for conductivity
measurements

B) Connection of the Solartron to the sample [26]

Ionic transport numbers were determined by measuring the EMF de-
veloped across a diskshaped sample whose surfaces are exposed
to different pOg's [26]; EMF and ionic transport number tt are re-
lated by [13]:

eq. -5. 1
RT pO2(II)

EMF r tA in
4F pO2 (I)

in which H is the gas-constant, T the temperature, F the Faraday
constant, tt the ionic transport number and pO2(I) and pO3(U)
the oxygen partial pressures on each side of the sample. The ex-
perimental set-up Is shown in fig. 5. 5 . The very small EMF-cell
was placed in a special Pt-wound mini- furnace with 170 mm tube-
length and 20 mm tube-diameter (max. temperature 2020 K). The cell
configuration was Pt pO2(I) / YAG / Pt pO2 (II).
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A) Arrangement for measuring the EMF using a cylin-
drical volume-guard [SB]

B) The electrical set-up

The apparatus shown in fi«. 5.5 also allows us to determine the
sign of the seebecK-coefflclent [24). Because a stable temperature
gradient could not be maintained along a blocK-Uke shaped piece of
YAG, due to the low conductivity, a thermo-puise led to the sign
of the Seebeck-coefflcient or thermo-electric power. This thermo-
pulse was generated by blowing a stream of air on one face of the
sample, while the direction of the change in the EMK was recorded.
This change was attributed to a thermoelectric power superposing
the EMF. So it was possible to detect the sign of the predominant
charge carrier.
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5.4.1 Electrodes and electrode-effects

In all solid state electrical measurements we used platinum elec-
trodes because of their excellent M g h temperature stability in
reducing CO/COg atmospheres as well as in oxidizing ambient. It
was shown that Pt-electrodes have a low electrode-resistance and
a high oxygen permeability [32,33].

Ve used painted (Demetron Pt-paste, usually fired 2 h at 1470 K)
and sputtered Pt-electrodes (painted over with Pt-paste to
counteract a reduction of electrode area by evaporation). Impe-
dance spectrometry is a very sensitive tool to check if the
electrodes are blocking or approximately ideal, particularly
because the Solartron reaches frequencies as low as 10~4 Hz. An
ideal impedance diagram with a distinct bulk-, grain boundary-
and electrode effect is shown In fig. 5.6. The electrode arc is
due to the double layer capacity at the electrode-electrolyte
interface.

As a by-product of the Investigation of our samples two questions
have been be answered

1) how does the electrode preparation (painting or sputtering)
influence the electrode resistance ?

2) how does an anneal at 1800-1900 K influence the electrode re- t
sistance ? I

t
Referring to question 1 we have to state that painted Pt-electro- '
des in many cases give rise to a wide arc in the complex lmpe- '
dance plane, while sputtered electrodes behave ideally as shown in \
fig. 5. 6. i
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5.6 Complex impedance plot for polycrystal1 me YAG
showing an obvious difference in the electrode be-
haviour:
top: painted Pt-electrodes, burnt 1470 K
bottom: sputtered Pt-electrodes
(frequency range 1 MHz - 0.01 Hi).



Painted electrodes exhibit a wide frequency dispersion arc due to
a high capacity (several hundred uF/cm2, fig. 5.6 top), while
sputtered ones cause no capacity at the interface (fig. 5. 6 bot-
tom). SEM-plctures of a painted electrode show that the contact with
the electrolyte is rather bad (fig. 5. 7). The cavities act as
capacitors causing the observed electrode effect; the dc-resis-
tance represents the sum of sample and electrode resistance.
Sputtered Ft-electrodes behave ideal, which means that the dc-
resistance is the sample resistance. Consequently direct current
conductivity measurements, which are often reported in litera-
ture, can be used but have to be considered with caution.

ELECTRODE
(Pt )

VOID ELECTROLYTE
(YAG)

Fig. 5.7 SEM-picture showing the electrode-electrolyte inter-
face after a conductivity measurement (about £0 h at
1600 K m variable pO2's)

Concerning question Z we found a rather impressive dependence of
the electrode resistance on the thermal history. A sputtered Pt



electrode (overpainted with a protective Pt-layer) was annealed
2 h at 1300 K. The impedance spectrum given in fig. 5. 8 A elucidates
that there is no electrode effect. Afterwards the electroded
sample was annealed for 15 minutes at about 1900 K in air (cooling
rate about 100 K/min) and an impedance spectrum was recorded under
the same circumstances as before (fig. 5. 8 B). One wide low fre-
quency dispersion-arc vs seen, from which a capacity of 1000 uF
(!) for the electrode-electrolyte interface can be derived (elec-
trode area smaller than 1 cm2); a well separated electroJyte-arc
is no longer detectible. Next the electrodes were removed by a
careful polishing procedure and new ones were sputtered; then
again an impedance spectrum was recorded under the same conditions
AS before (see fig. 5. 6 C) - the difference between impedance
spectrum B and C is substantial. The resistance of tne sample has
drastically decreased by a factor of 15. Analyzing the position
of the frequencies revealed that the l kHz-impedance (a frequency
where electrolyte impedance usually intersects the real-axis) has
not changed, so the properties of the electrolyte did not change
markedly while annealing the sample; consequently the phenomenon
is due to a change of the electrode-electrolyte interface.
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Fig. 5.8 A) Non-blocking sputtered Ft-electrode at 1300 K,
sample as recejved

Bl The same sample annealed 15 nun at 1900 K in air
measured at 1300 K

C) The same sample after the electrodes were
renewed by sputtering.

( n o t e t h a t t h e Z ' - a x i s h a s t h e s a m e s c a l e i n a l l
t h r e e p l o t s )



This experiment Has clearly shown in which way disturbing
electrode-effects can influence a measurement. Again we have to
state that dc-data, particularly those obtained at very high tem-
peratures (measurements on alumina were often performed at 1800 -
1900 K, e.g. ref. [34.35] ) may be falsified by massive elec-
trode effects.
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6.1 ELEMENT ANALYSIS

The impurity and dopant content of all powders and sintered samp-
les were analyzed by optical emission spectroscopy (OES) and X-
ray fluorescence. For the samples doped by the immersion tech-
nique (see section 5. l) the depth profile of the dopant concen-
tration was determined by laser mlcroprobe analysis (LMA). The
results of LMA showed that only a 200 ym thick surface layer was
homogeneously doped, while the centre Is free of dopant. This re-
sult makes clear that doping of preslntered porous samples by
immersing in a solution is not practicable (due to closed poro-
sity). So electrical measurements were performed with samples made
from doped powders.

Dopant or characteristic Impurity concentrations are given in the
following chapters together with the experimental results.

6.2 AUGER

The compositions of as-fired and fractured surfaces were inves-
tigated by Auger scanning mlcroprobe (SAM). The analytical infor-
mation depth was 0. 5-2. 0 nm. To get analytical data from deeper
areas the sample was sputtered with Ar+ ions (2kV/624 pA car2)
for 1 mln resulting in a sputter depth of approximately 8. 5 nm.

Ve analyzed surfaces of sintered YAG samples doped with 100 ppm
Ca fired at 2020 and 2070 K respectively. Experimental results
indicate that a) Ca concentrates at the surface and b) the
higher the sinter temperature the lower is the ca-concentration
in the surface layer (see tab. 6. 1)



Tab. 6.} Auger analysis depth profile of
YAG: too Ca sinter eel at 2020 and 2070 K

Sinter-
temperature

Ca-concentra-
tlon in at. v-

surface 2020 E

idem sputtered*

7. 4

8. 5

surface 2070 K

idem sputtered*

1. 8

3. 0

# sputter depth = e. 5 nm
Measurements were performed at the analytical
laboratory at the Philips Lighting Division (CALL).

The Ca-concentration in fractured surfaces was investigated
by the same method. But due to the fact that YAG breaks trans-
granular (fig. 6.1 ) no controlled Information about a segregated
film on the surface of the grains can be derived (an ultra high
vacuum/high temperature fracture-setup was not disposable).
Nevertheless we found fresh surface areas containing 1.5-2 at. x
Ca which reduces below the detection limit (0.5 at. x ) after sput-
tering away a 8. 5 nm thick surface layer. This indicates that Ca
segregates forming an lntergranular film. That is in agreement
with our other experimental results.
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Fig. 6.1 A typical transgranular fracture surface
(note the crack through the gram marked
with an arrow, which indicates high co-
hesive strength of the grains/.
(bar = 10 pm).
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7. Al RICH INCLUSIONS IN yA6

The first examinations of dense sintered YAG-powder revealed
that small spots (fig.7.1) are present where the Al-concentra-
tion is higher than in the YAG-matrix. in spite of the fact that
the powder was weighed out stoichlometrical ly. Mulder and de
With [1] investigated these inhomogeneitles, which are present in
volume fractions varying between 0. 5 and 15 x, by transmission
electron microscopy. It was detected that the inclusions induce a
strain in the garnet matrix (due to different thermal expansion
coef f IC lents ).

The diameter of the Inclusions in the samples we investigated
(about 20 samples from different sources, doped with different
sinter-add I tives) ranged from 0. 5 to 1. 5 um.

Several attemps were made to prepare inclusion-free YAG cera-
mics. It was assumed, that sintering in H2/H2O results in homo-
geneous material [2]: however, although the concentration of
inclusions is lowered when compared with samples sintered in
vacuum, they are still present.

Fig. 7.1 Typical sphere-shaped Al2Oj-inclusions in
sintered YAG (bar- 1 urn), (with courtesy by
Philips Laboratories, Eindhoven)
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One should have expected that the inclusions hinder the grain
growth by pinning the grain boundaries [3,4]. In La-doped yttrla
[5] and in ferrltes (6) it has been shown that small (< l Mm),
insoluble, well dispersed particles in a ceramic matrix control
grain growth. Therefore it Is remarkable that YAG after the final
sintering exhibits an average grain size up to 5 urn.

Ve can resume that until now there is no clear and reproducible
strategy to sinter YAG powders to single phase ceramic bodies
without Al-rich inclusions.

In the frame of this thesis some questions concerning the inclu-
sions were Investigated:

1) their chemical composition
2) their shape or morphology
3) their annealing stability

7.1 CHEMICAL COMPOS IT ION OF THE INCLUSIONS

In the literature the inclusions in sintered YAG are termed as
Al-rich, without giving further information as to what these lnhomo-
geneities consist of. To get an impression about their chemical
composition we looked for large inclusions to perform SEM-EDX
analysis without a disturbing x-ray emission from the surrounding
YAG matrix. The resulting spectra show only Al to be present, the
concentration of Y in the inclusions is lower than the detection
limit of the energy-dispersive analyzer (0.5-1"); a typical
spectrum is given in fig. 7. 2a together with the spectrum of the
stolchlometric YAG, fig. 7.2b. In a few samples besides Al 0. 4 - l
x Hg was detected.

Moreover, we tried to find out the crystallographic properties of
the inclusions. To do so an inclusion-rich sample was crushed and
an X-ray dlffractogram (XSD) was recorded, with a signal-to noise
ratio as good as possible (by using a high-temperature dlffrac-
tometer equipment -specially constructed for high resolution XRD-)
The tl»ree most Intense reflections of a-alumlna could be iden-
tified. So from EDX and XRD it could be elucidated that the Al-
rlch inclusions consist of a-Al2O3.
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Fig. 7.2 EDX-spectra of an inclusion (l.b) ana tlte 7A6
matrix (la).

7.2 THE SHAPE OF THE AI-RICH INCLUSIONS

The inclusions can be observed on fractured or polished surfaces
in the scanning electron microscope or in YAG-folls in the trans-
mission electron microscope as dark structures (due to the high
Al-content). Three characteristic shapes of alumina-inclusions
can be distinguished:

a) perfectly formed spheres with a diameter ranging from 0.5-1
urn, in some cases up to l. 5 um; this homogeneously distributed
form is the most abundant (fig. 7. 3a)

b) randomly formed or "cioudllke" Inclusions having an extension

5
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• f •some urn with a certain orientation (fig. 7. 3b)
showing the tendency to accumulate

and

>: I crystal 1 ite-l iice inclusions with well formed crystal faces,
mostly having the shape of a block (fig. 7.3c).

The inclusions are located at the grain boundaries and in the
interior of the grains.
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7.3 The three typical shapes of Al-rich melusions in
sintered YAG
7.3a spheres (barztoo um)
7.3b "cloudlike" inclusions (bar-lOO pm)
7.3c crystal 1ite-1 ike inclusions (taken from [1])

(bar-SO nm)

7. 3 THERMAL STABILITY Of THE INCLUSIONS

At the present moment it is not clear if A 1 2 O 3 segregates from the
matrix at the sintering temperature or while the sample cools slowly
down.

A long time annealing experiment showed that the alumina inclu-
sions are not drastically changed after a 200 h heat-treatment at
1670 K in air. Checking a polished cross-section before and after
annealing showed alterations in the shape of the inclusions only
near the sample surface, the interior of the sample stays complete-
ly unchanged.

Fig. 7. * shows the detailed morphology of the inclusions near
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t lie sample surface after a long time anneal. The inclusions have
spread out and cover the grains. EDX analysis of the dark regions
revealed that they are still Al-rich. but also a considerable
concentration of yttrium is detectible.

Until now it is in no way clear if and how the alumina-inclusions
impair the properties of YAG as a high temperature material. With
a view to the slow alteration of the inclusions near the surface
d u n n g a long time high temperature treatment we have to take into
consideration that also the defect chemical situation alters pro-
gressively. The fact that the inclusions at the surface are
altered first may indicate that an evaporation process or an
influence of the pO£ of the surrounding is causative.

l

r I

3 8. 16 Wt /•

61. 84 Wt •'•

Al : 47. 27 wt '•
Y : 53. 73 wt /•

Fig. 7.t Al-nch inc lus ions near the surface have spread
out due to an anneal ing for 200 h at 1670 K;
the compos it ton of different spots is given.
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Concerning the grain boundaries it is possible that A i - n c h
phases form a phase around the grains (as indicated in SEM-pic-
t.ures, fig. 7.4), with preferred grain boundary diffusion. This
suggestion is in accordance with the 5 9 F e se If-diffus ion experi-
ments performed on ceramic garnet samples by Zhukovskii and col-
leagues [71. They came to the conclusion that the transport of Fe
along the grain boundaries in C a 3 F e 2 G e 3 O 1 2 and Y C a 2 Z r 2 F e 3 0 1 2

is clearly preferred.

Fig. 7.5 shows an often observed phenomenon in sintered as well
as in annealed YAG: a 10 - 60 urn thick surface layer is absolutely
inclusion free, while the rest of the material contains the well
Known alumina-inclusions. Thus the defect chemistry of "inner
DulR" and the "near surface bulK" should be different. This effect
should not affect our measurements, because we always polished
the sample surfaces properly before fixing the electrodes.

SURFACE

Fig. 7.5 A phenomenon that was often observed m sintered
YAG: d layer near the surface is inclusion free.
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8 GRAIN BOUNDARIES IN TAG INVESTIGATED BT TEM

In polycrystalline materials boundaries between the grains domi-
nate many of the technologically important properties. For ex-
ample, the electrical properties of semiconductors [1] and cera-
mics [2] are strongly Influenced by lntergranular interfaces. Also
the high temperature loss In strength of silicon nitride, for in-
stance, has been attributed to the presence of a thin lntergra-
nular glassy film. Creep, sintering and corrosion are generally
dominated by the presence of grain boundaries.

The resistance to corrosion from alkali metals is an lnportant
property to examine for further application of YAG ceramics.
Claims and Hurle [3] reported a corrosion rate of 16 urn per year
for liquid lithium corrosion at 648 E. Under the same condi-
tions alumina has a corrosion rate of 12 mm per year. To confirm
corrosion resistance de with and coworkers [4] immersed YAG cera-
mics in Na In a Mo-contalner for 300 h at 1170 K and investigated
the samples afterwards by SEM/EDX. YAG doped with S1O2 had a
corrosion layer of only 3 pm. YAG doped with HgO exhibited very
similar results. In contrast, CaO-doped YAG has a much lower
resistance against the attack of hot sodium vapour [5]. De With and
coworkers have shown by TEH that S102 as well at HgO have no
tendency to form segregation layers at the grain boundaries in the
material they tested [6].

We performed TEH studies on Ca-doped YAG in order to see whether
or not there is a difference between the grain boundary structure
in the CaO-doped material and the HgO-doped material tested by de
With and coworkers. [6]. A marked segregation layer at the grain (

boundaries of CaO-contalnlng YAG could explain the poor corrosion i
resistance of that material. •

8,1 EXPERIMENTAL

For observations in the transmission electron microscope (TEH) the
specimen must be transparent for electrons; so sample-foils have
to be prepared. YAG discs, 3 mm in diameter* and some tenths of a
mm thick were obtained from the bulk material. The samples were
thinned with the aid of a dimple grinder. A subsequent ion-mil ling
procedure (GATAN dual lcn mill model 6000) with Ar-lons (3 KV, io«
angle of incidence) was carried out until perforation occurred. The
TEH investigation was done with a JEOL JEH 2000 FX transmission
electron microscope working at 200 kV. The study was done with YAG
doped with 500 ppm CaO.
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8 2 RESULTS AND DISCUSS K M

Fig. 6.1 shows the boundaries between three grains, which are
visible as almost straight bright lines. The angle between the
boundaries is 120 •. No segregated phase at the triple points is
detectible. If the plane of the interfaces is not precisely
parallel to the incident electron beam (inclined boundary),
so-called thickness fringes are observed at the grain boundaries.
In such a case structures may be observed at "clean" boundaries,
which appear similar to real segregated phases [7]. In order to
check if real second phases are present in YAG: 500 ca two grains
were adjusted so that Moire-fringes were seen in both grains.
This situation is shown in fig. 8. 2 (due to the photo-mechanically
copying procedure the fringes in the upper grain are hardly visible).
In fig. 8. 2 a distinct intergranular phase about 2 nm thick is seen.
This thickness determined by TEM is comparable with the values ob-
tained by impedance spectrometry (4-7 nm), see section 9.
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Fig. 8.1 A triple point in YAG: 500 Ca. no triple point phase
is present .



Fig. Moire-fringes m two adjacent grains. An intergranuiar
segregation phase is clearly visible. The upper right
part of the picture shows amorphisat ion due to ion-
milling.
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8.3 TEM STUDIES OF XAC DESCRIBED IN LITERATURE

In spite of the fact that YAG has gained technologically impor-
tance in recent years, only very -few TEM-studies on single
crystals are available. As already mentioned Mulder and de With
[6] investigated grain boundaries in polycrystal1ine YAG. They
found no segregation of second phases at the grain boundaries in
YAG doped with 500 wt. ppm MgO. Our experimental results show that
in Ca-doped YAG a segregation takes place.
Zakharov and colleagues [8] present more fundamental high
resolution many-beam images of YAG. They give experimental and
calculated density distributions of lattice images up to a resolu-
tion of 0. 4 nm. Ashbee and Thomas [9) in an early TEM-study from
1966 investigated dislocations and twinning phenomena in YAG
crystals.
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9 MICROSTRDCTURE AND MICROSTRUCTURAL CHANGES
INVESTIGATED hi

AC DISPERSIVE MEASUREMENTS

The main feature of this chapter is the microstructure of YAG-ce-
ramics investigated by impedance spectroscopy. The following
topics are treated:

1. Second phase segregation and grain boundary thickness in
doped YAG samples

2. Temperature dependence of grain boundary - and bulk conduc-
tivity

3. Changes of grain boundaries caused by a long time anneal

4. Changes of the grain boundaries caused by quenching.

9.1 INTRODUCTION

Impedance spectroscopy has proved to be a useful technique in
the investigation of the microstructure and microstructural
changes of composite materials having grains,pores, grain bounda-
ries, segregated and dispersed phases. Interesting systems from
the scientific point of view are for instance the ordered preci-
pitate phases (Suzuki-phases, HaCl/CdCl2) [1,2]. However, highly
ion-conductive oxides are investigated to a much greater extent
because of their technological importance. Host work has concen-
trated around zirconia (e.g. ref. 3), ceria [4,5] and B-alumina
[6,7]. A good introduction into the topic of impedance spectro-
scopy gives the book "Impedance Spectroscopy" edited by J. R.
Hacdonald [15].

Bauerle [6], in his pioneering work, studied high purity and 'im-
pure' polycrystalline zirconia. For this distinct ion-conductor
he found that the presence of a second phase at the grain bounda-
ries led to the introduction of a second time constant into the
equivalent circuit, which was absent in high purity material.
Bauerle interpreted his results in terms of a low conductivity
second phase introducing a constriction in the area of contact
between the grains. The so-called Bauerle equivalent circuit is
given in fig. 9. 1 (B).
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GRAIN ELECTRODE

Fig. 9.1 (A) Schematic diagram of a complex impedance plot
showing arcs due to three processes. The arrow indi-
cates the direction of increasing frequency.
(B) The equivalent circuit that gives rise to the
three arcs in (A) [Bauerle circuit).

Bauerle also made clear that the activation energy for the bulk-
and the grain boundary conduction can give information about the
microstructure of a poiycrystalline ion-conductor. If these ener-
gies are different two different conduction processes in the bulk
and in the grain boundaries are responsible for electrical trans-
port. In this case there are no direct grain-grain contacts;
grains are are covered with a continous film.
If both energies are identical, the same process should be respon-
sible for the electrical transport in the bulk and across the grain
boundaries; then the intergranular film is discontinuous and the
conduction runs via "easy paths".

TEM observations [9] confirmed the idea of the easy-path model in
zlrconia by showing that grains are not continuously 'wrapped' in a
second phase of constant thickness. So an easy path conductivity
via direct grain-grain contact points is possible.

In a recent study El Adham and Hammou [5] showed for a single
grain boundary in a bicrystal of Ca-doped ceria that the idea of



the high resistivity interphase is valid; two arcs are seen in
the impedance spectrum of a bicrystal, while a single crystal
gives a single arc.

B

Fig. 9.2 Sketch showing how a second phase at the grain
boundaries of an electrolyte gives rise to the
observed electrolyte dispersion phenomena (A) actual
situation, (B) idealized situation (from (B)).

For 0-alumina the interpretation of the impedance spectra is more
complicated because of the high anisotropy of o* (o~c - 1O15 aa
[10]) and the specific structure of the grain boundaries [6). The
equivalent circuit describing the impedance behaviour of poly-
crystalline p-alumina is neither a series (Bauerle c ircui t ) nor
a parallel circuit. De Jonghe [6] proposed a random combination
of more than 100 RC-circuits; but the problem is s t i l l unsolved.

Impedance spectroscopy allows to estimate the capacity of a grain
boundary layer by applying the simple relationship

eq-9. 1 2nv Cgb R =

Cgb is the capacity of the grain boundaries, v is the frequency at
the top of the semi-circle and R the resistance where the low
frequency part of the arc intersects the Z'-axls. Koops [11] deve-
loped a brick layer model to explain the impedance behaviour of
semiconducting nickel-zink ferrite in 1951. The brick layer
model for ion-conductors, suggested by Beekmans and Heyne [12]
and worked out by van Dijk and Burggraaf [13] and Verkerk et al.
[13] allows to calculate the thickness of the grain boundary on
the basis of the the capacity C derived by using eq-9. 1. For
zirconia Badwal and coworkers [14] have demonstrated that TEN
studies and impedance measurements come to approximately the
same boundary thickness (1.8-2 nm by impedance and 0. 8 no by TEN).
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Before the experiments with polycrystal1ine YAG will be described
and discussed, we have to point out that YAG is not directly com-
parable to the ceramic materials mentioned above. Zirconia, ceria,
p-alumlna are excellent ion-conductors - already at low temperatu-
re (300 - 700 K). YAG on the contrary is a highly Insulating ma-
terial up to very high temperatures - so we had to perform impe-
dance measurements between 1200 and 1670 K, where the chance of
disturbing temperature effects has to be taken into conside-
ration. In the literature nothing can be found about measurement
of the frequency dispersion under such conditions.

9.2 AC-DISPERSIVE DETECTION Or GRAIN BOMSDART PHASES

IN r AC-CERAMICS

In this section we describe some characteristics of the grain
boundaries in differently doped YAG samples (capacity and
thickness of intergranular phases in doped YAG and their
dependence on the dopant).

For AI2O3 a lot of work concerning grain boundaries has been
performed in the past - especially for Ca- and Hg-doped material
in relation to the fracture properties of the ceramics. Ca has a
high tendency to segregate in alumina, and the material tends to
break intergranular when Ca is present [16,17]. Auger analyses
of fractured surfaces in alumina are given e. g. In ref. [18-21].
For Ca in alumina all investigators come to the conclusion that a
strong segregation even at low doping levels takes place during
sintering. Cook and Schrott [20] in their recent study found the
grains continuously covered with a Ca-film on a lateral scale
of 10 nm (for A122O3 + 200 ppm Ca). For Hg such a strong
segregation effect was not observed in alumina.

9.2.1 Experiments and discussion

The following three samples were investigated : .L_ YAG doped
with 100 ppm Ca (YAG: 100 Ca), £̂ _ YAG doped with 500 ppm Ca

66



(YAG: 500 Ca), and i_ YAG doped with 50 ppm Zr (YAG: 50 Zr).
Fig. 9- 3 shows the impedance behaviour for both Ca-doped samples,
Ca 100 and Ca 500, recorded at 1800 and 870 K respectively.
Distinct, well established arcs are seen, which can be attributed
to bulk- and grain boundary effects according to frequency dis-
persion theory. From the intersection of the arcs with the real
axis the resistances of the grain interior and the grain bound-
aries can be derived, provided the electrical equivalent circuit
modelling the frequency dispersion is known. As will be shown
later by a nonlinear least-squares fit procedure the Bauerle cir-
cuit is suitable to describe the behaviour of the samples. Refer-
ring to fig.9.1 A we use the following relations: Rb = S23, RBb-
B12 ~ R2 3 * n d cgb : l/2nv(R12-Rgj) with Rg and R>t> denoting the
grain- and grain boundary resistance. The activation energies for
grain- and grain boundary conductivity differ significantly (see
sect. 9.4), so the grains should be covered by a continuously film.

- 3.50

I
t 1.75

N
i 0.00

2
as
o

0.00 1.7 5 3.50

Z* [10*4 OHM]

0 25 50

V [10*4 OHM]

Fig. 9.3 Complex impedance diagrams of (A) YAG: 100 Ca (at 1170
t) and (B) YAO: 500 Ca (at 870 K).
Both samples were sintered at 2070 K, the spectra were
recorded in O^ (frequency: 0.01 Hi - 1 MHz).

Analyses of several Z'-Z" plots of both samples led to the
average capacitance of the grain boundaries: YAG: 100 Ca s 2200 -3500
PF and YAG: 500 Ca = 240 -300 pF (checked at 5 different tempera-
tures). From SEN pictures the averaged grain sizes for both samples
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were derived to be about 1 pm. Applying the brick layer model the
thickness of the intergranular layer can be estimated by

eq-9. 2
(L/A)

dgb is the thickness of the grain boundary, €gb denotes the per-
mittivity and Cgb the capacity of the grain boundary (€8b is set
equal 5). A and L are area of the electrode and the thickness of
the sample respectively and d = d'»0. 807 where d' is the average
grain size for a sphere shaped grain (lpm) [22). In a real solid
dgb and d' are randomly distributed. For the sake of simplicity
we take average quantities. Vernicke [23], by computer simulation,
has shown that such a simple 'brick layer' model is reasonable de-
scriptive of ceramic mlcrostructures. The result of such a cal-
culation is given in tab. 9.1

Tab. 9.1 Results of a brick layer calculation tor YAS: 100

Ca and YAS: SOO Ca based on complex impedance spectra.

SAMPLE DOPING LEVEL d'[pm] Cgb" [pF] dgb [nm]

YAG: 100 Ca 100 ppm Ca 1 3000 0. 4 - 0. 6

YAG: 500 Ca 500 ppm Ca 1 270 4 - 7
* Cgb is averaged over 10 measurements at slightly

different temperatures.

Tab. 9.1 clearly shows that the thickness of the grain boundary
layer increases with increasing Ca-level. By TEH investigations
we performed on YAG: 500 Ca evidence of intergranular phases
being 2-3 nm thick was found (see fig. 8.2). This thickness is in
a good agreement with Impedance data.

Zr is known to have a quite good solubility in YAG. Consequently
less segregation should occur in YAG: Zr. The sample we investiga-
ted contained 50 ppm Zr. Fig. 9.4 gives a Z'-Z" plot showing a
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single bulk arc with the high frequency branch intersecting the
real axis at zero resistance. The absence of a space charge
polarisation at the grain boundaries indicates that no mtergra-
nular film came into existance.

_ 2.10

X
o

1.0 5

N
0.00

0.00 1.05 2.10

Z* [10*6 OHM]

Fig. 9.4 Complex impedance diagram of YAS: Zr 50 recorded at
1450 K in 02.

The equivalent circuit representing the impedance behaviour shown
in fig. 9.4 is a single BC parallel circuit, from which a capacity
of 5-25 pF (the geometrical capacity) can be derived. For the sam-
ple geometry with an electrode diameter of 6«10~3 m and a sample
thickness of 0. 7»1O"3 m a dielectric constant CyAG °* about 40
can be calculated for the temperature of measurement (CYAG' 1 1*- >:

12)

Relying on Impedance data we conclude that the poorly soluble
dopant Ca forms an lntergranular phase, even at concentrations as
low as 100 ppm. The thickness of the film increases with increa-
sing doping level. Additives with a good solubility, such as Zr do
not form detectible lnterphases. Z'-Z'' plots of such material
gives a single bulk arc, as for a single crystal. The experimental
data are interpreted in terms of a Bauerle circuit.
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9 3 NON-LINEAR LEAST-SOI/ARCS FIT (NLLSr) OF IMPEDANCE DATA

In order to prove our proposed equivalent circuit model expe-
rimental data were analysed by a NLLSF procedure in the 3-di-
mensional Z'-Z''-frequency space. Rleitz and Kennedy have deve-
loped a special computer program for fitting two depressed inter-
ferring semi-circles in the impedance plane [25]. Tsai and Vhit-
more [86] have described a procedure for fitting a specific equi-
valent circuit to immittance data. Macdonald and Schoonman [27,
26] have demonstrated the power of a more general NLLSF program.
The NLLSF procedure we applied here was worked out by B. Boufcamp
from the University Twente (Enschede, The Netherlands) [29].

The equivalent circuit shown in fig. 9. 5 was chosen to be
representative for the impedance behaviour measured in YAG: 500
Ca.

CPE 1 1

Bcb

IcPE 2

CPE 3

Fig. 9.5

Y (CPE) = ( iu )

The equivalent circuit to which experimental data were
fitted in a NLLS procedure (CPE=constant phase element).

The parameters are given in tab. 9.2

Fig. 9. 6 gives the experimental frequency dispersion data in a 3-
D representation (Z' vs. Z " vs. freq. ) together with the
projections on the three planes (Z'-Z", Z'-freq. and Z"-freq. )
showing 64 measured and calculated points. The experimental and
calculated data are in a quite good coincidence. The 'chi-square'
factor, representing the quality of the fit of experimental data to
the equivalent circuit, is as small as 5.16*10~5, meaning that the
fit is very good.
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freq.

Fig. 9.6 Three dimensional representation of complex impe-
dance measurement (sample YAS: 500 Ca.the same spec-
trum as fig. 9.3(B)) together with the three projec-
tions on the planes Z" vs. Z', Z' vs. freq. and
Z'' vs. freq.. The open circles (o) are experimental
and the cross bars (*) are calculated data.

(frequency-range: 1 MHi - 0.01 Hx).

Tab. 9-2 Circuit-parameters - calculated by NLLSF and obtained
by graphical estimation from the Z"-Z'-plot

NLLS-FIT ESTIMATED GRAPHICALLY

BULK-RESISTANCE 37. 5 KQ

CPE (Yo i n "mho") Y 0 = l . 7 2 5 " 1 1 , n = O. 9065

G6-RFSISTANCE 380. 3 KQ

CPE (Yo in "mho") Y 0 = 4. 293"
10, n = 0. 9C04

37. 9 KQ

361. 5 KQ

The Constant Phase Element (CPE) is characterized by
Y(w)=Y0(jw)

n; if n=l the CPE is a pure capacity.
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Based on above considerations the proposed model of the equi-
valent circuit representing bulk and grain boundary effects is
assumed to be valid. The experimental points are simulated with
small error by the circuit shown in fig. 9.5. The above result is
taken as representative for the other samples which were inves-
tigated.

9.4 TEMPERATURE DEPENDENCE OF GRAIN BOUNDARY

AND BULK CONDUCTIVITY

Bauerle [6] was the first to suggest that a temperature depen-
dence of the grain boundary and bulk conductivity is lnterpret-
able in terms of microstructural characteristics. He Introduced J
the easy-path model to explain the very similar activation S
energies E a for grain boundary (Ea(gb) and bulk conductivity j
(Ea(b)in zirconia. This was briefly discussed In section 9.1. {
Measurements were carried out to investigate Ea(gb) and Ea(b) in
YAG. ,

9.4.1 Experiments and discussion

The temperature dependence of 9 was measured for YAG: 100 Ca be-
tween 1030 and 1660 K In oxygen and a CO/COg mixture maintaining a
pO2 = 10~9 pa (the T-dependence of pO2 in a CO/COg-mlxture was
taken into consideration). Analyzing the Z'-Z"-plots graphically
gave the temperature dependence of a as shown in fig. 9. 7. From
the defect model the electrical conduction at pOg = to5 Pa has to
be attributed to hole conductivity, while mixed Ionic-electronic
conductivity dominates at low pOg.

The E a of the grain boundary conductivity is 17x larger than Ea

of the bulk conductivity, which is a representative result for
Ca-doped YAG samples. Bonanos, Steele and colleagues in ref. [3]
report for tetragonal zirconia (ZrOg: 3 mol* YgO3) an activation
energy E a of 0. 92 and 1. 09 eV for the bulk and the grain bounda-

74



V -VaWI >r

ries respectively (note the difference of about 10*). Partially
stabilized zirconia (ZrO2: 6 moix Y 2O 3) exhibits nearly the same
Ea's 1.07 and 1.12 eV, as expected for non-discrete grain boundary
phases. The different structure of the lntergranular lnterphases
in tetragonal and partially stabilized zirconia was confirmed by
TEH [9).

0.00

I
-2.50

-5.00

0.50 0.60 0.70 0.80 0.90 1.00

1000 K/T

Fig. 9.7 Arrhenius plots of the grain interior and grain
boundary conductivities for YAG: Ca 100.

Tab. 9. 3 gives more activation energies for the grain boundary and
bulK conductivies in YAG-samples.

Relying on the brick layer and the easy path model it can be con-
cluded from above conductivity data that the grains in Ca-doped
YAG ceramics are covered by a continuous lntergranular film.

75

I



Tab. 9.3 Activation energies for the gb and b
conductivity for several YAG samples.

Dopant
concentration

Ca 40 ppm*
Ca 25 ppm*
undoped #

Ca 100 ppm*
Ca 100 ppm*

Ca 500 Ca*

E a teV)
grain boundary

3. 00
3. 00
3. 25

2. 47
2. 35

2. 07

E a teV]
bulk

1. 78
1. 8
a. 7

2. 15
1. 99

1. 07

Prepared from a powder with a relatively
high impurity content (Mg.Na); samples made by
M. M. Dedding at PHILIPS LIGHTING DIVISION

Prepared by L. v. Ijzendoorn from source-
powders as pure as possible at PHILIPS
LIGHTING DIVISION

9.5 A 840 HOURS >VfiEAL EXPERIMENT

YAG as Na-lamp envelope or as another high temperature material
undergoes thermal cycling (e.g. switching a lamp on and off). We
used Ca-doped YAG to investigate two basic processes: long-
time annealing at high temperature and quenching from high
temperature (see following section). By means of conductivity and
impedance measurements alterations In the grain boundary behaviour
were detected, revealing that polycrystal1ine YAG undergoes
changes on the long time scale at temperatures between 1570
1670 K. A long-time high temperature annealing experiment was
performed in order to get an Impression how the electrical beha-
viour of YAG is altered within the first 200-300 hours. Calcium
is expected to segregate at the grain boundaries. An alteration
of the gb-phase is detectible by Impedance spectroscopy. Ca is
considered as a sort of 'model marker' elucidating that segrega-
tion at a certain temperature occurs. Moreover a change in
defect chemical parameters is followed by recording o-gu and ob
as f(pOg) simultaneously. To our Knowledge such a determination
of the pOg-dependence of Og^ was performed the first time.



» f

95. 1 Experiments and discussion

Ve used a sample with a small fraction of Al-rich inclusions
(0.1-0.5 vol. z) doped with about 100 ppm Ca. The starting powder
contained a small surplus of yttrium, which resulted in a decrease
of the content of alumina-inclusions. This material is denoted by
the abbreviation YAG: Ca(Y).

The pOg-dependence of o for YAG: Ca(Y) was measured for the as re-
ceived sample (fig. 9. 6, curve I), o changes with a pO2

3/16-depen-
dence, which is consistent with our defect model which will be
developed later. Two complex impedance plots at high and at low
pO2 shown in fig. 9. 9 indicate a gb-conductivity that is in-
dependent of oxygen pressure.

a -3

-4

-5
-12 -6 0 6

1* PO2 (Pa)

Fig. 9.8 "total as f(POe) for YAG: Ca(Y) as received (I)
ami after annealing 240 h at 1670 K (II).
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Fig. 9.9 Z'-Z" plots of the sample "as received' recorded at
pO2-l0

5 Pa (I) and pOs=10~
10 Pa (II).

Afterwards the electrodes were removed and the sample was an-
nealed 3*0 hours at 1670 K in air. The pOg-dependence of the con-
ductivity was determined again (see fig. 9. 8. curve II). The curve
is now flat and uncharacteristic and not interpretable by clas-
sical defect chemistry for a homogeneous sample. Fig. 9. 10 gives
impedance spectra recorded at a low (1O"10 Pa) and a high oxye*n
pressure (10s Pa). Now crgb has an obvious oxygen pressure
dependence. By analysing the whole set of Z'-Z" plots the pOe

dependence of vgb and ob were separated. Fig. 9. 11 gives
the whole plot obtained for an annealed sample. The 3/16-slope
°* "bulk i s again measured, so the defect chemistry of the grain
interior is not altered. For the grain boundaries a distinct n-
type conduction behaviour was detected. Ve assume that a Ca-
alumlnate has formed at the lntergrahular interface, because Ca
is already enriched at the boundaries and Al, which Is more mobile
in YAG than Y, can diffuse to form such a compound. Electrical
measurements published* by Hetselaar and Hoefsloot [30] reveal that
for instance unintentionally doped CaAl2O4 shows extrinsic n-type
behaviour. For the activation energy for n-type conduction in Ca-
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monoaluminate the authors found 3.05 eV [30], which is the range of
Ea we found for train boundary conduction in some Ca-doped samples.

0.1 MHZ

1O hHZ

Fig. 9.10 Z'-2" plots of the sample after annealing. Data were
recorded at pO£:l0

5 Pa (A) and pOs: 10~w Pa
(B).

a -2

-4
-12 -6

lg pO2 <Pft)

Fig. 9.11 Grain boundary- and bulk conductivity as a function
of pOg after an 240-hour anneal at 1670 K.
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Analysing the Z'-Z"-plots by applying the brick layer model an
averaged thickness of the grain boundaries was estimated (see tab.
9.4). The fact that grain boundaries were found to be thicker in
annealed material supports the suggestion that an intergranular
layer is gradually formed at annealing temperatures considerably
below the sintering temperature.

Tab. 9.4 Grain boundary thickness dgb before and after an-
nealing YAG:Y:Ca estimated from Z'-Z" plots.

Capacity before anneal* i»io~' F (1000 pF)
(sample as sintered)

Capacity after anneal* e»io~11 F <60 PF>
(240 h, 1670 K)

dgb (before anneal)" s l nm

dgb (after anneal)* s 11 nm

# averaged * estimated by the brick layer model.

The brick-layer model gives only a very rough estimation of the
layer thickness, but the result shows clearly that a segregation
took place. Own TEM observations reveal that boundary layers of
about 2-3 nm are present in sintered YAG: 500 Ca (see section 8).
Ve have to bear in mind that electron-optical and ac-dispersive
techniques detect a boundary thickness on the basis of dif-
ferent properties of the matter.

Remark: Several papers giving dc- or single frequency ac conduc-
tivity data of polycrystal1ine alumina etc. have been published in
the past. The experiments were often performed at high tempera-
tures (up to 1870 K) with long equilibration times. The interpre-
tation of conductivity-data on the basis of classical defect
chemistry underlying single phase material often failed; flat a
vs. pOg-curves were lnterpretated as Ionic conductivity. Hot one
single case is known to us where the pOg-dependence of ffgb was
determined over a wide regime.
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PRORERTIES OF TAB CERAMIC QUENCHED fROM 2O2O K

TO ROOM TEMPERATURE

Steele and coworKera [31] recently described a novel approach to
decreasing the grain boundary resistivity in yttrla-zirconia ce-
ramics by a modification of the firing cycle. The authors prepa-
red two sorts of zirconla samples - one sort quenched from sin-
tering temperature (1770 E) and the other slowly cooled down with
5 K/min. Impedance spectra revealed that the cooling rate does
not affect the bulk resistivity.

In contrast, the resistivity of the grain boundary region has been
decreased by quenching the pellets (fig. 9.12). This effect is
most marked in less pure yttria samples. TEM-microanalysls of the
grain boundary phase, in all cases glasses in the system Si-Al-Y-O,
showed that there is a variation in composition with cooling rate.
The authors [31] expect for quenched samples that there is a high
temperature grain boundary structure preserved, whereas in the
slowly cooled samples some equilibration of the structure may be
anticipated during cooling until the atomic diffusion rate: become
too slow.

so 100 ISO 200
pM knot)

Fig. 9.12 {A) A.c. impedance plot from Y-stabiUsed sirconia
fired at 1770 K and cooled at 5 X/min

IB) impedance plot for a similar sample quenched
from 1770 K (from [31].
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The following experiment describes how the impedance properties
of the grain boundaries and the bulK depend upon the cooling rate
in YAG ceramics.

9.6.t Experiments and discussion

Quenching experiments were performed with two different samples )
containing ca as dominanat impurity: sample I with 100 ppm ca
made by the Philips Lighting Division (sintered 2 h at 2070 K in
H2/H2O) and sample II with 60 ppm Ca prepared by the Philips Re-
search Laboratories (sintered 4 h at 2020 K in vacuum). Both sam-
ples were cooled down from the sintering temperature at a rate of
2 K/min.

Impedance spectra (fig. 9. 13) of samples I and II were recorded
after annealing 2 h at 1970 K in air and cooling them slowly
(2 K/min). Afterwards the electrodes were removed and the samples
were annealed at 1970 K in air: sample I for IS and sample II for
120 minutes. Quenching was done by pulling the pellets out of the
furnace; no thermo-shock cracking was observed. The YAG showed
a red-brown colour after the quenching treatment, because colour
centres were formed, presumably holes trapped on oxygen ions near
the acceptor centres (see chapter 4).

Fig. 9. 13 gives the Z'-Z" plots of the as received and the
quenched samples I and II.
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Fig. 9.S3 (A) Complex impedance plot of sample 1(100 ppm Ca)
at toao K and

(B) sample IJ (60 ppm Ca) at I ISO K
for the as received and the quenched sample in

83



x ->

The cooling rate has a dramatic influence on the total
resistance t?tot oi t n e samples; in quenched YAG Rtot i s about 4
times smaller than in a slowly cooled material. Grain boundary
as well as grain interior loose resistance to a comparable
degree; in contradiction to the result found in ref. [31],
where the authors stated that a^ does not depend on the
cooling cycle.

Explanation for the decrease of

The thickness of an intergranular film increases when during
cooling the solubility of foreign ions declines. Slowly cooling
a sample gives the foreign ions time to diffuse to the grain
boundaries while quenching preserves the high temperature grain
boundary structure. If this is a relevant process the boundary
layer should be thicker and have a higher resistance in slowly
cooled samples. Fig. 9. 13 shows that this is indeed the case -
Rgb for sample I is 7 times smaller in the quenched than in the
slowly cooled material. In sample II with the lower Ca-content
this effect is less marked (Rgt> decreases by a factor of 2-3).
Explanation for the change in Kp:

A remaining question is why the bulk resistance depends upon the
thermal history of the sample. Steele [31] found Rbulk t 0 b e

equal in quenched and slowly cooled zirconia. His material con-
tained a high concentration of foreign cations: 0. 1 - 0. 3 wt x
impurities (Si.Al) besides Sx Y 2o 3 (0.3* SiO2 s3«10 w Si cm3).
Our YAG with 60 and 100 ppm Ca was much purer which mean? a
concentration of about 10 1 8 Ca ions cm"3. YAG: Ca has an
averaged grain size of 1 urn, so the internal grain boundary
surface is high. A rough estimation reveals that for the forma-
tion of an 0.2-0.4 nm thick intergranular CaAlgO^-film about
100 ppm Ca are necessary.
So it has to be taken into account that [Ca] in the grain in-
terior decreases at the expense of the intergranular film to such
a low concentration that the bulk resistivity behaves as we ob-
served it. This suggestion is supported by the result that Rb

changes one order of magnitude when the Ca-doping level in-
creases from 15 to 100 ppm (fig. 9. 14).
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Fig. 9.14 Bulk resistance of Y AS-ceramic as a
function of the concentration of Ca-dopant
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10 THE DETECT CtiEMISTW Of Ca- AND Me-DOPED XAC

In the literature one paper contributed by us describes defect
properties of Ca- and Ms-doped polycrystal1ine YAG [l]. The
thesis of Rotman [2] encloses some conductivity data for Ca-doped
single-crystalline YAG. The crystals are supposed to contain 1
wt x CaO - a concentration which is in no case soluble in the
YAG-lattice, as we have shown [3).
Furthermore there is russian paper, where the authors come to the
conclusion that 1 wt. * MgO enhances the sintering activity of YAG
powders [4].

1O.1 SAMPLE CHARACTERISATICN

Ca- and Hg-doped YAG powders were prepared by the standard me-
thod. Sintered pellets were analysed by optical emission spec-
troscopy. Referring to tab. 10. l we assign the samples as YAG:
100 Ca, YAG: 500 Ca and YAG:50 Hg. Both dopants act as strong
grain growth inhibitors, with the tendency that Ca is more effec-
tive (as described in chapter 15).

Tab. 10.1 Dopant and impurity concentrations in the sintered
samples determined by optical emission spectroscopy.

Sample name:

Element

Ca
Hg
Si
Fe
Ga
Cr
Ti
Ha
Nl
Ho

YAG: 100 Ca YAG: 500 Ca

Concentration in wt.

100
10
15
7
2
10
3

<50
<10
<10

550
10
10
5
3
10
1

<50
<10
<1O

YAG:

ppm

50 Hg

<50
50
10
5
2
10
3

<50
<1O
<10
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On the basis of crystal-chemical considerations it is assumed
that Ca enters the dodecahedral site and substitutes for Y; Mg-
lons should enter the dodecahedral as well as the octahedral
sites [5,6]; this was shown by computer simulation (see section
16).

10.2 DISPERSED PARTICLES IIS A CONDUCTING MATRIX:
WAGNER'S MODEL

A number of observations have been reported wherein the presence
of a dispersed second phase changes the transport properties of
the matrix which cannot be accounted for by classical defect
chemical arguments (eg. LiI(Al2O3) [7] TiO2(SiO2) [8], CuCl
(A12O3) [9]). Classical approaches did in fact not consider the
effect of an electrical double layer at the Interface between the
dispersoid and the matrix.

According to the model of Vagner and coworKers the ratio of the
conductivity in the double layer near the dispersoid interface,
"dispersion- t 0 that of the bulK matrix, o-buIK, in a two phase
system can be approximated by [8]:

eq-10.l
"dispersion

"bulk

1 + 0. 83 g |Z| Vv LD/r
2

where g - factor depending on the surface potential s 20
Z = effective charge of the defects created
v v = volume fraction of dispersoid
L D = Debye-length
r = radius of the dispersoid

Eq-10. 1 states that the conductivity due to the electrical double
layer increases as the Inverse square of the radius of the dis-
persoid and is directly proportional to the volume fraction of
the dispersoid and the Debye-length. In general, the largest De-
bye- lengths are in those compounds which exhibit the lowest
intrinsic lattice defect concentration, in other words, the effect
of a dispersed second phase will be most pronounced with smaller
concentrations of point defects and consequently the effect will
be larger at lower temperatures.
Applying eq-10. l two exemplary situations will be considered. The
extent ion of the Debye-layer L D at an interface depends upon
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the concentration of defects:

€€0KT

8*

1/2

Assuming a dielectric constant € = 10 and tiKing for the defect
concentration 10 1 8 and 10 1* cm"3 respectively, the Debye-length
can be calculated as l. 2»iO~9 and 1. 2H10"7 m (for T-1570 K). With
the empirical equation 10. 1 the relation of ^dispersion t 0 abulK
can be estimated.

Tab. 10.a Influence of dispersed second phase particles on con-
ductivity calculated from eq.-iO.i.

DEFECT
COHC.
[cm"3] £nm]

r
[ym]

"dispersion

'bulk

1014 1.2 10-7

0. 5
0. 1
0. 01

0. 5
0. 1
0. 1
0. 01

0.
0.
0.

0.
0.
0.
0.

01
01
3

0 1
01
3
3

1. 002
1. 6

1.04
1. 2
6
61

LD: Debye-length, Vv: volume fraction of dispersoid
r: radius of dispersoid

From this rough estimation it follows that an enhancement of a in
YAG containing about 1-5 vol.* dispersed Al-rich inclusions
(r=0. 5 pm) by the Wagner-mechanism is negligible. To detect such
an effect much more dispersed particles with a smaller radius
have to be present.



10.3 RESULTS AMD DISCUSSICN

Figs . 10. l a . b and c show t h e i so therms log a vs. log pOg fo r
YAG: 100 Ca. YAG: 500 Ca and YAG: 50 Mg. The Ionic t r a n s p o r t
numbers fo r a l l t h r e e samples are g iven i n f i g . 10.2.

I
CO

la PO2 [Pa]

Fig. 10. l a - YAG: 50 Hg

Fig. 10. 1 b - YAG: 100 Ca
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a

-19 -14 -9 -4

Fig. 10. lc - YAG: 500 Ca

Fig. IO.I pOg-dependence of the conductivity for
10.la) YAS: SO Hg
10.1b) YAS: 100 Ca
10.1c) YAS: 500 Ca

la and lc give besides the total conductivity
(<rtot)t *Ae ionic- and the hole conductivity

Using the relations ffjon = otot-ti and aej - fftoft1'1!) i l l o M u s

toto separate ionic from electronic conductivity. The fact that o~e
increases with pO2 indicates that we are dealing with holes: o~el -
a n o I e; furthermore the sign of the SeebecK coefficient at high
oxygen pressure was positive, which indicate that holes are the co
ducting species. Ionic and hole conductivity for TAG: 100 Ca and T.
50 Mg are drawn in figs. 10. la and lc. In heavily acceptor-doped Y
500 Ca we detected ionic conductivity over nearly the entire pOe-r
me. tj was found to decrease with increasing temperature.
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Fig. 10.2 Ionic transport numbers as f(pO£) for
10.2a) YAG: 50 Hg
10.2b) YAG: 100 Ca
10.2c) YAG: 500 Ca.

We think that we can explain the electrical properties of our
material in terms of "classical" defect chemistry; the Vagner
model described in section 10.2 is not relevant for us.
In agreement with previous results we assume that doubly ionized
oxygen-vacancies are the dominant ionic defects in TAG. Further-
more Al-vacancies will be considered. Oxygen vacancies are gene-
rated following eq. -10. 3

eq. -10. 3 + 2 e' • 1/2 O2

with the mass action relation
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eq. -10. 4 [V0-][e'l
2 = K4 exp[-E4/KT]

The generation and recombination of electrons and holes can be
expressed as

eq.-10. 5 null < * eJ • h"

with

eq. -10. 6 [e'][h] =

where E 4 is the thermal band gap.

The A1 2O 3 inclusions are taken into consideration by introducing
the activity of alumina aAj2o3

 l n t 0 t n e defect chemical model:

eq. -10. 7 2 A1 A 1
X + 3 O o* * > 2 V A 1 ' " + 3 Vo' ' + A1 2O 3

with the mass action relation

eq. -10. 8 [Vo • ] ' [ V A 1 " « ]
2 aA12O3 = *8 exp[-E8/RT]

(*A12O3 denotes the activity of

Ve observed that acceptor-doped sintered YAG annealed at 1870 K in
oxygen and quenched to room temperature has a red-brown colour;
performing the quench after an anneal in a reducing atmosphere
does not lead to a coloured sample. The same was found In single
crystalline YAG [10] as well as in alumina [11-13]. By ESR measure-
ments Cox [11,12] and Kroger and coworkers [13] made clear that
the brown color centers in Mg-doped AlzOj, which are present
after a quench In oxygen, are paramagnetic. Their concentration
decreases with decreasing pO2 of the annealing environment.
According to ref. 13 these paramagnetic color centers are trapped
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holes near Mg A J' defect centres. The holes are localized
on an O2~-ion forming an Oo--centre. This process can be
described by

eq. -10. 9 O o
x + h

and

eq. -10. 10 00- • M« Aj' * > (M8 AlO o)
x

Based on optical absorption and ESR-measurements the presence
of 00•-centres has been proved in YAG [14, 15}. Ve assume a pO2-
dependent hole-trapping « > hole-releasing process to be
highly probable. In our calculations for Ca- and Hg-doped YAG
the association reaction will not be taken into account.
Instead we use the normal ionisation reaction:

eq. -10. 11 Cayx « » Cay'

with

[CaY'l t h ]
eq. -10. 12 -- K l E

[CaY
x]

(an analogous process can be formulated for YAG: Mg)

The interstitial defects Al^'", Yj""" and Ot'' are not considered,
because they are highly improbable, as we revealed by computer
simulation techniques [16]. The formation-energy for a FrenKel-
defect is much higher than for a Schottky-defect. The eqs. -10.13,
10. 14, and 10. 15 give the appropriate FrenKel- and schottky-
def ect formation reactions and their energies are listed in tab.
10. 3; this is discussed in chapter 16.
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eq. -10. 13

eq. -10. 14

A I T "

Y i ' - " V Y

eq. - 1 0 . 15

3 Ty • 5 A 1 A | + 12 0 0 3 VY' 5 V A 1 ' " + 12 V o - • Y 3 A 1 5 O 1 2

Tab. 10.3 Defect formation energies calculated by computer-
simulation applying the CASCADE-code 116).

Equation: 10. 13 10. 14 10. 15

Defect forming energy
in eV per single defect s 8 eV s 10 eV s 5 eV

0±'' are not considered to be possible because the largest
interstitial site (the empty b-slte) can not accommodate the O2

with its large radius. So we are dealing with V o", V A ] " ' ,
e'and h- as possible charged defect species in YAG.

The condition that requires that the crystal remains electri-
cally neutral is satisfied by

eq. -10. 16 [e'l + [Cay') + 3 [VA1"'J = [IT] + 2 [V o-J

(an analogous relation introducing lMgAl'] for the Mg-doped
sample can be written}

The total concentration of the intentionally added acceptor ions



IS

eq.-10.17 [Cay'l + tCaY
x] = [Catot]

where [Catot] is the total Ca-concentration. An analogous
equation can be written for the Mg-doped sample. According to the
analyses no additional acceptor or donor impurity has to be
taken into consideration.
With these equations it is possible to solve for the unknown
defect concentrations as f(pOg) step by step by simplifying the
electro-neutrality condition. Under highly oxidizing conditions
one would expect [Vo'" ], [CaY

J ] and [e'J to be depressed rela-
tive to [h-] and [VAi''' ], so in first approximation:

eq. -10. 16 [h'] -. 3 [V A 1'" ]

and

eq. -10. 19 [CaY
x] » [ C a t o t ] .

Tab. 10.4 The electro-neutrality conditions which govern the
different defect-regimes. pO£ decreases from
regime I to regime IV".

regime I [ h ) = 3 [ V A 1 ' " ]

regime II [CaY'l = [>»•]

regime III a 2 [ V o • • ] = [CaY*] < t c a t o t ]

regime III b 2 [ V 0 " ] = [CaY
J] s [Ca totl

regime IV [ e ' ] = 2 [Vo' )

* the Hg-doped YAG i s t rea ted in a comparable way.
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Applying the re *• s * -en above one can find the eleKtro-
neutrality condition' :*.il>. 10.4) and the exponents n in the ex-
pression -for the pOg-dependence of the defect-concentration:
[defect) <c pO 2

n (see tab. 10.5). The actual widths of
the defect regimes depend upon the concentration of acceptors
in the crystal and the equilibrium constant of the appropriate
defect-relation. When [Cay'] or [Mgy'l increase the plateau of a
pOg-independent defect concentration in regime II gets more ex-
tended. The complete defect diagram on the basis of our theory is
given in fig. 10. 3. Taking into account that electronic charge
carriers have a much higher mobility than ions we can qualita-
tively derive the conductivity isotherm as a function of the
oxygen pressure (fig. 10.4).

Tab. 10.5 Exponents n In [defectJ <r pOgn assuming a pO2-
dependent concentration of acceptors.

hole released hole trapped >

0) = te] [Ca^]=2[V0) [Cay] = [h] [h]=3[VA"j

IV Illb Ilia II Iregime

e'

h"

VA1'"

Cay'

Cay*

-1/6

-1/6

1/6

1/4

0

0

0

-1/4

1/4

0

0

1/4

-1/6

-1/6

1/6

1/4

-1/6

0

-1/2

0

0

3/4

0

0

-1/8

-3/16

3/16

3/16

0

0
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10.3 Defect diagram for Ca-doped YAG. The roman letters denot
the neutrality-regimes defined in tab. 10.t.

log 11
3 / 1 6 ^

LOW DOPING-LEVEL

>

HIGH DOPIN&-LEVEL

Fig. 10.4 The expected pOg-dependence of a for samples doped
at a low and a high level of acceptors.
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Referring to our experimental results we find well defined pOg-
regimes. At high oxygen pressure Al-vacancies V A j ' " are balanced
by holes. Al-vacancies are liberated while the formation of
A12C»3-inc lusions progresses under sintering conditions. The p-
type conductivity was measured to change proportional pOg 3/ 1 6

for YAG: 100 Ca as well is for YAG: 50 Mg. This process is
characterized by an activation energy E a of 1. 9-2. 2 eV (see tab.
10.6); Rotman reported for single crystalline, acceptor dominated
YAG E a = 2. 2 eV for p-type conductivity [17].

The pOg-independent intermediate regime II is governed by accep-
tors balancing electron-holes; with increasing doping level we
find an increasing extension of regime II in the pOg domain, as
it is expected on the basis of our proposed defect-model. With
further decreasing oxygen-pressure we find a to decrease again
following a pOg'/4 dependence. This behaviour can be explained
assuming a pOg-dependent hole release <--> hole trapping process
following eq. -10. 11. This suggestion Is supported by the fact that
quenching of samples in an oxidizing ambient creates color centers,
which means that at high pOg a part of the holes get trapped at
acceptor centres generating neutral defects. By checking several
samples it was confirmed that the slope of the pOg dependence in
the concerned regime Illb is 1/4. Figs. 10. 1. a and 1. c show that
for the lowest oxygen pressure the conductivity passes through a
minimum. In accordance with the defect model an increase of a at
very low pOg's has to be attributed to n-type electronic conduc-
tion.

Fig. 10. l gives together with the total conductivity the ionic-
and electronic conduction. From literature it is Known that the
mobility of oxygen-vacancies in garnets is higher than the mobili-
ty of cation-vacancies [16, 19}. At high oxygen pressure our defect
model suggests that [Vo"

-] changes with oxygen pressure follo-
wing a pOg"1/8 dependence. This was experimentally confirmed for
YAG: 100 Ca as well as for YAG: 50 Mg by analyzing the conducti-
vity and ionic transport data, as shown for the trlon in figs.
10. la and lc.

1O.4 THE TEMPERATURE DEPENDENCE Or CCNDtCTIVIT7

Fig. 10.5 illustrates a as f(T) measured in a pure oxygen atmo-
sphere or at pOgrlO"9 Pa; the results are given in tab. 10. 6.
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Fig. 10.5 Temperature dependence of the conductivities of YAG:
100 Ca, YAG: 500 Ca and YAG: 50 Mg. The numbers
denoting the lines are specified in tab. 10.6.

Tab. 10.6 The activation energies for conduction processes in
different acceptor-doped YAG ceramics (the numbers are
referring to the lines in fig.10.5).

LINE

1
2
3
4
5

SAMPLE

YAG:

YAG:
YAG:

100 Ca
tt

m

500 Ca
50 Mg

poe [Pa]

105

105
10-9
105
105

SPECIFICATION

bulk (p-type)
grain boundary
bulk (Ionic)
bulk (p-type)
bulk (p-type)

E a [eVJ

2. 0
2. 4
2. 7
1. 7
2. 2

E a in oxygen is about 2 eV for bulk conductivity for all three
samples. The grain boundary conductivity has a considerably
higher activation energy, 2.4 eV was a typical value we found in
our samples. This difference may indicate that the grains are cover
by a continuous intergranular film. For the conductivity at a pO 2

as low as 1O~9 Pa the activation energy was 2.7 eV.
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1O.5 CONCLUSION

temperature measurements of the ionic and electronic conduc-
t iv i ty of YAG doped with the acceptor-ions Ca and Mg are inter-
preted assuming Vo", V A i " \ CaY' (MgY'). CaY

x (MgY
x).

h" and e' defects. Al2O3-precipitations observed in the
ceramic material are of major importance. Their influence on the
defect situation is Interpreted on the basis of "classical" defect
chemistry. The inclusions are responsible for the formation of
Al-vacancies; in this way the pOj'^'^-depencence of a can be
explained. V A 1 "' are balancing the holes at high oxygen pres-
sure. Acceptor centres act as traps for holes at high pOg,
so that a pO2-dependent hole release mechanism from Oo-
centres has to be considered. The plateau in the a vs. pO2
curve depends on the concentration of acceptor ions in the crystal
lattice.
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11 TIf DEFECT CKMISTRT Cf ZrMfED

There are some report* Known to us which deal with the physico-
chemical properties of Zr-doped TAG [1-*). IJiendoorn [1] stated
that Zr has a considerably better solubility in the TAG-lattice
than Ca; he found about 700 ppm ZrOg to be completely soluble
in TAG. Furthermore It was suggested that Zr occupies the octahe-
dral and/or the dodecahedral position In the garnet lattice [11.
After sintering In Hg/HgO the Zr-doped samples had a red
colour. Two possibilities for this colouration were discussed
initially: a reduction of Zr4* to Zr2* or a crystal field
splitting of the «d-orbltals.

Asatryan and coworkers [2] reported ESB and optical data for Zr-
doped single - and polycrystalllne TAG treated in Hc/HgO
atmospheres at high temperature. Paramagnetic centres were found
to be present in reduced TAG: Zr. A red colour of the reduced
samples was detected again. ESB spectra In combination with opti-
cal measurements revealed that the concentrations of paramagne-
tic centres and colour centres change simultaneously. It was
established that both centres are the same in nature: Zr3*-lons
(S= 1/2) on c-sltea (dodecahedral sites) of the garnet structure
substituting for yttrium.

Asatryan further reported that no colouration is observed In TAG:
Zr when charge compensating Ions (Hg2* or Ca2*) are Introduced.
Moreover the lattice-constant a0 was found to decrease with in-
creasing Zr-content for ceramic powders reduced in a Hg/H2O-
atmosphere (*0-it. 00* 1 for pure TAG and ao= it.998 1 for reduced
TAG: Zr with 1.5 wt* Zr), while a0 in oxidised TAG: Zr does not
change with the amount of Zr introduced into the lattice. This
was tested for Zr-concentratlons up to 2 wt. x.

A paper contributed by us gives the electrical conductivity and
the ionic transport number as a function of the oxygen partial
pressure in ceramic TAG: Zr [3]. The defect situation in this
material was found to be governed by donors. The oxygen-pressure
dependence of the conductivity was found to be proportional to pO2

n

with ns-i/5 in the n-type regime. It was suggested that vo•• and
v0- (singly or doubly ionised oxygen vacancies) are the domina-
ting ionic defects.

In a recent paper Botman and Tuller £•• 6) present high temperature
conductivity data of single-crystalline TAG doped with Zr and Hi
simultaneously (about l mol. * of each) £4.1. The material exhi-
bited ionic conductivity under highly oxidising and n-type elec-
tronic conductivity under reducing conditions with a pOg*/•-de-
pendence. Following Botman this behaviour is characterlied by the
neutrality condition 2(Vo-•) = [Ultot'l * (*') <A* = acceptors).
The activation energy of the ionic conductivity (oxidising condi-
tions) oion *n* n-type conductivity (reducing conditions) were 9
•V and 3. a eV respectively. Simultanous doping with an acceptor ai
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a donor was dons to study the Influence of charge-compensation.
Rotaan does not consider the possibility of a reduction of Zr; a
redox-process was considered comprising only the Hi-ions
(Hi3* < > HI2*). However, in 1982 Saaatov and coworkers [S]
identified paramagnetic Zr3+-lons in crystalline aatter (TPO4,
xerotlae), so they should be taken Into consideration.

ft.1 SAMPLC CHARACTERISATICN

The saaples were prepared following the standard aethod
described In section 5. Sintered pellets were analysed by optical
eaisslon spectroaetry (see tab. 11.1). The powder as sintered at
8120 C and not at 2070 K (as aost other ceraalc saaples treated
in this thesis).

Tab. tl.i Dopant and impurity concentration in the sintered
7AS: Zr determined by optical emission spectros-
eopy.

ELQtEMT wt. ppa

Zr SS
Si 10
Mg <10
Fe S
Mn <!
CU <t
•a <S0
Nl <1
Cr 10
Pb <1
Ti l
He <10
V <5

The values assigned with "<" re-
present the detection Halt of the
concerning eleaent.

The saaples we investigated here have a very low lapurlty-content
(which can be estlaated as IS ppa donors and 15-20 ppa acceptors
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compensating each other roughly),
effective donor concentration.

56 ppm Zr are considered as the

Measurements of the frequency-dispersion, which are dlscrlbed in
section 9. 2, revealed that no remarkable lntergranular fllsi is
detectlble in YAG: Zr.

ft.2 RESULTS DISCUSSION

Fig. 11. l shows the experimental isotherms Ig a vs. Ig pO2 for
TAG: Zr at three different temperatures. The pO2 ranges from 10s

to 10" 1 0 Pa. For the same sample the transport number tj as f(pOg)
Is given in fig.ll. 2. under the most oxidizing conditions the ma-
terial exhibits mixed lonlc-electronlc conductivity with t4 a
0. *. At oxygen pressures lower than 1 Pa n-type electronic conduc-
tivity is predominating. In this regime aei increases proportional
to po 2

n with n between -1/4. 5 and -1/5. 5. At the lowest oxygen-
pressure the curve flattens, and presumably becomes pO?-indepen-
dent.

-7

-8
-18 -6

pO2 (P*>

Fig. ii.i Oxygen pressure dependence of the eiectricai conduc-
tivity in TAB: Xr at three different temperatures,
oion is given for the lowest temperature.
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4 - 3 - 2 - 1 0 I 2 3 4 5

t:

Fig. ll.S Ionic transport number tj for TAG: SO Zr as t(pOs)

11.2.f Tlw defect Mdtel far Zr-dtaawel YMb

Th« donor-ctntrca ZrT* <ov*rn tht defect chemistry of TAG; Zr.
Zr has a 4«~char«* under oxldli lng and a 3>-char«e under reducing
conditions. Ve set the e lectro-neutral i ty condition for TAG: Zr

eq. -11. 1 3 [VA i"'J • le'J r 2[V0'*J • t*rT-] • |h"J.

Under the aost oxldlilnf conditions Al-vacancies are balancing the
electron-holes: 3tVA1'") = (h). With succeslvely decreasing pO» 1
the equlllbrlua conditions are given In tab. 11.2.
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Tab. ii.a The neutrality -onditions which govern the different
detect regimes. ^- izereaios from regime I to
regime III.

regime I 3lVAi'"] s [h]

MUM I la . (Zry-J = 3 ( V A I ' " 1 and (ZrT ' )s(Zrl t o t

regla* lib lZrY'l » 3tVA i '"l and [ZrT*l a [Zr ) t o t

recta* III IZrT ) = (e')

The donor concentration decreases with decreasing pO2 due to
reduction (regiae Ila — > reglae lib):

eq. -11. 2 Zry* • •' < > Zry*

Taking into account the foraation of alualna-inclusions as treated
in section 10 together with the consideration aade above, the pOg-
dependence of the defect concentrations can be calculated fsee tab.
11.3). The appropriate defect-dlagraa is given In fig. 11.3.

Tab. it.3 Exponents n in [detectJ m pOl" assuming a reduction
of the donor centres.

reglae

v A l ' "
h*
e'
"o

ZrT*

{el = [ZryJ

III

3/4
0
0
-1/2
0
0

[ZrTl

lib

3/16
3/16

-3/16
-1/6
3/16
0

= 3[VA'il

Ila

1/4
1/4
-1/4

0
0

-1/4

3tVA"il = t«

I

3/16
3/16

-3/16
-1/8
0
0

At high oxygen pressure the conductivity Is pO2-independent
and the ionic transport nuaber was found to increase. Following
the defect aodel given in fig. 11.4 this is due to an increasing
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VA|'"-concentration; the Ionic transport number Increases with
Increasing pO2. Regime I is not reached In our Material. Vlth de-
creasing pOg the electronic conductivity Increases with a slope of
-0. 2, which Is nearly -3/16 (s-o. 19). regime lib. Zirconium changes
the valency fro* «• to 3* at Intermediate oxygen pressure. The ob-
served -3/16 dependence of the electrical conductivity is only
possible when Zr la reduced, oxidised Zr would govern the defect
chemistry to give a -1/4 pOg-dependence of the conductivity.
At the lowest oxygen pressure a again becomes pOg-independent.
This Is explained by the model assuming the neutrality con-
dition [e']:(Zry']. The complete defect diagram is given in
fig. 11. J.

Ill

Zfy 0'

N . h

1
1
1

I
>—

I
1
1

lib |

1

-?><-—
1

^___^_^ 1

1
1

l.a ,

1
Zfy ,

V4 1

1

i

| *~ ^

Z rY

log pO2 — -

Fig. it.3 Detect diagram tor Zr-Hope* TAB. The roman letters
denote the neutrality regimes defined in tab. it.a.

Under our experimental conditions regime I 1* never reached. In a
more simple consideration of the defect chemistry it is sufficient
to take two neutrality regimes. At higher pO2 [ZrT') = 3[VA|"')
and [ZrT

x]:{Zr]tot
 o v« r tn« whole regime. If the oxygen pressure is

very low the neutrality condition is [e']s[ZrY*l and the
slope of the electronic eonductlon is tero; regime III. There is
finally a regime which is governed by the neutrality condition
Ie']sZ(Vo"]; this regime is not reached under our experi-
mental conditions.
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11.3 THt TCMKRATURC M M N D H t t E Of THE CONDUCTIVII?

The activation energies for the conduction processes under oxidi-
zing and under reducing conditions are presented in tab. 11.4 for
TAG doped with BO and BOO ppm Zr.

Tab. 11.4 Activation energies for the conduction process In
TAG doped with BO and SOO ppm Zr at different pOg's
at 1570-1670 K.

pOg E a (60 ppm Zr) E a (BOO ppm Zr)

10* Pa 3. o eV 2. 8 ev
10"* 3. » 2. 7
10-9 3. 5 3, a

The activation energy In the most oxidising atmosphere Is the s a w
for both samples within the experimental range of arror, indicating
that the conducting species are the same (2.8 - 3. it eV). According
to the defect model proposed In fig. 11.* mixed iwm-electronic
conductivity dominates this regime. The activation energy in the
most reducing ambient Is significantly higher (3.6-3,3 eV); n-type
conduction is governing this regime. The dopant-ion Zs* is reduced
under these conditions. At an intermediate pOg the activation
energy lies between the values for the most oxldltinc and the
most reducing conditions. The Zr-ions are supposed to change
their valency state from «• to 3+ in this intermediate pressure
regime (regime Ila * lib in fig. 11.3) following eq. -ll. 2.

The difference in E a at high and low oxygen pressure can be
analysed in terms of different processes by considering the defect
reaction eq.-11. 2 together with

eq. -11. 3 0 0 * < * V o' ' • 2e' • 1/2 Og

and

eq. -11. « 2A1 A !* • 30 0» « > 2 V A i ' " + 3VO'' • A12O3.

By combining the complete mass action relations for these reac-
tions eq's 11.6 -11. T leads to the energetics of the conduction
process.
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eq. -11. 5 [Zry'l"1 [e']~*[ZrT
x] s xZr exp[-EZr/KT]

eq. -11. 6 [Vo"•][•']* = PO2"
1/ 8 K4 exp[-Ei/KTl

eq. -11. 7 [V A,'"j2tV 0-]3 »A12O3 s *A12O3

EZr» El a n d EA12O3 * r e t h e •"•«*gies for reduction of Zr, the ther-
mal band-gap and the forming energy of the A1 2O 3 Inclusions
respectively. VorKlng out the relations leads to the activation
energy

eq.-11.8 E a s 3/8 Et - 1/8 E A 1 2 O 3 • 1/4 E Z r

for regime lib and

eq.-11. 9 E 4 = 1/2 Et - I/ft E A I 2 O 3

for regime Ila. Botman [ft] reports the redox energy Et to be 7.8
eV; this value and the activation energy In regime Ila (« 3eV)
leads via eq.-11. 9 to a B A I & 0 3 °* '"* *v> Inserting this value
Into eq.-11. 8 together with the measured activation energy of 3.7
eV gives a redox-energy E j r of 0-7 eV. This Is In a probable
order of magnitude: Rotman [7] reports E=8. 8 eV for the reduc-
tion of Fe3*-lons In TAG and Kroger and Mohapatra [8] found
E:4. 25 eV for the reaction Tl*+ < > Tl 3 + in alumina. Ve
expect the redox energy for Zr to be higher than for Fe or Tl;
this assumption Is confirmed by our estimation.

11.4 COHCLUSICN

Zr-doped TAG behaves as a mixed Ionic electronic conductor. At low
pO2 o increases with decreasing oxygen pressure (n-type conducti-
vity). The slope of the curve can be Interpreted assuming Al-va-
cancies as dominating Ionic defects. From the temperature depen-
dence of a the redox-energy of the Zr-lons In the garnet lattice
can be estimated to be ft-7 eV.
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12 UNWED POMRySTAUIff TAB

•2.1 SAMPLE CHARACTERISATION

Undoped TAG-saaples were sintered from the pure source powders
applying the standard Method. The level of impurities was deter-
mined by emission spectroscopy.

T»b. te.l impurity content of * pure TAB sinter body.

Element wt. ppm

Si 15
Hg 10
Fe 7
Hn < 1
Cu < 1
Ha < SO
Hi < 1
Cr 10
Pb < 1
Zr < 5
Ti < 3
Ho < 10
V < 6

The "<"-slgn means that the concentra-
tion is below the detection limit.

12.2 RESULTS A*D DISCUSSION

Fig. 12. l gives the electrical conductivity as a function of the
oxygen partial pressure for two different temperatures.

The ionic transport number determined for the same temperatures
is shown In fig. 12.2 together with the separated ionic and elec-
tronic contribution to the total conductivity for 1670 E.
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12.3 CONCLUSION

The defect chemistry of the undoped polycrystalline TAG we
Investigated Is dominated by Al-vacancles. Again we found a
pO2

3^lD oxygen pressure dependence of the p-type conductivity
at higher pop's, which can be explained by the presence of VA1'".
Chemical analysis of the material did not chow a considerable
amount of impurities, which could be responsible for the be-
haviour at higher pressures. 80 the Al-rlch inclusions play an
Important role In the defect chemistry of undoped TAG ceramics.
At low pO2 Al-vacancles are balanced by the few ppm of uninten-
tionally present acceptor ions.

13 (NOTED SINBlt CRTSTAILIME TA6

Several papers dealing with the defect chemistry of single
crystalline TAG investigated by conductivity measurements were
contributed by Rotman and coworkers [1-4J. The conduction mecha-
nism in cerium-doped TAG Is considered to be an acceptor-control-
led one; cerium-ions in the TAG lattice are not treated as de-
fect species controlling the high temperature electrical conducti-
vity. Hixed lonic/n-type conductivity was found in such crystals,
a simple mechanism based on allovalent acceptor impurities was
proposed to explain the pO8~*'* -dependence [£]. The other work
concerning the defect chemistry of TAG [1. 3,«) considers Fe-,
•1- and Zr-doped material.

13. f SAMLE MMRACTCBISATICN

Our measurements were done with Verneu11-grown crystals. The
result of a chemical analysis of the material is given In tab. 13. 1
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Tab. 13.1 Spectrochemical analysis of
single crystalline YAS

Element wt. ppm

SI
Ga
Fe

7
9
6
10

Ho data about the Ca-content in our samples are available;
following the results of Rotman this Impurity would be expected
in the crystals [£]. Furthermore protons are present in the
crystal lattice (introduced by the crystal growth In a H2/Og-
flaae).

13.2 CXPCRIMTNT DISCUSS Iff*

Fig. 13. l shows three Isotherms of log o* vs. log pOj for undoped
single crystalline TAQ. At high oxygen partial pressure the con-
ductivity Is pOg-independent and under more reducing conditions a
changes with a partial pressure dependence of approximately

a
09

0.00

-1.67

-3.33

-5.00

1t40 K 1700 K

1STO

-10 - 5 0

lg pO2 <Pa)
Fig. i3.t The conductivity isotherms as * function of pO2.
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Measurements of the Ionic transport number (fig. 13.2) allowed us
to calculate the Ionic and electronic conductivity as given In
fig. 13.3. The flat regime at high oxygen pressure is due to Ionic
conduction, while electronic conduction Is predominant at oxygen
pressures tower than l Pa. The Ionic and n-type conduction exhibit
activation energies of 2.09 and 3.7 eV respectively. Rotman found
2.2 and 3.9 eV [2] for these regimes in single crystalline Ce-dope<
TAG. Together with the fact that n-type conduction In his material
changes proportional pO2~

J/* we have to assume that our material
and the crystals investigated in ref. [2) are comparable in their
defect chemistry. So we take over the defect model presented In
ref. [2]. Following this model doubly ionised oxygen vacancies
[Vo"] fixed by a certain concentration of background acceptor
impurities (2[V0" )=[A'J with A' the acceptors) can explain tlu
conductivity curve.

a

u
O
«
a
a)
u

0.25

0.00

-6 -2

log pO2 (Pa)

Fig. 13,2 Ionic traasf*r»ae» numbers tt MM M function of pOg.

In doped and undoped polycrystalllne TAG we found in most cases
conductivity isotherms proportional to pOg3/16. which is explainer
by the presence of Al-vacancles. These vacancies come from the
AI2O3 inclusions which form during the sintering process. Single
crystal TAG is homogeneous and no considerable concentration of
vAl'" iM Present in the material; so the defect chemistry is go-
verned by Vo'* and A' exclusively.
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Fig. tS.S Conductivity isotherms separated into n-type and
ionic components as a function of pOg.

13.3 CONCLUSIONS

The high teaperature aeaaureaent of the tranaport properties of
single crystalline TAG has shown it to be a alxed lonlc-electronlc
conductor. The pOg-dependent conductivity and the ionic trans-
port nuaber aeaaureaents are consistent with a defect aodel doal-
nated by doubly ionised oxygen vacancies fixed in nuaber by back-
ground acceptor lapurltles.
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14 TIf INTCMOTION Of ?A6 VITN HXDKOGfN-
CCOTAININ6 ATMOSPtf RES

14.1 INTMMWCTION

YAG Is usually sintered in a H2/H2O-atmosphere, consequently it
is of general Interest to Know how the garnet lattice Interacts
with hydrogen and how the transport properties are Influenced.

The effect of hydrogen on the electrical conductivity in high tempe-
rature oxldlc materials received Halted attention in the literature.
Hill [1] described the interaction of TIO2 with H 2 at tem-
peratures above 770 I. His experiments indicate Interstitial pro-
tons being compensated by electrons; the conductivity increases
with increasing activity of H2. Proton concentrations fixed by
substltutionally dissolved cations have been found In Verneull-
grown T102 crystals [1) and in SrCe<>3 [2).

Vagner and coworKers have given a theoretical discussion and some
experimental data about hydrogen defects in transition metal
oxides and in zlrconla [4,5]

The defect structure of yttrla equilibrated at high temperature
in a hydrogen containing atmosphere was investigated by Horby
and Kofstad [3]. They consider two different lattice defects with
protons: the interstitial proton and the interstitial hydroxy-
ion. An interstitial proton is a proton interacting from an
interstitial site with a neighbouring oxygen ion on a regular
site. When the proton moves through the lattice It probably moves
as a free proton from one oxygen to another [ft). An interstitial
hydroxide ion may be thought as a proton bonded to an intersti-
tial oxygen ion. Such a structure is favoured in a crystal
structure as found in T2O3, with large interstitial sites.

From crystal chemical considerations we can conclude that inter-
stitial hydroxide Ions are Improbable In garnets, because this
structure cannot accommodate 0\.

Mohapatra, TIKu and Kroger [7] made conductivity measurements on
high purity sapphire. The material showed in the beginning a donor
dominated behaviour. With increasing annealing time (at T B I S T O
K in oxygen and CO/CO2 mixtures) the material changes over to
acceptor dominated conductivity. Mohapatra and colleagues inter-
preted this as being caused by a loss of protons. Protons have a
high mobility and Lee et al. [6] demonstrated that alumina
crystals loose protons even at 1620 C.

IB-studies of OH-groups in alumina are described by Eigenmann [91,
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Engstrom (10) and others.

Hydrogen activity Influence, or an Indication of such, has been
reported for LaeO3 [11], BaT103 [18,13], MgO [14], TAG [15],
TIG [lft] and others.

The experimental results for garnets will be shortly described
below. Basic work for Y1G was contributed by Wood and co-
workers [16]. They Investigated the hydrogen uptake In YIG by
•eans of IB-spectrometry and conductivity measurements. This
reaction begins at temperatures as low as 620 K. OH-groups
enter the crystal and the defect charge is compensated by a re-
duction of Fe3+ to Fe2+. TIG equilibrated in hydrogen at 670 E
contains about 100 ppm OH-groups. The behaviour of TAG in a H2-
contalnlng ambient at temperatures above 1720 K was Investigated
by Devor and colleagues [15]. IR-spectrometry revealed that pro-
tons entering the lattice occupy Interstitial positions; they are
located between two oxygen Ions forming a 0----H----0 group.
Typical iR-absorptlon peaks were detected at 3340 and 3374 cm'1.
To derive a compensation mechanism Devor et al. consider natural
garnet CajAlgSljOfg (grossularlte); the synthetic garnet Is
formed with T3+ In the dodecahedral ca2* position and Al3+

In the tetrahedral Si** position. Following their results the
proton la localised around the T- and octahedral Al-sltes In TAG.
The substitution of Al34 for SI** (In the hypothetical tran-
sition from grossularlte to TAG) makes the tetrahedral Al-slte loot
more negative. Following Devor and others, a H* compensation
might be expected by an electron. Horeover, Impurities can play an
Important role as charge compensating species in TAG. The intersti-
tial proton can leave the position between the two oxygen Ions and
move free through the lattice at elevated temperature.

Ve performed II absorption mesurements In pure single crystalline
TAG and high temperature electrical measurements on polycrystal-
Une and single crystal TAG.

14.2 INTKABCD BANDS IN AtHtALlO SINM.C CRYSTALLINE XAS

In [IS] the authors have shown that hydrogen causes IK-absorp-
tion peaks at 3340 cm'1 (strong) and at 3374 cm'1 (weak). Due to
the relatively low absolute concentration of protons in TAG, even
after annealing in a Hg-contalnlng ambient, the samples must be
sufficiently thick; Devor et al. used samples about 125 mm (()
thick to obtain the IB-spectra presented In their paper (the
number of scans is not mentioned).

Ve made annealing experiments using single crystalline TAG-bars
(2O«9«l. 9 mm) of Verneu11-grown material (H2/H20-flame); so
the a* received crystals contain hydrogen. Samples were treated
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for 12 n at 1670 K in H2/H2O and IB-spcctra were taKen. Our
spectra were recorded at room-temperature with a BBUEEB FT-IB
spectrometer; resolution: 2 cm"1, 2000 scans. In a subsequent
step the samples were annealed for 12 h at 1670 K In oxygen. Fig.
14. 1 elves the IR-spectra for both samples showing OH-peaks at 3331
and 3366 «•>, which are approximately the same wavenumbers as
reported In [15). Nakamoto and coworkera [17) gave an IB-frequency
vs. d (Inter-Ionic distance) curve for molecules. Applying this
relationship we can derive the oxygen-oxygen distance In the
0 H O configuration; for the stretching frequencies 3331 and
3366 cm-l the distances are 0.2805 and 0. 2642 nm respectively.
Crystallographlc data [20] showed O*--o*- distances of dol:O.2Sie
and dO0=O. 2037 nm (see fig. 2.1). These values indicate respec-
tive H-bonds between unshared oxygen pairs in the octahedral
Al-coordlnatlon, and also between pairs shared in coordination of
adjacent dodecahedral T-sites, the Al- as well as the T-site may
partly be occupied by lapurlty cations. (Balaer et al. [IS] tested
the Hakaaoto relationship for H-bonds in a-alualna and they con-
cluded that the rule works with good accuracy).

The Intensity of the OH-peak is decreased after a 12-hour heat
treatment in oxygen at 1670 C due to an outgas process, but
nevertheless a residual absorption Is still present after such an
annealing treatment.

0.0s

0.0

0.04

3300 3350
MflVENUMBEHS CM-1

-0.001
3300

MflVENUMBERS CM-1
3*00

Fig. i4.1 OH-bond absorption after (a) annealing tZ b in O2
(T-1670 t) and (b) annealing iZ b in Hg/HgO (T~t6T0
*). Length of the sample SO am.
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14.3 CUECTRICAL TR/VHSPORT PRCPCRTItS Of

IN A

Ve Measured the activation energy of the conduction proceas for
undoped single crystal and for Zr-doped polycrystalline YAG In
CO/CO2 and in H2/H2O Mixtures having approximately the same pO2.
In both cases the activation energy in a hydrogen-containing
atmosphsre was much lower (tab. 14.1) than In a CO/CO2 ambient.

Tab. 14.1 Activation energy Ea for the conduction process
for different TAB samples in CO/COs and Hg/MgO
atmospheres at high temperature.

SAMPLE ATMOSPHERE PO2 (Pa) E a [eV]

TAG: 50 Zr# CO/COg lO'11 3.54
(polycryst. )

H2/H2O iO"1* i. 91

iO~ *° 3.7

10" 1* 1. 4ft

* impurity content see tab. 11. 1
" impurity content see tab. 13. 1

The fact that the activation energy In Hg/H20 is considerably
lower than In a CO/CO2 ambient with nearly the sasw oxygen partial
pressure indicates that different processes are responsible for
the experimentally determined Ea's. Oxygen vacancies do not play
a dominant role in b££Ji cases, their concentration should be com-
parable due to comparable pO2's in both gas mixtures. In a H 2/H 20
atmosphere, protons are expected to play a dominant role in the
defect chemistry. Furthermore the allovalent doping element Zr, wh
changes the valency from 4+ to 3+ at low pO2, governs the conductl
process In TAG: Zr.

In the following, we analyse the defect reactions which are expect
to occur and expressions for the activation energies are derived.
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14.3.1 The activation energies fer a in rAB:Zr In

As a probable reaction we consider the following

eq.-14. 1 1/2 H2(g) 4 > h y • e'

with the aass action relation

[Hi-He')
eq.-14. 2 — - — » K H 2 exp [-EH2/KT]

H » / 2

EH2 represents the energy to produce an interstitial proton
and an electron and Kjjg Is the equilibrium constant.

In TAG: Zr the Zr**-ion acts as a donor. Tfce concentration of
these donors decreases with decreasing pO2 because Zr**
reduces to Zr3+. Colour centres are foraed. The reaction reads

eq. -14. 3 Zr y
x * *• ZrY' + e*

with the mass action relation

[ZrT-)[e')
eq. -14. 4 s Kir exp [-BZr/ltTJ

2«

The neutrality condition is

eq. -14. 5 IZrT*) + [H4"] = [e'J
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and we aet the lirconlum concentration

eq.-14. 6 [ZrT
x] • [ Z r Y ] = [Zr)tot-

In a CO/COg-atmosphere zirconium Is reduced and eq. -14. 6 reads
then [Zr Y

x]=[Zr] t o t and the electroneutrallty condition
Is [Zry'] = [e']- Applying the eq.-14. 2 together with the neutrality
condition we find for the activation energy for electronic con-
duction

eq.-14. 7 Ea(electronlc) : 1/2 E Z r

The activation energy Ea(electronic) in Zr-doped TAG in a
CO/CO2-atmosphere is 3,54 eV (see tab. 14. 1), so we find that
a redox energy EZr=7. 1 eV. This is approximately the same value
which was derived In section 11.4 (6-7 eV). If the Zr-concentra-
tlon would be governed by IZry'l = tZr)tJ>t t n e activation
energy for the electronic conduction should then be zero, which is
not the case.

In a Hg/HgO-atnosphere we found a much lower activation energy
(1.91 eV). The electroneutrallty is set equal [Hi']=[e']- Assu-
ming that protons are governing the conductivity the activation
energy should be

eq.-14. 8 Ea(hydrogen) = Ea(electronic) = 1/2 Ef|g

From eq. -14. 8 we see that the Bug Is 3. 8 eV.

M.3.2 The actIvatl«4i •ncrtles far v In untfapwtf YAB In

In undoped TAG we found the activation energies 3. 7 eV In CO/COg
and 1.46 eV in Hg/HgO. Donor centres are not present in the star-
ting material - we consider the material as acceptor dominated (se
section 13). The basic defect reaction in CO/COg is the formation
oxygen vacancies (eq.-14. 9) and the uptake of protons.
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eq.-14. 9 0 0 « > Vo • + 2 e' + 1/2 o 2

The mass action relation Is

eq.-14. 10 [Vo'lte'lSpOa1/2 z Kox exPf-E0X/KT]

with K o x the equilibrium constant and E o x the energy for the
redox process. If 2[V0*')=[A'l (A'^acceptors) we find for the
redox-energy

eq.-14. 11 Et(electronic ) = 1/2 E o x

which leads to a redox energy of 7. 6 eV, which is comparable to
the value found by Sotman and coworkers [21] and somewhat higher
than the value of 6. 1 eV which we derived by computer simulation
(see chapter 16).
If we assume YAG-sample to be pure ([e']=2[V0" ] ) the acti-
vation energy and the redox process are related by

eq. -14. 13 Ea(electronic) - 1/3 E o x.

In a hydrogen containing atmosphere the defect situation is
governed by the presence of protons. The electroneutrallty rela-
tion in this case is [H^Jite'J. This gives for the activation
energy in a Hg/HgO-atmosphere

eq. -14. 12 E a = 1/2 E H 2.

Following this equation the energy Ejjg is 2.9 eV. In the previous
chapter we found E]j2 In Zr-doped polycrstal line to be 3. a eV,
which is somewhat higher than the result discussed here.
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14.3.3 The complex Impedance behaviour of polycrystal I Ine

TAB equilibrated In a Hs/HgO-ataosptiere

If pol/crystalline TAG Is treated at high temperature In a Hg/
HgO atmosphere It Is interesting to know if the grain boundaries
are affected by protons. Polycrystalline YAG samples doped with
50 ppm Zr were investigated [19] in different atmospheres (Ng/Og,
CO/COg, Hg/HgO) by Impedance spectroscopy. In a previous section
we came to the conclusion that in Zr-doped TAG no considerable
second phase segregation at the grain boundaries was detectible.
Fig. S4. 2 gives two Z'-Z"plots for Zr-doped TAG recorded in Hg/HgO
(10~14 Pa) and CO/COg (10"*1 Pa) respectively. A bulk- and a poorly
resolved grain boundary effect indicating a polarisation are
seen in both cases.

S 2
X
o
* °

4

N 2

1 fcHz

1OO MHz

1 M-tZ

V A 1OO KHz

A /

2 4 6 8

Z' [10 4 OHM]

10

Fig. 14.a (A) Impedance plot *t pOg= 10'** Pa : Hs/HgO-mix-
ture for TAG: Zr (TztSSO Z)

(B) The impedance behaviour of the same sample in
CO/COg-mlxture maintaining a pOg: io~ii Pa
(T=iSSO K).
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As It Is expected for the n-type conducting Zr-doped YAG a of
the bulk decreases (the resistance increases) with increasing pQ2:
H b u l K = 37KQ at p02 = 10-

1 4 Pa and 63. SKfi at 1O"*1 Pa (fig. 14. 2).
Additionally it has to be taken into account that the conducti-
vity in a Hg/HgO mixture is higher than in a CO/COg atmosphere.
The grain boundary resistance for the sample in both cases, at
low and high pO2, can be estimated from the impedance plots
to be about 10 kfi. The frequency dispersion (see the 100 kHz
points in fig, 14.2) nearly Is the same, in spite of the fact
that one spectrum was recorded in CO/CO2 and the other In
H2/H2O.

From the experimental results given above we can conclude that
protons which enter the lattice have no substantial Influence on
the electrical properties of the grain boundaries. The effects we
observed are bulk effects.

14.4 CONCLUSION

When YAG is equilibrated in a hydrogen containing atmosphere pro-
tons enter the lattice. OH-groups are detectable by IB-spec-
troscopy. Electrical transport properties are also altered by the
presence of protons, as seen from the marked difference in the
activation energies for a in CO/CO2 and H2/H2O atmospheres. Im-
pedance measurements made clear that mobile protons are altering
the bulk- but not the grain boundary properties.
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15 SINTER ADDITIVES AND MICMSTfiUCTVBE

Sinter dopes are widely used In ceramic technology to control
grain growth and to achieve a high denslflcatlon rate. For the
sintering of oxides allovalent ions *rt used. So lattice defects
are introduced Into the system, which affect lattice-, grain
boundary-, surface-diffusion, grain boundary nobility and other
processes. Furthermore the segregation of second phases at the
lntergranular Interfaces controls the grain growth. Concerning
the role of additives in sintering, alumina Is the best described
material in ceramic literature (e.g. [1]).

For ternary compounds as Y3AI5O12, many more high temperature pro-
cesses have to be considered than in the case of binary compounds
as AI2O3. Harmer and coworkers [2] state that for BaTlOj, for ex-
ample, it is possible to assume some 36 possible rate control-
ling mechanisms.

Hothlng about the controlling effect of sinter-additives in TAG
has been published until now. Ve investigated how the grain size
distribution depends on the presence of the allovalent additives
MgO, CaO, ZrO2 and HfO2.

15.t EXPERIMENTS

All samples were prepared applying the standard preparation method
which was described earlier. As reference material we consider
pure YAG-powders with an impurity content < 30 ppm (donors and
acceptors nearly compensate each other). Samples containing
following concentrations of sinter additives were prepared and
compared with the undoped material:

Tab. 15.1 Samples for grain site analysis.

TAG
YAG
YAG
YAG
YAG
YAG
YAG
YAG

50
60
SO

200
420
T50
150
300

ppm
PPm
PPm
Ppm
ppm
PPm
PPB
Ppa

CaO
HgO"
HfO2

HfO2

HfOg
HfO2
ZrO2

ZrOg

1 SOO ppm HgO were added to the starting powder, the
the final material contained 50 ppm HgO, due to evaporation.
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The grain size distribution was determined by analyzing SEM-pic-
tures from representative areas of the sample surface. The analysing
procedure was done semi-automatically by applying the intersection
method [3] (equipment and and computer programs were developed by
Mr. corbljn from the Philips Research Labs., Dept. Inorganic
Materials). Results of the particle slse analysis are represented
in the form of frequency vs. lg grain sue and probability vs. lg
grain size.

15.2 RESULTS AH> DISCUSSION

Fig.IS.l shows a mlcrostructure of undoped TAG; a somewhat dlscon-
tlnous grain growth Is obvious. According to the Hlllert [11]
criterion, grain growth is exaggerated when grains are present with
a grain slse two times larger than the average grain slse. A wide
grain size distribution ranging from 1 pm to 20 pm is typical.
Analysing the grain size distribution shows a clear blmodal mode
with a mean grain slse (for the area shown in fig. 15.l) of
3.3 pm. The complete results of particle size analyses for all
samples listed in tab. 15. l are given in tab. 15. 2.

Even small concentrations of the sinter additives Mgo and CaO
have a strong grain growth inhibiting influence on TAG (see fig.
15.2). The grain size distribution is narrow, no discontinuous
grain growth is detectable. A blmodal mode is found again. TAG
doped with 50 ppm Mgo has a mean grain slse of l. 6 pm and TAG
with 50 ppm CaO exhibits a mean grain slse of 0. 8 pm (which is
similar to the grain slse of the starting powders). All samples
investigated here are translucent and have a density of more than
99 x of theory.

The dopants ZrOg a n d HfO2 also suppress discontinuous grain
growth (fig.15. 3), but In comparison to MgO- and CaO-doped
material the mean grain slse Is shifted to higher values, e.g.
2.1 pm for TAG:200 Hf. Again the particle slse distribution was
blmodal.
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SEM-photograph of undoped TAB

Fig. 15. SOI-photograph of YAG: SO Mg

131



Fig. SS.3 SEH-photograph of TAB: 750 Hf

A plot of the grain size distribution for TAG doped with 480 and
750 ppm HfOg respectively is presented in fif. 15. 4. With increa-
sing Hf-content the mean grain size is significantly shifted to
higher values, while the shape of the grain size distribution
broadens.

30

0

Hf O,

420 ppm

750 ppm

0 8 10
Fig. 15.4 Grain site distribution for YAG doped with 420 and

750 ppm HfOz.
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The frequency vs. train site and probability vs. grain slse plots
for all saaples are given in the appendix.

Tab. 15.£ The grain siie distribution in pure and doped TAB

Saaple

Grain site
distr.

Class i of

Slse froa
to

Fraction

D(5OX)

Class 2 of

Size froa
to

Fraction

D(5OX)

Mean
grain
size

pure 50 Ca 50 Hg 200
Hf

420
Hf

750
Hf

All Saaples showed a blaodal g r a m sis*

the bimodal distribution

0. Spa
3. 2

0. 6

2. 1

0. 2 pa
0. 6

0. 3

0. 4

0. 4pa
0. 9

0. 1

0. 7

0. 8pa
2. 9

0. 7

1. 9

the bimodal distribution

3. 2 pa
10. 6

0. 4

4. 6

3. 3pa

0. 7 pa
1. 9

0. 5

0. 9

0. 8 pa

1 pa
4. 0

0. 8

1. 6

1. 6pa

2. 9pa
5. 5

0. 3

3.4

2. Spa

0. 7 pa
2. 1

0. 4

1. 6

2. 5 pa
5. 3

0. 5

3. 1

2. 6pa

1. 4MB
3. 6

0. 4

2. 6

3. 6pa
6. 4

0. 5

4. 6

3. 9pa

150
Zr

300
Zr

distribution

1. 3 M B
3. 2

0. 3

2. 5

3. 2pa
7. 2

0. 6

4. 6

4. 3 pa

0. 9 pa
3. 1

0. 5

2. 2

3. 6pa
6.4

0. 4

4. 4

3. 3pB

15.3 OUMV>LE OF CXAMCRATCD W A I N 6B0WTH

Several papers about so called exaggerated grain growth in aetals
and ceraalc aaterlals have been published In the past, for in
stance for TIG [4] or for aluaina [5). An excellent short descrip-
tion of noraal and abnoraal grain growth is given by Burke in ref.
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[ft]. Various explanations for exaggerated grain growth are given
in literature. So It was shown by Beck and coworkers [1] that the
phenomenon can be associated with the disappearance of Inclu-
sions by solution. Kooy [4) assumes that the effect in TIG
should be due to the presence of a liquid phase at the grain
boundaries. The rate of exaggerated grain growth is then deter-
mined by a solution and precipitation process rather than by
grain boundary migration.

In one of our TAG samples doped with T50 ppm ZrOg grains of some
100 pm were observed as shown in fig. 15. 5. This effect should be
caused by impurities, unintentionally present in the green body;
the forming of a liquid grain boundary phase, which was found in
TIG to be responsible for exaggerated grain growth, cannot be
excluded. The model proposed by Beck et al. [7], which associates
abnormal grain growth with the disappearance of Inclusions (or
pores), seems not to be an appropriate one. Our accidental
finding In TAG demonstrates that controlling the Impurity and
dopant content in the starting powder and the green body is essen-
tial to obtain a homogeneous microstructure.

Fig. tS.S Exaggerated grain growth in TAG sintered under stan-
dard conditions.
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IS. i CONCLUSION

CaO and MgO are effective grain growth inhibitors, with CaO being
•ore effective. HfOg and ZrOg proaote grain growth with the
strong tendency to suppress exaggerated grain growth, which is
observed in undoped TAG ceraalcs. Ca and probably also Mg control
the grain boundary by foralng a second phase at the grain bounda-
ries.
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16 COMPUTER SIMULATim Of DEFECTS IN MMETS
In the recent years computer modelling of perfect and defective
solids has become Increasingly Interesting. Experiments are aone-
times supplemented by a computer simulation In order to support or
dismiss a proposed model. On the other hand such simulations can be
used to obtain basic data which may be difficult to determine by
experiments (e.g. the formation energy for Schottky and Frenkel
defects In an ionic crystal). Defect calculations have been very
extensively applied In studies of ionic oxides and halldes. There
are several papers and review articles dealing with the potential
and limitation of computer simulation of bulk solids and surfaces
[e.g. 3-6]. In most cases calculated data, like lattice energies
or dielectric constants, are in good agreement with experimental
results [1,2]. In the future simulation techniques of solids may
become a predictive tool in materials science which can lead to
a development of improved materials with "tailored" properties.

Ve used the computer simulation of solids to get basic defect
formation energies and more complex data (e. g. redox energies,
activation energies of diffusion processes etc. ).

i 6 . i Tracer or ocrecT CALCULATIONS - A SKETCH

The crucial questions of defect chemistry are atomistic questions.
First of all - what are the diffusing species; are they vacancies
or lnterstltlals or both; what Is their charge; are they associated
or free? Second, how are they formed; are they extrinsic or intrin-
sic; if intrinsic are they formed by oxidation or reduction; if ex-
trinsic, what are the impurities responsible? Third, what are the
mechanisms of migration? These mechanisms depend on the nature of
the diffusing species. For a given defect, however, there can be
more than one mechanism, e.g. as In alkaline earth fluorides [7].

For Ionic materials the theory of lattice defects is largely con-
cerned with two main problems:

1) the derivation of suitable interatomic potentials
(in strongly ionic materials two body potentials)

2) the treatment of the lattice relaxation around a lattice
defect.

For the first problem, the derivation of appropriate interatomic
potentials, there are two essentially different approaches. The
first, which was based on the work of Fuml and Tosl [8], involves
the use of Born-Mayer - or Buckingham - potentials which are
parameterised empirically by fitting the calculated perfect lattice
properties as closely as possible to experimental values. The perfect
lattice properties to which data are fitted are usually lattice para-
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meter, lattice energy, elastic and dielectric constants [9).
The Buckingham potential Is given by

eq. -16. 1 V(r) = A exp(-r/d)-Cr"°

The parameters A, d and C must be assigned for each Ion-ion
interaction and r is the distance between a given pair of ions.
By this procedure foiricai short range potentials are ob-
tained. Such potentials are used here. An alternative approach
is to calculate interatomic potentials, e. g for metals, with the
the electron-gas Methods [10). These non-empirical potentials
are seldomly used at present, however.

An essential point In the computer simulation of defective solids
is the introduction of the ionic polarisation. Despite Its
simplicity the shell model introduced by Dick and Overhauser [11]
to calculate the dielectric properties of alkali halldes remains
the most effective way of doing this.

The second question, the lattice relaxation around a defect.
In recent calculations is mainly discussed in terms of a model
developed by Lldlard and Horgett [12] and Horgett [13). The basic
idea behind this model Is a minimisation of the total energy of
the crystal by relaxation of the positions of the ions around the
defect. This relaxation decreases fairly rapidly for increasing
distances away from the defect. To treat this mathematically, the
region around a defect is partitioned Into two concentric spheres
as shown in fig. 16. l

D - defect

Fig. 16.1 Spherical tones around a defect,

137



In the central region the forces exerted by the defect on the sur-
rounding lattice are strong and the relaxation in this region Is
handled by an explicit energy minimisation. In that procedure the
positions of all atoms (considered originally to be on perfect
lattice positions) are adjusted under the action of interatomic
potentials until they are In equilibrium. The ions are allowed to
polarize. In contrast to this explicit treatment of the inner re-
gion a more approximate approach Is used for the outer region.
Due to the greater distance the perturbing effect of a defect
is relatively weak. The procedure applied therefore is the
Hott-Llttleton approximation describing the polarisation of a
continuum of solids [1]:

eq. -16. 2 P :

P Is the polarisation in the outer region (region II, see fig.
lft. 1), V is the unit cell volume, q is the charge of the defect,
rj is the distance for which P is calculated, € 0 is the dielec-
tric constant and, finally, r is the distance of the particles.
Eq.-16. 2 is only valid for electrically lsotroplc materials.

A detailed discussion of the simulation procedures is given
by Catlow and Hackrodt [1] and by Cat low [14). There is now a
number of computer codes for undertaking such calculations.
The original HADES-code (Harwell Automatic Defect Evaluation
Program System) developed by Horgett [15] could be applied only
to cubic materials. A further developed HADES-code (HADES III)
allows to study non-cubic systems [1). The code applied in this
inveslgatlon Is the CASCADE-code (Cray Automatic System for the
Calculation of Defect Energies) developed by Leslie [16). This
program was created to exploit the vector processing facilities
of Cray-computers. CASCADE Is a combination of HADES III and the
perfect lattice simulation program PLUTO (Perfect Lattice Unre-
stricted Testing Operation) developed by Catlow and Horgett [17].
PLUTO calculates by energy minimisation lattice energies, elastic
and dielectric constants for perfect crystals with the restriction
that a static lattice Is simulated (no thermal motion). Despite
this restriction the results of CASCADE simulations (e.g. defect
formation energies) are appropriate to predict properties several
hundred degrees below melting point; the defect forming energies
do not not change with temperature to a great extent.

lt>.2 THE PERFECT LATTICE PROPERTIES €T

It is commonly assumed that the parameters Introduced into the
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Buckingham potential are constant for ions in different crys-
tal lographic surroundings. The quality of the parameterisation Is
usually checked by comparing the high frequency- and static di-
electric constant and the elastic constants Known frosi experiment
with those calculated by PLUTO. Due to the fact that no reliable
yttrium potential was available a potential was derived from
SrO - Sr 2 + is lsoelectronlc with T3*. Yttrium (strontium) and
oxygen cores and shells were introduced into perfect lattice cal-
culations, while the small Al-lon was assumed to be unpolarlxable
[18]. Besides TAG we also simulated defect properties of YIG. Both
garnets have completely different physical and chemical properties
(see section 3). The input parameters for YAG and YIG are given In
tab. 16. 1.

Tab. 16,1 Input-parameters for the perfect lattice simulation

I OH A(eV) d(A) f* del) C°(eV*»)

Mgl*
Nd3*

22764. 0
1345. 1
1469. 3
1102. 4
1453. 8
1090. 4
1280. 1
1379. 9

0. 149
0. 3491
0. 29912
0. 3299
0. 3500
0. 3437
0. 3177
0. 36007

0. 8481
-0. 261
3. 0

-1. 97
3.0

-1. 135
2. 0

-3. 25

74. 92038
71. 70000

-
304. 7000

-
110. 2000

-
145. 0000

27. 88
0. O
0.0
O. 0
0. O
0. 0
0.0
0. 0

A = short range potential between cation and anlon in the Bucking-
ham model

9 - parameter in the Buckingham model
Y+- charge of the core in the shell model
K+= core-shell spring constant in the shell model
C°= attractive contribution in the Buckingham model
AI3*-parameters were taken from [3], the others from [18).

The dielectric and elastic constants derived by PLUTO are given in
tab. 16. 2 together with experimental values.

Tab. 16.2 Calculated anil experimental constants

CONSTANT

€o

Cj j

c12
C44

YAG
calc.

8. 1
2. 9
39. 5
13. 5
11. 7

-602. 6

exp.

11. 0
3. 5

33. 3
11. 3
11. 5

YIG
calc.

10. 6
2.9

33. 7
12. 0
11. 1

-578. 7

exp.

27.
It.
7.

0
0
6

C11> C12 *n<1 C44 * r e ftiven in the units 10 1 1 dyn/cm2.
Experimental values were taken from [19-21].
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The calculated perfect lattice data for YAG and TIG given In
tab. 16. 2 are close to experimental values. For the sake of
comparison calculated and experimental dielectric and elastic
constants and lattice energies for AI2O3 and TiOg from
literature are given In the appendix 2.

16.3 THE BASIC POINT DtrCCT rOBMATICN CNTROItS

As basic point defects we consider cation and anlon lnterstltlals
and vacancies. The energies to create such defects were calcula-
ted for YAG and, for the sake of comparison, also for YIG.

Tab.16.S Formation energies for intrinsic point defects
in TAB and YIG

Empirical potential calculations
DEFECT (Charge) YAG [eV] YIG

21. 24

45. 89

nc

Iron vacancy (3-),d-slte 54.52

Aluminium vacancy (3-) 60,24
(a-slte)

Iron vacancy (3-), a-slte 55.23

Aluminium interstitial (3+) -45.11

Schottky energy* 5. 32 4. 70

(for a single defect)

Yttrium Frenkel 10.44 nc
(for a single defect)

Aluminium Frenkel 7. 57 nc
(AI from a-slte)

Aluminium Frenkel 6. 88 nc
(Al from d-slte)

• = E (defect energies) - lattice energy, nc - not calculated
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oxygen vacancy (2+)

Yttrium vacancy (3-)

Yttrium
interstitial (3+)

Aluminium vacancy (3-)
(d-slte)

£2.

46.

-25.

58.

35

50

62

90



The vacancy formation energy is the energy required to remove an
ion from a lattice site to infinity allowing, the regaining
lattice to relax around the charged vacancy. The formation energy
for an interstitial involves the Movement o< an ion from
infinity to an interstitial lattice site. The combination the
formation energy for an interstitial and a vacancy of an ion
gives the FrenKel defect energy; both defects are supposed to be
independent from each other. Due to the fact that there are two
different Al-sites, two different Frenkel energies (for the d- and
the a-slte) can be derived (see tab. 16.3). The radius of Y-lons
is rather large to form interstltlals in the garnet lattice, so
Y-FrenKel defect formation energies are considerably larger than
the Al-frenkel energies.

From our vacancy formation energies the Schottky energy is calcu-
lated as 106. 3 eV for a complete Schottky multlplett, which gives
9. 3 eV per single defect in YAQ. This energy is tower than the
Frenkel energies (6.9-7.6 eV). So It can be concluded that that
Schottky vacancies are the favoured intrinsic defects. Deriving
single Schottky- or Frenkel-defect energies by dividing the energy
of the defect multipletts by the number of defects does lead to
average values. But Catlow, Hackrodt and others [2,3,5,61 intro-
duced this simplification and it became the most common way to
derive such energies from simulation data.

16.4 rOKtten CATIONS IN YAB /*M> XI©

The properties of ceramic materials are strongly influenced by
intentionally and unintentionally present impurities. These ions
are expected to occupy specific sites depending on their radius
and charge. The radii [22] we used are given in tab. 16. 4 together
with the lattice site they will occupy [23,24). The reason why Hd
as a foreign ion was treated as a substitutlonal defect will become
clear later.

Tab. 16.4 Ionic radii ami substitution sites in the YAS
lattice

Species

Kg (2+)
Zr (4+)

Ca (2*)
Nd (34)

Radius la]"

0. 69
0. 72
0. 76
1. 12
1. 12

Substitution site*

c-site (Y)
a-slte (Al)
d-slte (Al)
c-site (Y)
c-site (Y)

"taken from [22], * taken from [23,24]
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The energies for Introducing the ions into the YAG lattice by
substitution are given in tab. 16. 5. Potentials and other para-
meters necessary for the CASCADE procedure are given In tab.
16. 1 (taken fron (18) ).

Tab.16.5 Calculated energies tor substitution*!
detects in YAS

YAG

Y16

Defect

Mgy'

«rAr

ZrT '

Zryx

Cay'

c * A l '

Hdyx

Cay'

type

(d-slte)

(a-site)

Energy [eV]

18. 3

-19. 33

-20. 76

-33. 16

1. 2

23. 0

36. 7

3. 1

23.07

16.3 OXIDATION/REDUCTION PROCESSES IN YA0 AND TIC

The oxidation of YA6 can be written for the infinite dilution
Unit (no defect-defect interaction) as

eq. -16. 3 V o " • 1/2 O2 < » Oo* + 2h'

Ve assuae that the holes fora small polarons. In a separate CASCADE
simulation the energy of an O~ on an O2~ position was esti-
mated to be 18.6 eV (=E0-)- To derive the hole formation energy
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following the reaction o o
x + h'—> 00* we have

to combine E o- with the second electron affinity o< oxygen.
E o x can be calculated by applying the relation

eq. -16. « E o x - -E V o • I/* E D l g a - E 1 2 • 2 E n

: -22. 36 • 6. 16/2 • 7. 28 • t 9. 86

= 7. 2 eV (696 KJ/Hol)

= oxygen vacancy formation energy
EDlss = dissociation energy for Og (taken froa [32])
E 1 2 : first electron affinity for O 2 (taken froa [32])
E n = hole formation energy ( = EQ- - Eg =

18.6 - 6.76 : 9.65 eV, Eg (second electron
affinity) was taken froa [32])

In doped YA6 a clustering of defects can occur. Considering
the interaction of Oo* with substitutlonal Ca-lons we calculat-
ed that the cluster (Cay'-OO')

K is stabilised by 0.31 eV.
So the energy for the redox process is reduced. Per reaction
given in eq. -16. 3 two holes must be taken into account. This non-
infinite diluted Ca-doped systea has a redox energy of 6.66 eV,
which is in fact a relatively high hole foraatlon energy.

Another possible redox process that aay occur in TAG is the follow-
ing

eq.-16. 5 O o* « > V o' " + 1/2 Oe • 2 •'

In the defect calculation we assume that the electrons are located
on Al3+-lons foralng A1 A|' defects with a energy EA12+
of 31.6 eV (saall polaron). We get the polaron foraatlon energy by
combining E A u + with the third lonlsation potential of At. The
energy associated with the reaction given in eq.-16. 6 Is
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eq. -16. 6 E o x = E V o - */« E D l s s + E 1 2 - 2Ee

= 6. 36 eV (614 KJ/Mol).

energy for snail polaron A1 A]'
<s EA12+ " E3. lonis =
= 31. 6 - 28. 53 s 3. OT eV
E3. lonls t*«»n from [28])

Rotman and coworkers [27] by measuring the temperature dependence
of the electrical conductivity found for the redox energy given In
eq. -16. S a value of 7. 8 eV. Their material was acceptor dominated
single crystalline TAG.

In Ca-doped TAG oxygen vacancies can Interact with the substl-
tutlonal Ca-lons. This process raises the redox energy for the
reaction given In eq. -16. 3 and the redox energy for eq. -16. 5 is
lowered.

We look at the energetics of the dlmer [Cay'-Vo'')' and trimer
[CaT'-V0''-Cay']

x formation. Dlmers and trimers are associated with
an energy of 1 eV and 1.7 eV respectively. This effect reduces
the energy for the reaction given In eq. -16. 5 to 5. 36 eV if
dlmers are formed. For the case of heavily Ca-doped TAG the re-
dox energy is «. 66 eV, when trlmera may form. If holes are
formed In Ca-doped TAG following eq.-16. 3 the energy for this
reaction will be 6.2 eV when dimera and 8.9 eV if trimers are
present.

In a body centered cubic lattice containing 500 ppm foreign Ions
the statistical probability to find two of them In adjacent lat-
tice sites is 0.053; so the probability that trimers
Cay'-V0'"-Cay' are formed In TAG: 500 Ca can not considered to
be sero.

These calculations clearly show that an association of defects
cannot be ignored. Comparable or even greater defect-defect
Interaction energies were, for Instance, reported for
T 1 A r - v A l ' " l n alumina [25] and for Sc Ce'-

vo" l n cerla [26].

Following our discussion of redox energies in oxides it should be
mentioned that Mackrodt reports the energies for processes equi-
valent to eq. -16. 3 and 16. 5 ln alumina to be 4. 4 and 9. 1 eV respec-
tively [2], for the case of infinite defect dilution. This means
that ln alumina the hole formation energy (4.4 eV) is relatively
low. According to our result we expect that ionic conductivity
dominates ln acceptor doped TAG, due to the high hole formation
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energy. Actually we find the ionic transport number t=l in the
entire pOg-regime in TAG containing S00 ppm CaO. Fig. iO. 2 shows
the ionic transport mmber for TAG: 600 ppm CaO at two temperatures.
At ilOO K the conductivity is ionic, at 1470 K a considerable p-
type electronic conductivity at high pO2 is obvious. With
increasing temperature the electronic conductivity becomes sore
and sore dominant. Our simulation results are in accordance with
this experimental fact, in alumina doped with much higher acceptor
doping levels there Is always a distinct hole conductivity, even
at lower temperatures. This fact can be explained by the lower
hole formation energy in

Several papers show that redox reactions in TIG are much easier
than In TAG. This can be explained by the nature of the iron ions.
A difference between TAG and TIG is the presence of an ion with
a variable valency in the latter. The energy for the reduction
of Fe3* to Fe2* in TIG was calculated to obtain an impression
about the difference In the redox behaviour of TAG and TIG on an
atomic scale. In the CASCADE procedure Fe 3 + was replaced by Fe2*,
which was considered as a small polaron. The energy connected with
this small polaron was calculated without paying attention to 11-
gand field effects. Since llgand field effects are ignored here,
we should correct the formation energy for the ligand field split-
ting of the iron In the oxygen environment. The llgand field split-
ting energy tug for a-Fe2O3 is given as [6,31]

-2/5 174 KJ/Mol -- -69.6 KJ/Mol = -0.72 eV.

The energy for creating a Fepe' was calculated to be 26. 9 eV.
A reaction involving the reduction of iron-ions in TIG is

eq. -16. 7 2 Fe F e* • 0 0* < > Vo
-- • t/2 O 2 • 2 FeFe*

The energy is calculated as
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eq.-16. 8 E = E V o - »/* Edlss + E 1 2 • 2 E F e - E l l g

= 81. 24 - 5. 16/2 - 7. 28 - T. 5 - 0. 72

= 3. 16 eV (= 305 kJ/Mol)

E F e = IP(Fe(2*J - F«(3*)) " E(Fe F e'
= 30. 651 - 26. 1 = 3. 751 eV

IP : lonlsatlon potential
(from [281)

The energy for a reaction following eq.-16. 7 involving a re-
duction of iron-ions is relatively low, 3. 16 eV. So It Is the low
energy for the redox reactions in TIG that allows processes which
are highly disadvantageous in TAG. e. g. a considerably higher re-
versible loss of oxygen in TIG (see section 3).

16.6 THE DISSOLUTION ©T Ca© IN YMB

16.6.1 The energjy far substituting V by Ca

In this section we investigate Ca-lons in TAG from the atomic
point of view. In the TAG-lattice Ca can only occupy the T-sites,
because Ca has a large radius (12* larger than Y 3 + ) . The low
solubility resp. the high segregation can be considered in terms
of

1. a sine effect; the Cm-ion is 'too big" for the T-site
and the low solubility ana the grain boundary segregation is
caused by a "misfit strain".

2. a charge effect because a 3+ ion is substituted by a 2* ion.
3. a combination of t. and 2.

In order to decide which of these effects dominates we calculated
the energy for the substitution of T 3 + by an ion with the same
radius as Ca but with a 3+-charge, so that the effect we find
is the "misfit strain". Nd3+ has the same radius as Ca2*.
The energy for replacing T- by Nd-lons was calculated using a con
plete set of CASCADE input parameters, which is given in tab. 16.1.
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The formation of Ndyx needs 3.l eV. Replacing T by Ca forming
a Cay' needs 23 eV. The difference between both defect ener-
gies is mainly caused by the difference in the ionic charge. When
such a charged defect is created a charge compensating defect has
to be taken into consideration. In YIG the solubility of Ca reaches
several hundred ppm because the charge is compensated by a valence
change of iron ions. Such a mechanism is not possible in TAG. The
energetics of a process comprising the formation of oxygen vacan-
cies and a slmultanous reduction of Fe Is considered later.

16.6.2 The s«lutl«n •nthalpy *f CaO In YM

A simple approach to estimate the solubility of CaO in TAG Is to
derive the mixing enthalpy underlying calculated defect ener-
gies. Ve have to consider the energy for a Ca-ion on a T-aite
together with an appropriate charge compensation mechanism by
anion vacancies or by cation interstltlals. Another compensation
mode is a self-compensation in which Ca-substitutlonals are
compensated by Ca-interstitials. Self-compensation is not ad-
vantageous because the formation energy of Ca-interstltlals is
very high. Hence we consider only the vacancy and the Inter-
stitial compensation. The vacancy compensation reads

eq. -16. 9 CaO • Ty* • i/2 O o* < > Cay' • 1/2 V o " • 1/2 T 2O 3

Vlthln the model the displaced T-ions form yttriumoxlde at the
surface; so, besides the point defect energies we need the lattice
energy of CaO and T2O3. The lattice energy of CaO has been
derived earlier by a perfect lattice simulation procedure applying
the same potentials we use in our calculation of the point defect
energies [6]; the calculated and the experimental values are the
same (36 eV). For Y 2O 3 no appropriate calculated values were
available, so we performed a PLUTO-calculatlon giving a lattice
energy of 136.4 eV. The experimental value is 131.6 eV [26]. The
energy for the vacancy compensated process Is calculated by
eq. -16. 10 using the energies given in tab. 16. 6.
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Tab. 16.6 Component energies tor Investigation of the
solution enthalpy of CaO in YAB

Lattice energy of

Ca-substltutlon

Oxygen vacancy

CaO
T8O3

In TAG
in TIG

in TAG
in TIG

36
136.

23
S3.

22.
21.

eV 161
4 eV

eV
1 eV

36 eV
24 eV

eq. -16. 10 ECa(sol) z E(CaO) • E(Cay) • 1/2 E(V0) - 1/2 E(T2O3)

ECa(sol) = solution enthalpy
E(CaO) : lattice energy of CaO
E(Cay) = Cay'-formation energy
E(V0) : v0"'-formation energy
E(T2O3) - lattice energy of TgO3

The solution enthalpies are:

TAG: 36 • 23 + l/£*22. 36 - 1/2*135.4 = 2. « eV s 242 HJ/mol

TIG: 36 + 23. 1 • 1/2»21. 24 - 1/2«13S. 4 = 2. 0 eV = 193 RJ/mol

The treatment of TIG Is simplified; the possibility that the defects
are compensated by a valence change of Fe is not considered In the
this calculation. We simply compare the same mechanism in two
garnets and we find a 20* lower solution enthalpy for Ca In TIG.
The basic difference of TAG and TIG concerning their redox be-
haviour has been discussed In section 16. 6.

Bearing in mind that the calculated solution enthalpy for HgO in
alumina 1* about 3. 2 eV [3} for vacancy-compensation our,simulated
values for CaO in TAG seem somewhat low; but it is possible that
the computed lattice energy for yttria is not accurate. When we
apply experimental lattice energies (36 eV for CaO and 131. S eV
for T 2O 3) the solution enthalpy for CaO In TAG and TIG are 4.4 eV
and 4 eV respectively.
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As we mentioned at the begin of thla section, charge compensation
can alternatively be achieved by an interstitial mechanism follow-
ing eq. -16. 11

eq. -16. 11 CaO • Yy* •—> Cay' • 1/3 Yt
#"" + 1/3 Y 2O 3

For this reaction the calculated energy Is 5. 34 eV using simula-
ted lattice energies, applying the experimental values an ener-
gy of 6. 64 eV is found. An interstitial charge compensation
mechanism consumes 2-3 times more energy than the vacancy com-
pensation. So we can conclude that vacancy compensation domina-
tes in YA6.

16.6.3 Clustering effects

This effect has already been mentioned in chapter 16. 5.
If we simulate a defective ionic solid we have to take into
account that defects with an opposite charge attract each other.
This effect becomes more pronounced when the concentration of the
defects is higher. So positively charged oxygen-vacancies and
negatively charged Ca-ions on Y-sltes can form associates or clus-
ters. The association energy for [Cay'-V0*']' was found to be
1 eV and the energy that comes free when the neutral cluster
[Cay'-Vo*'-Cay'] is formed Is 1.7 eV. James [25] calculated the
association energies for [HjAj'-Vo' -Mg^i'] In alumina and found
1.3 eV; so our values correspond rather well. In principle the
solution energy is reduced by clustering-effects. The ionic oxygen
vacancy conductivity is expected to be reduced due to a clustering
of v0'* and Cay', because the concentration of free V o " is
lowered by the amount which Is bound to Ca-substitutlonals. The
concentration of oxygen vacancies increases with decreasing po2,
so the concentration of the clusters should Increase with decrea-
sing oxygen partial pressure. In the low conductivity material we
investigated we found no concrete experimental indication of clus-
tering. But for good ion-conductor ZrOg such effects are well
known [33].

16.7 THE SOLUTION ©T M«C IN XA6

Applying the appropriate defect formation and lattice energies
It possible to calculate the solution enthalpy for MgO In TAG.
Ve assume again a vacancy compensation to be most probable. The
lattice energy for MgO of 40.74 eV is given by Catlow [6].
Writing an equation comparable to eq. -16. 10 the solution enthalpy
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Is found to be 2.5 eV. This energy as well as the solution en-
thalpy for CaO in TAG are smaller than we expected. But we have
to bear in Bind, that, firstly, the perfect lattice simulation of
the complex garnet structure Is not as good as for more simple
structures; there Is stilt a discrepancy between experimental and
calculated dielectric and elastic constants. Secondly there is a
marked difference between the calculated and experimental lattice
energy for yttria; so we cannot decide finally which is the correct
one. And last but not least, we have used an Y3+-potential, which
is in fact the potential of the lsoelectronlc Sr2+.

16. B SADDLE POINT ENERGIES

16.8.1

Using the CASCADE-code we determined the migration energies for
moving ions. The crucial feature in this procedure is, as already
mentioned, that the complete relaxation of all ions around the
moving species Is taken Into consideration. By moving the ion step
by step along its path the potential surface for the migrating ion
and hence the saddle point energy is obtained.

We consider a migrating oxygen ion. This species Is thought to
jump from a regular lattice-site to an adjacent vacant oxygen
site. This process is an elementary diffusion step. The activa-
tion energy for such a process is the difference In energy
between the initial state and the top of the transition site
(see fig. 16. 2)

D VACANCY

O MIGRATING ION

Fig.10.2. Schematic diagram tor a vacancy migration
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In CASCADE we created oxygen-vacancies at the start and the
final positions and located an Interstitial half way between
both positions. CASCADE calculates the saddle point energy,
which is in most cases not the lowest energy path; we cone back
to this point later.

By applying the polyhedron model of garnets it becomes clear that
several oxygen Jumps in the lattice have to be considered. The
four different elementary Jumps are shown in fig. 16. 3.

Fig. 16.3 Four possible different eiementary Jumps of
oxygen-ions in the garnet structure.

Tab.16.7 Saddle point energies of moving
oxygen ions. Migration paths
see fig. 16.3.

Higratlon
path

1
2
3
4

Saddle point
energy [eV]

2. 09
1. 50
3. 34
1. 84
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Simple ha 1*-way saddle point energies were calculated for the
four diffusion paths shown In fig. 16. 3. The values are given
in tab. 16.7. Jump 2 and 4 are sufficient to find a continuous
path for migrating oxygen Ions. A projection of a part of the
unit cell with the elementary Jumps Is shown In fig. 16. 4. Follo-
wing this model Jump 4 with 1. 84 eV Is the highest barrier for a
moving oxygen ion - the highest calculated saddle point energy
in a continuous oxygen path is comparable to the activation
energy for ionic conductivity reap, the activation energy for
oxygen diffusion. Tab. 16. B gives the activation energies ionic
conduction and diffusion processes In TAG.

Fig. 16.4 Projection of a quarter of the garnet unit cell on
the y.s-plane. Different Jumps are marked.
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Tab.16.8 Activation energies Eafor conductivity and
diffusion processes in YAG compared with calcu-
lated saddle point energies.

E a for Vo"
diffusion [eVJ

E a for ionic
conductivity [eV]

Saddle point
energy [eV)

2. 3 [30. 31, )
1. 9-2. 6 *

3. 36 [29]

results by CASCADE-calculation

1. B -3. 34

16.8.2 TIM spatial dependence of the saddle point trierstes

Recently it was mentioned [29, 30] that the favourable transition
state of a Jumping ion can have large displacements out of the
plane (up to half a unit cell) of the adjacent lattice sites.
In order to get an impression about the saddle point displace-
ment for Jumping oxygen ions we calculated the spatial variation
of the activation energy for a Jump of an oxygen ion from a h-
slte to an empty h-slte cs the same tetrahedron. A coordinate sys-
tem was placed in the tetrahedron, as shown In fig.16. 5, with its
origin half way between the start and the end positions.

Tab.16.9 Coordinates of the
four O-atoms forming
a tetrahedron.

1 0.76415
2 0. 26285
3 0.46715
4 0. 28285

-0. 0501
0. 09665
0. 0501

-0.09665

0. 15335
O. 19965
0. 34665
0. 30015

Fig.16.5 Jumping geometry on
a tetrahedron
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The saddle point of the moving ion was shifted step by step from
the initial position aiong the x-, y- and s-direction as indica-
ted in fig. 16.5. The maximum displacement In x-, y- and 2-dlrec-
tlon was 0.5 A, 0.96 A and 0.78 A respectively. A distinct
energy minimum was found, showing that the most favoured tran-
sition state is shifted 0. 2 A in x-dlrection and about 0. 3 A
in y-directlon, as shown in fig. 16. 6. The activation energy In
the minimum Is 0.5 eV ( = 25X ) lower than at the position between
the oxygen aites.

EA= 1.5 eV
EA= 2.09 eV

Fig. 16.0 The diffusing oxygen ion does not move along a straight
line connecting start and end position of the Jump. The
path of minimal energy is displaced 0.2 A above the plane
of two adjacent sites. The energy barrier for this path is
0.5 eV lower than for straight jump.

This result shows that the minimal energy path for a diffusing
oxygen Ion has a distinct curvature; the energy for the elementary
Jumps is In this case reduced by about 25X. So the energy for
elementary diffusion steps should be lower than values we calcu-
lated by considering simple half-way saddle points.
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«6.a.3 Aluminium JUMPS

The possible Jumps of Al-ions are more difficult to study than
oxygen-Jumps, because the cation-cation distances are much
larger than the anion-anlon distances. The O-O -distance
on a tetrahedron is about 2.7 A, while two Al-ions on a d-site
and an a-slte are separated by about 3. 4 A and two Al on d-
sites are separated by about 3.7 A. When Al-lons move they
have to pass along two or more oxygen ions, so the potential
surface for a migrating Al-lon has more than one maximum.

Ve Investigated the case of an Al-ion moving from a tetrahe-
dral to an octahedral position. The energy of a moving inter-
stitial Al, the migrating species, was checked systematically
at 20 points between start- and end position (in x-, y- and z-
dlrectlon). The lowest energy for a moving interstitial Al-ion
was 3. 5 eV. This means that such a migration has a saddle point
energy not lower than 3. 5 eV per Jump - for the case of a Jump
from a tetrahedral to an octahedral site.
The Al-lons have relatively high saddle point energies. This
result supports the view that oxygen ions are the most mobile
ionic species in YAG.

16.9 CONCLUSION

Oxygen vacancies are the most favoured ionic point defects in
YAG and YIG. The energetics of a continuous oxygen diffusion
path was derived from the saddle point energies for elementary
ion-Jumps. From this we see that the saddle point energy is
somewhat smaller than the activation energy derived from tracer-
diffusion and conductivity experiments. Migrating Al-lons have
a much higher saddle point energy than oxygen ions.

Due to the high hole formation energy their contribution to
the conductivity should be relatively low at lower tempera-
tures and ionic conductivity Is expected to dominate the trans-
port properties. Vlth Increasing temperature an increasing con-
tribution of electronic conductivity is expected; our ex-
periments on YAG: Ca show that this Is the case.

Moreover, relying on the simulations, Schottky defects are
easier to form than Frenkel defects. So vacancies are more
probable in YAG than lnterstltlals.

The dissolution energies of CaO and MgO were derived appying
computer simulation data; CaO has a higher solution enthalpy
than MgO. These energies can le lowered by defect clustering.
Clustering effects are expected to influence the energetics
of redox processes as well.
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AfWNDIX 2

Experimental and calculated crystal properties for A12O3
and T1O2, taken from [1].

a-Al2O3

calc. exp.

T1O2

Property calc. exp.

Lattice energy (eV) 160. 21 160. 4 109. 9 126

Elastic constants

Cli

c 1 2
Cl3
C33

C44
°66

42. 96
15. 48
12. 72
50. 32
-2. 99
16. 16
13. 70

49. 69
16. 36
11. 09
49. 60
-2. 36
14. 74
16. 66

25. 33
17. 80
20. 90
77. 92

-
9.22
22. 12

20. 01
17. 66
14. 80
48. 19

-
12. 39
19. 3

Dielectric constants

9. 36
11. 52

2. 06
2. oa

9.
11

3

34
. 64

. 1
—

94. 76
157. 33

6. 28
7. 99

86. 0
170. 0

tt. 83
8. 43

[l] C. B. A. Cat low, B. James, W. C. Mackrodt, B, F. Steward
Phys. Bev. B, ££. (1982), 1006.



SUMMftST

This thesis describes basic aspects concerning the defect chemis-
try and the mlcrostructure of yttrium aluminium garnet ceramics.
Ve have divided the work Into three parts: a literature study,
an experimental part and a section giving computer simulation
data of defects.

Sintered YAG bodies contain AlgO3-lncluslons with a high thermal
stability. These Inclusions have a marked Influence on the defect
chemlsty of YAG, because they act as a 'source' of Al-vacancies.
The Influence of the inclusions on the high temperature electrical
properties Is Interpreted in terms of classical defect chemistry
The pOg-dependencles of the conductivity - and the Ionic
transport Isotherms led us to defect models for the acceptor- and
donor-doped samples:
TAG doped with 100 ppm CaO (acceptor) is a mixed lonlc-electronlc
p-type conductor with the conductivity a changing proportional to
pOg3'lD. Al-vacancies are the dominant ionic defects. Further-
more we found evidence that at high pOg electron holes are trapped
by oxygen ions forming Oo*-centres; with decreasing oxygen pressure
this concentration decreases. TAG containing 500 ppm CaO is an ionic
conductor over nearly the entire pOg-reglme we investigated,
the Ionic transport number is smaller than 1 only at the highest pO2.
This can be explained by the large hole formation energy as we re-
vealed by computer simulation. The properties of Hg-doped material
are comparable. YAG doped with SO ppm ZrOg (donor) Is a mixed Ionic
n-type electronic conductor with a changing proportional pOg"3/16.
At high pOg Al-vacancies are dominant, with decreasing pOg Zr change
the valency from 4+ to 3+; colour centres are formed. The redox-
energy for Zr was derived from the temperature dependence of a to
be 6-7 eV. At low oxygen pressure electronic conduction is dominant.

Annealing YAG In a Hg/HgO-atmosphere leads to the incor-
poration of protons. This was shown by IR-spectroscopy. From the
energy of the absorption bands the location of the protons in the
complex garnet lattice was derived. The low activation energy of
the high temperature conduction process in a Hg/HgO-ambient
indicates that protons govern the defect chemistry under these
circumstances. Impedance spectroscpy revealed that the grain
boundaries are not affected by the presence of protons.

Measurements of the frequency dispersion of the MgO-, CaO- and
ZrOg-doped material revealed that Ca has a very strong ten-
dency to form an lntergranular second phase, while Mg and Zr
have much weaker tendencies to segregate. The Intergranular
phase In Ca-doped YAG was observed by transmission electron
microscopy; the thickness of the layer in material containing
500 wt. -ppm CaO was determined to be approximately 2 nm. By
analysing complex Impedance plots the thickness of the layer
was determined to be In the same order of magnitude. Such
films have a lower conductivity than the bulk; they act as a
blocking layer.

Annealing a Ca-doped sample for 240 h at 1670 K led to a radical
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change in the oxygen pressure dependence of the total conductivity.
The value of the total conductivity decreases due to this treatment.
Analyzing the complex Impedance behaviour (Z'-Z''-plots) made clear
that, firstly, the thickness of the grain boundary layer Increases by
a factor of 10 while annealing 240 h at 1670 K due to dopant and
impurity segregation and, secondly, that the grain boundary conduc-
tivity becomes pO2-dependent. This causes the radical change in
the oxygen pressure dependence of the total conductivity. Quenching
a Ca-doped sample from high temperature down to room temperature
leads to a drastic decrease of the total conductivity. So it is
clear that electrical and mlcrostructural properties of the material
depend on the thermal history of the sample.

Non-linear least squares fit procedures showed that experimental
Z'-Z''-plots can be characterised accurately by simple combinations
of SC-clrcults. So the model of grains separated by blocking layers
of second phases ("grain boundary capacitors") describes reality
quite well.

A typical mlcrostructural feature of undoped TAG is the exagge-
rated grain growth (dmean-3-3 Pm,dnax:10. 6 pa). Even 50 ppm CaO cause
drastic reduction In maximum- and mean grain slse (dBean=0. 8 urn,
dmax=l. 9 pm). This is explained by the strong segregation tendency
of Ca. HgO does also reduce the grain boundary mobility (d u a n=l. 6 us
dmax=4. 1 pm for a sample containing 50 ppm HgO). The effect of
HgO is not as drastic as for CaO. Donor dopants such as Zr or Hf
promote grain growth, but inhibit exaggerated grain growth; the
microstructure of such samples is very regular with a relatively
large mean grain size (e.g. d B e a n:4. 3 pm and dBax:10. 2 pm for
YAG: 150 ZrOg). The grain slse distribution was found to be bimodal
In all cases we investigated.

A series of computer simulations applying the CASCADE-code showed
that Schottky defects are more favoured in TAG than FrenKel de-
fects. Oxygen vacancies are the most favoured point defects in
pure YAG. By calculating saddle point energies of several possible
oxygen Jumps In the garnet lattice we found a continuous diffusion
path with an activation energy of 1. 5 eV, which is somewhat lower
than experimental activation energies for self diffusion (3 4 eV,
from literature) and Ionic conductivity (l. 9-2. 4 eV). The saddle
point energy for Al-Jumps was calculated to be 3=5 eV which is re-
latively high. A possible effect in doped YAG is a dafect associ-
ation (clustering); the clustering of oxygen vacancies and Ca-sub-
stltutlonals can in- or decrease the energy for defect reactions
(depending on the type of reaction), If the defect concentration
reaches some hundred ppm. From point defect formation energies the
solution energy for CaO in YAG was estimated to be 242 kJ/mol. This
can explain the low solubility and the high segregation rate of CaO
in YAG.
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S**eNVATT ING

Dit proefschrift beschrijft een onderzoek naar de defect chemie en
de microstructuur van yttrium aluminium granaat keramiek. Het
werk bevat drie delen: een literatuur studie, het experimenteel
gedeelte en een computer simulatie van defecten In het YAG-rooster.

Gesinterd TAG bevat A1 2O 3 lnslultsels met een hoge thermische
stabiliteit. Deze zijn van grote Invloed op de defect chemie van
het YAG, omdat ie een soort "bron voor Al-vacatures" lijn. De
Invloed van de lnslultsels op de elektrische geleiding bij hoge
temperatuur is verklaard op basis van de klassieke defect chemie.
Ve hebben uitgaande van de pO2 afhankelijkheid van de geleiding
en het lonen transport getal defect modellen ontwikkeld voor accepte
en donor gedoteerd materiaal:

YAG gedoteerd met 100 ppm CaO (acceptor) vertoont gemengde Ionische
p-type elektronische geleiding; de geleidbaarheid varlért evenredii
met pO23/i6. Belangrijke lonogene defecten In het kristal xljn
Al-vacatures. YAG gedoteerd met een concentratie van 600 ppm CaO
vertoont lonogene geleiding In bijna het hele pO2-gebied van
10s tot 10~ 1 0 Pa; ti Is alleen bij de hoogste zuurstof drukken
wat minder dan 1. Dit hoge lonen geleldlngsvermogen kan worden
verklaard door de hoge energie die nodig is om elektronen gaten
te vormen (onderzocht m. b. v. computer simulatie). De eigen-
schappen van YAG gedoteerd met MgO zijn In wezen vergelijkbaar met
YAG: CaO.

YAG met 50 ppm ZrO2 (donor) vertoont gemengde Ionische n-type
elektronische geleiding; de n-type geleiding varieert evenredig
met pOg"3/16. Het afnemende pOg neemt de concentratie
van Zr*+ af, terwijl de concentratie van Zr3* toeneemt
(reductie); kleur centra worden gevormd. De energie voor de
reductie van Zr*+ naar Zr 3 + ligt bij 6-7 eV per ion.

"Annealing" van YAG: Ca bij oge temperatuur in een water/water-
stof atmosfeer leidt tot de opname van protonen. Dit werd aango-
toont m. b. v. IR-spectrometrie. De activerings energie voor het
geleldlngs proces is, vergeleken met de activerings energie In
een zuurstof atmosfeer, heel laag, omdat de protonen een
dominerend invloed hebben op het geleidings mechanisme.

CaO in YAG heeft een sterke neiging tot segregatie naar de
korrel grenzen (tweede fase vorming). Deze tweede fase werd be-
keken m. b. v. transmissie electronen microscopic De dikte van
zo'n laag in YA6 gedoteerd met 500 ppm CaO is 2 nm. De
bepaling van de laagdikte m. b. v. complexe Impedantie metingen
leidt tot vergelijkbare resultaten. De korrelgrens fasen in
YAG: CaO hebben een lagere geleiding dan de bulk (grain
interior).

Het verhitten van "as-sintered" YAG: Ca.O gedurende 640 u bij
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1670 K in lucht leidt tot een drastische verandering van de
zuurstof druk afhankelijkheid van o~, verder neemt de totale
geleiding af. Volgens de Z'-Z''-plots wordt de segregatie
laag tussen de korrels dikker: de laag heeft een dikt« van 1-2
nm voor en 11 ran na de "annealing" procedure. Dit is het gevolg
van een segregatie van de sinter-toevoeging. De analyse van Z'-Z"
plots opgenomen bij verschillende partiële suurstof drukken (tus-
sen 1O6 en 10~ 1 0 Pa) toont verder aan, dat de korrelgrens
geleiding na het "annealing" een functie van pO2 is (een ge-
volg van de toenemende dikte van de segregatie laag). Dit leidt
tot het waargenomen verschil tussen "as-sintered" en "annealed"
materiaal.

Om te sien of het voorgestelde KC-model geschikt is om de Z'-Z''
plots te verklaren zijn NLLS-flt procedures uitgevoerd aan gemeten
impedantie plots; het gekozen model simuleert de realiteit vrij goed.

De relatie tussen sinter toevoegingen en de mlcrostruktuur werd
bekeken m. b. v. een seml-automatische korrelgroote analyse.
Overmatige korrelgroel (exaggerated grain growth) is typisch
voor nlet-gedoteerd YA6 (dmean=3. 3 urn, dBax=10. 6 um). Een
toevoeging van slechts 50 ppm CaO leidt tot een drastische ver-
laging van de korrelgrens mobiliteit (dmean:0. 8 pm, dmax=l. 9 pm)
Dit wordt verklaard door de sterke segregatie van Ca naar de
korrelgrenzen; de invloed van MgO is minder (dBean=l. 6 urn,
dmax:*- * I"* voor TAG met 50 ppm MgO). Donor sinter-toevoegingen,
zoals ZrOg en HfOg, onderdrukken overmatige korrelgroel,
maar de korrelgrens mobiliteit in het algemeen blijft redelijk
hoog (b. v. d n e a n:4. 3 pm en dBax=10. 2 pm voor TAG met 150
ppm ZrOg). In al de gevallen waar wij de korrelgrootte hebben
geanalyzeerd was de korrelgrootte verdeling bimodaal.

De resultaten van computer simulaties met het programma CASCADE
laten zien dat Schottky fouten (rooster vacatures) preferent
zijn tegenover Frenkel defecten (Interstltleele lonen en vacatures).
Zuurstof vacatures hebben de laagste vorming enthalple in zuiver
YAG. De diffusie van zuurstof werd kwantitatief bekeken door het
berekenen van zogenaamde "saddle point energies". Deze energlên
(rond 1. 6-2 eV) zijn iets lager dan de activering« energie voor
de zelf-dlffusle (3.« eV) uit de literatuur en het elektrisch
geleldlngsproces (1.9-2.4 «V). De sprong van een Al-ion van
één positie naar een andere heeft een relatief hoge "saddle
point energy" van 3. 5 eV. Verder hebben wij de energie voor
cluster vorming (defect associatie) berekend. Vanaf een bepaalde
defect concentratie kunnen dergelijke processen de defect vorming
energie verhogen of verlagen (afhankelijk van de specifieke
reaktle).

Vlj hebben met de CASCADE simulatie een energie van 242 kJ/mol
berekend voor het oplossen van CaO in YAG. Deze energie is relatief
hoog en kan de lage oplosbaarheid en sterke segregatie verklaren.
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