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Abstract-Ferroelectric perovskites, such as Pb(Ti,Zr)O, and BaTiO,, are subject to ageing effects, caused 
by a gradual stabilization of the ferroelectric domain structure. We studied the development of this 
stabilization in Mn-doped BaTiO, monocrystals having a special kind of domain structure. We concluded 
from measurements of the growth of the internal bias field E, and the change of the sideways 180” 
domain-wall mobility with time, that the fairly strong stabilization in this material originates from volume 
effects, which implies a gradual reorientation of polar defects with respect to the direction of the 
spontaneous polarization, both 180” domain-wall pinning and surface-layer effects being completely 
absent. A proposal is made about the nature of these defects. 
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1. INTRODUCTION 

Ageing effects are shown by many materials. They 
manifest themselves as a spontaneous gradual change 
of many of their properties with time. In the ageing 
materials the free enthalpy gradually diminishes 
caused by various types of processes, for example ion 
or atom diffusion. The ageing must be regarded as a 
secondary phenomenon, as it only influences the 
course of the primary processes which define the 
macroscopic behaviour of the material. The ageing 
phenomenon itself has never been applied, but it 
often determines the applicability of the primary 
properties. 

In this paper we shall concentrate on the origin of 
the well-known ageing phenomena in ferroelectrics: 

(a) a gradual lowering of the dielectric and piezo- 
electric parameters and of the loss factors [l, 21; 

(b) a gradual constriction or displacement of the 
D-E hysteresis loop along the E-axis [3-51. 

De-ageing or rejuvenation can be brought about by 
applying a large a.c. voltage to the material 
(hysteresis-relaxation) [S] or by heating it to above its 
Curie temperature [6]. 

Both types of ageing phenomena stem from the 
same roots, viz. a gradual stabilization of the existing 
ferroelectric domain structure [2, 51. Various sta- 
bilization theories have been proposed in the litera- 
ture [7-l I], but nowadays the relative weight (if any) 
of the corresponding effects is in most materials still 
unknown. This lack of knowledge applies especially 
to the ferroelectric perovskites, such as BaTiO, and 
Pb(Ti,Zr)O,, which in ceramic form are widely ap- 
plied in the electronic component industry [12]. 

This paper reports the first part of a more extensive 
study of the origin of ageing in these perovskites. In 

Section 2 the stabilization models mentioned in the 
literature are introduced and discussed, resulting in a 
conception on how to deal with the model study. The 
preparation of the Mn-doped BaTiO, crystals is 
reported in Section 3, together with chemical and 
physical characteristics of the produced crystals. In 
Section 4 techniques for conditioning the crystals and 
measuring their ageing behaviour are described. The 
experimental results of our study are reported and 
analyzed in Section 5. In Section 6, final conclusions 
are presented and discussed. 

2. STABILIZATION THEORIES 

The stabilization of the domain structure appears to 
be strongly dependent on the defect structure. It is 
well known [13], for example, that, the stabilization 
is absent or weak in very pure materials and in 
materials in which positive ions are partly substituted 
by ions of higher valency. However, substitution 
by ions of lower valency appears to increase the 
stabilization enormously. Therefore it is not by 
accident that all theories have in common that the 
existing domain structure will be stabilized by 
changes in the defect distribution. However, they 
differ greatly in defining the defect driving forces. 

(a) The grain-boundary theory [7,8] 
In polycrystalline ferroelectrics just after the devel- 

opment of the domain structure, electric fields will 
originate from the polarization discontinuities at the 
grain boundaries. The corresponding electric depo- 
larization energy should gradually diminish by 
diffusion of charged point defects to these boundaries. 

(b) Surface-layer model 
We shall take into account another boundary 
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model, which we have called the surface-layer model. 
It is well known that in BaTiO, crystals, even after 
etching off a surface-layer of different chemical 
composition, many properties appear to be thickness 
dependent [14,15]. Callaby [16] explained these 
effects assuming a “physical” surface-layer about 
10pm thick. This layer differs from the bulk of the 
crystal only by the value of an activation field 6, a 
parameter defining the field-induced sideways mobil- 
ity of 180” domain walls. The origin of this difference 
is as yet unknown. In the surface-layer model we 
assume that this 6-value of the surface-layer changes 
during stabilization. 

(c) Domain-wall theory [S, IO] 

Electric fields of piezoelectric origin or elastic fields 
arising from the domain walls drive effectively 
charged or neutral defects to or from the domain 
walls, so fixing their position. 

(d) Volume theory [4,5, 1 I] 

Polar lattice defects are reoriented with respect to 
the direction of the spontaneous polarization. The 
forces driving the defects may originate from their 
interaction with either the spontaneous polarization 
(Lorentz field) or the spontaneous strain. A similar 
defect repositioning is known to occur in strained 
a-iron [17] and in Co-containing ferrites fl8]. 

All these theories can explain, at least qual- 
itatively, the ageing phenomena [S]. Besides this, 
experimental evidence exists for all these models. The 
increase, for example, of the 180” domain-wall mo- 
bility during the field-induced rejuvenation of a 
BaTiO, crystal 1191 points to a volume model. The 
etching behaviour of BaTiO, crystals immediately 
after the poling process suggests a domain-wall effect 
[20]. The concentration dependency of the internal 
field in Al-doped PZT ceramics can be explained by 
a grain-boundary effect only [5]. 

In our opinion the following arguments of a 
quantitative nature will lead to the rejection of the 
grain-boundary model as being the only source of 
stabilization: 

(a) In this model, in its purest form [7], the 
internal bias field E,, indicating the strength of the 
domain-structure stabilization, is a real field, finally 
compensating the depolarization field, and not just a 
formal one. In fresh material the depolarization field 
has to be lower than the coercive field EC otherwise 

the domain structure will be reconstructed. Thus E, 
cannot exceed EC either. However, for some ceramics 
E, values obtained are at least twice the E, value 151. 

(b) One can modify the grain-boundary theory by 
imagining the domain structure being strongly fixed 
by defects preferentially present in the domain 
boundaries. Being fixed on the grain boundaries 
only, the domain structure in the inner of the grain 
should be fairly free to respond to applied fields [5]. 
This modification predicts a grain-size dependency of 
E,, which, however, has never been reported in the 
literature. 

(c) The rough equality between the hysteresis- 
relaxation times and the ~&-times in Mn-doped PZT 
ceramics [5] seems to support the grain-boundary 
model. However, a relation of this nature was 
not observed in the PZT ceramics produced by 
Takahashi f8]. 

We also have a serious objection to the domain- 
wall theory. In a material stabilized by domain-wall 
pinning an electric field can rearrange the domain 
structure by nucleation and the subsequent growth of 
new domains with a favoured P;direction, thus 
avoiding loosening of the pinned walls, already 
present. It is known from single crystal studies [21] 
that the nucleation fields and the fields forcing the 
walls to move are in the same range. 

Volume theory, however, is able to withstand such 
criticism. Therefore we have formed the opinion that 
volume effects are most likely to exist, perhaps in 
some cases accompanied by other effects. 

Surveying the literature about ageing we come to 
the conclusion that the ageing processes are strongly 
material dependent. Crystal matrix [6], micro- 
structure [5], domain structure [4] and defect struc- 
ture [2,5,13] all determine the nature and strength 
of the driving forces andjor the extent to which the 
system can comply with these forces. This statement 
contains the key to our model study, which is the 
examination of the ageing behaviour of systems so 
arranged that only one or a restricted number of the 
possible driving forces can be present. For poly- 
crystalline materials this conception is not prac- 
ticable, but for monoc~stals it is. In the latter we can 
create some special domain structures (see Fig. I), in 
this way excluding some sources of ageing. 

In a fresh single-domain crystal of high quality, 
domain walls, mechanical stresses and boundaries 
with uncompensated polarization charges are miss- 

Fig. 1. Domain structures in a BaTiO, crystal: a single-domain structure (a), a c-domain structure (b) 
and an ac-sandwich domain structure. 
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ing. If ageing does exist in such crystals, it could be 
ascribed to volume or surface-layer effects. By step- 
wise enlargement of the complexity of the domain 
structure, other sources can be introduced step by 
step. In a c-domain structure 180” domain-wafl 
pinning is added, in an CIC- sandwich domain struc- 
ture 90” wall pinning as well. In crystals with more 
complicated domain structures stresses will also be 
present, causing elastic and electric fields. 

In our investigations we have used Mn-doped 
BaTiO, crystals for the following reasons: 

BaTiO, crystals can be easily produced [22-241; 
macroscopic as well as microscopic dielectric be- 
haviour of BaTiQ crystals is well described in the 
literature 1211; 

Mn doping results in a strong stabilization (S, 131; 
there is large variability in the defect structure of 
these crystals [25]. 

3. PREPARATION OF SPECIMENS AND SOME 
OF THEIR ~HA~~~R~TI~S 

In order to obtain BaTiO, crystals of high quality 
we used the flux method given by Feltz and Langbein 
[23]. Because the absence of oxygen is a necessary 
condition in this technique, all the preliminary hand- 
ling and the growing process itself have taken place 
in a nitrogen atmosphere (1Oppm 0,). A platinum 
crucible containing BaTiO, (18 mol %), Ba,TiO, 
(2 mol %), a small trace of MnO and BaCl,, the flux 
(go mol %) is heated at 1300°C for 20 h. The crucibk 

is then slowly (lO’C/h) cooled down to 1100°C at 
which state the excess liquid is poured off. The 
crystals thus formed are of the butterfly type just as 
those produced by the Remeika method [22]. The 
thickness of the wings (constant in large regions) is in 

the range of 50-500 pm, lateral dimensions are in the 
range of 0.5-l cm. The absence of a second phase, the 
monocrystal state and the (100) character of the 
upper surfaces of the wings were confhmed by means 
of observations by polarization micrOSCOpy. 

Chemical composition 
(a) Mn-dope. EMP-analysis revealed an in- 

homogeneous distribution of the incorporated Mn 
ions, reflecting the growth behaviour of the crystals 
[26]. However, aftef sawing, etching and tempering, 
crystals showing an almost homogeneous distribu- 
tion have been obtained. The Mn-concentrations and 
the BaiTi ratio as measured by X-ray fluorescence 
indicate that the Mn ions are localised on Ti sites. 
Mn concentrations were in the range of 0.1-1.1 
at. %. 

The crystals were annealed for severat days under 
well defined conditions (see Table I), not only to 
homogenize and relax the stresses induced by sawing, 
but also to establish defect structures of different 
types. The sites and valencies of the Mn ions in the 

* To be published elsewhere. 

three crystal types were obtained by EPR mea- 
surements,* Some uncertainty remains, because the 
Mn’+ ion does not manifest itself in the spectra. We 
have also calculated the percentage of Mn ions 
present in the 2i, 3+ and 4+ states from the 
~f~t~quil~brium data given by Hagemann [25]. 
They agree roughly with our experimental data (see 
Table 2). 

(b) Impurities. Impurities in our crystals originate 
from the starting chemicals and the materials em- 
ployed in the growing process, The presence of Sr*+ 
and CaZS ions (co.1 %) is not alarming, because 
these ions, incorporated on Ba2+ sites are not 
significant for the ageing. Fe and Cl ~n~ntra~ons 
appeared to be under the limits of detection (X-ray 
fluorescence) being 0.01 and 0.1 at, %, respectively. 
Neutron activation analysis showed a Pt concen- 
tration of about 0.001 at. %. 

(c) Physical characreristics. Non-stabilized crystals 
provided with liquid electrodes show an almost 
rectangular hysteresis loop, the spontaneous polar- 
ization P, being 25 + 2 &/cm*; the resistivities of all 
types of crystals were larger than 1O”Qm. 

The linear decrease of the Curie temperature T, 
(determined by microscopial observation) with in- 
creasing dope concentration (see Fig. 2) indicates the 
homogeneity of the Mn incorporation. The high T, 
value of the undoped crystals (128°C) illustrates their 
good quality. 

(a) Measuring me#w!s 
Mainly traditional measuring methods were em- 

ployed. The internal bias field E,, indicating the 
strength of the stabilization, was obtained from 
dP/dr-E hysteresis loops [5] (see Fig. 3), registered 
by means of a Sawyer-Tower circuit [273. Field- 
induced movements of 180” domain walls were 
observed by means of a pol~ization microscope 1281, 
their velocities being obtained by film camera regis- 
trations. 

(b) Required domain structures 

In order to produce non-stabilized single- or 

c-domain structures we proceeded in the following 
way: 

After dc. poling in water the crystals were partly 
electroded by applying droplets of a saturated soiu- 
tion of LiCl in water to their upper and lower faces. 
The use of such liquid electrodes enables mechanical 
stresses in the crystal, originating from clamping by 

Table t. The BajTi ratio and the Mn concentration 
chiS in some Mn-doped BaTiQ, crystals 
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Table 2. Annealing conditions, Mn valency and compensation mechanism of the three types of Mn-doped 
BaTiO, crystals 

. 
eenp. gas etmosphere rxperzmenta1’ calculated ** compensatxm mechanism 

_ 

[‘Cl type Po2Catml ,,“a+ i.m3+ td+ !4”4+ MII3+ un2+ 

._ 

708 a1r 0.2 + ? 94 % 6% - tMn3+&4+ = 2 CVo2+l 

85% N2 
1g-cJ - + _ 40 % 60% - EMn3+JT14+ = 2 IV, 2+1 

850 N2/R2 10-= ? * 100 % Cnn*+lTa4+ = CVo2+3 

_-. 

+ Deduced from EPR measurements; +: present, -: absent, ?: presence uncertain. 
** Calculated from the defect-equilibria data given by Hagemann [25]. 

Fig. 2. The ~r~I~t~c_fe~~l~~c (p+f) phase- 
transition temperature Te, as a function of the Mn concen- 
tration c,, in crystals annealed in air (O), in nitrogen (0) 
and in a nitrogen/hydrogen mixture (A: p +.f; A: f-+p). 

the electrodes, and fatigue effects [21] to be avoided. 
These partly electroded crystals were installed in a 
Sawyer-Tower circuit in order to observe the hyster- 
esis loop. By means of hysteresis-relaxation the D-E 
loop finally attains a symmetrical shape, indicating 
the complete destabilization of the electroded 
volume. At a moment that P = P, the applied voltage 
is switched off, P, being parallel to the P,-direction 
created by the previous water poling. Hence the 
destabilized volume consists of one domain, 180 
domain walls being absent at the boundaries. On the 
other hand, by switching off at P = 0, a destabilized 
c-domain structure is obtained. The correctness of 
the procedure is proved by microscopic observation 
of the static and dynamic properties of the domain 
structure. 

An a.c. domain structure can be obtained by 
slowly cooling down the crystal from the paraelectric 
to the ferroelectric phase, maintaining a small one- 
dimensional temperature gradient [29]. Rapid cool- 

E, 0 a 0 b 

Fig. 3. Hysteresis loops of a crystal aged in a single-domain state (n) or a c-domain state (b). 
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Fig. 4. P-E triple hysteresis loop. 

ing resuIts in a more complicated domain structure. 
Because stabilization starts as soon as the ferro- 
electric phase is reached, the last two methods do not 
produce crystals destabilized at chosen temperatures. 

5. RESULTS AND ANALYSKS 

For experimental reasons we have restricted our 
work to single- and c-domain structure crystals. 

(I) just as in poled po~y~~s~liine materials 1st in 
the single-domain crystals a gradual displacement of 
the D-E hysteresis loop along the E-axis could be 
observed during the ageing. Analysis of the ageing 
processes shows that the internal bias field E, appears 
to develop like the sum of a small number of relax- 
ation processes: 

The values of the various parameters appear to be 
strongly dependent on the Mn concentration, the 
tempering conditions and the temperature during 
ageing. Some data are given in Table 3.* 

At a first glance it would seem correct to immedi- 
ately conclude that this ageing originates from vol- 
ume or surface-layer effects. However, a complication 
did arise. Observations by polarization microscopy 
revealed that in our single-domain crystals the polar- 
ization reversal always started from the same points, 
which were just those points where the domains with 
polarization antiparallel to the applied field were 
contracted during the preceding poling process. This 
suggests that non-reversed domains of sub- 
microscopic size might be left over after the poling 
process. Therefore a pinning of the remaining 180” 
domain walls as the origin of the observed sta- 
bilization cannot be excluded. 

To solve this ambiguity we performed the follow- 
ing experiments: 

At a given time, t = 0, a square wave a.~. voltage 
was applied to a completely destabilized c-domain 
crystal. The wave period T was chosen to be small as 
compared with the relaxation times of the sta- 
bilization processes. The amphtude was so chosen 

* Full details will be published elsewhere. 

that it would only permit a partial polarization 
reversal. Microscopic observations established that 
the reversal was only brought about by sideways 
movement of the existing domain walls. Assuming 
stabilization by volume or surface-layer e&&s, the 
electroded part of the crystal can now be divided into 
three regions: 

regions stabilizing in the + P, or -P, state; 
regions where all stabilization is impeded by the 

continuous polarization reversals. For a field-induced 
polarization reversal of the stabilized regions, non- 
pinned 180” domain walls are available. 

At a given time, tl, we replace the square voitage 
by a triangular a.c. voltage large enough to show the 
full hysteresis loop, or by a d.c. voltage resulting in 
a slow penetration of the domain walls into the 
stabilized regions. In the former case, a triple loop 
was observed (see Fig. 4), showing an E,(t,) value 
equal to that of the crystal stabilizing in a single- 
domain state. fn the latter case the domain walls 
appeared to move with a ~si~on-~nd~ndent veloc- 
ity. this velocity being dependent on the s~b~tion 
time tt and, as expected, on the strength of the 
applied field (see Fig. 5a). These observations un- 
ambiguously lead to the conclusion that the observed 
stabilization is caused by volume effects or surface- 
layer effects. 

(2) 1n order to discriminate between volume and 
surface-layer e&cts we proceeded in two different 
ways: 

(a) Both effects can be easily incorporated into 
the microscopic model for field-induced sideways 
180” domain-wall movement given by Miller and 
Weinreich [30] (see Appendix). In the case of 
volume effects the well-known relation for the wall 
velocity 0, [21] 

D =pt m e-BE= 

has to be transformed into 

(1) 

0 = o m ,-a/& -.%(01 I (2) 

and in the case of a surface-layer effect into 

rJ = #_$, e- la(0B4 f , Q) 

where 35, is the applied field. The parameter S is 
usually called the activation field. 

The surface-layer model predicts a linear In 
u - (l/E,) relation (with t, as a parameter). This 
linearity is affirmed by the experimental data (see Fig. 
6). However, contrary to this relation it is not the 
S-parameter that appears to be time-dependent but 
the @,-parameter (sa Table 4). Because of this 
inconsistency we reject the proposed surface-layer 
model. Tn the evaluation of the correctness of eqn (a), 
i.e. the relation based on the volume theory, advan- 
tage can be taken of one of the experimental data 
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t (see) 

Fig. S(a). The sideways 180” domain-wall movement, given as the distance covered vs time, in a crystal 
annealed in air, containing 0.3 at. % Mn after various stabilization times t,. Applied field E, = 193.3 V/cm; 

temperature 25°C. 

presented in Table 3, viz. that in crystals annealed in 
air Ei is built up as the sum of two relaxation 
processes: 

Eif) = I$,$,(1 - e-““) + E,,,(l - e-‘p2). (4) 

By means of a parameter-evahration method we have 
determined the parameter set that results in the most 
linear 

In u - l/[E, - E,{r)] plot (see Fig. 7) 

z, = 4fls Eio,,=33f3V/cnl 
(5) 

0 30 60 so I20 IS0 180 
z2=25+ls E,,z=65f2V/cm. 

*, bc) 

Fig. 5(b). The sideways 180” domain-wall velocity u as a 
The v(E,,t,) curves, calculated by substituting these 

function of the stabilization time t,. 0, 0, A: experimental 
parameter values into eqn (2) are presented in Fig. 

points with E, = 193.3 V/cm, 200.0 V/cm and 206.7 V/cm, 
S(b). They fit the experimental points fairly well. 

respectively. Drawn lines represent calculated values (see The correctness of this latter analysis is strongly 
text). supported by the data deduced from studies of the 

I I I I I I 

4.0 4.6 S.0 S.6 6.0 8.6 

ln Y tfim/uc) 

Fig. 6. The sideways 180” domain-wall movement. l/E,-lnu plots at various stabilization times r,. 
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Table 3. Some ageing parameters of BaTi,9Mn,0,0, 
crystals aged at 45°C 

Table 4. u, and S vatues at variaus 
stabilization times t,, as calculated 

from eqn 13) 

hysteresis-relaxation process in the same crystaI.+ 
These also reveal two processes, a sbwer one showing 
E,=@f3V/cm and r =3Qf3s and a Faster one 
showing E,, = 35 it_: 5V/cm. So we conclude that 
there is only a volume effect and we reject the 
surface-layer theory. 

(b) A completely stabilized Mn-doped single- 
domain crystal of the nitrogen-tempered type was 
etched to half its thickness, the etching time being 

*To be pub&&ad elsewhere. 

much shorter than the relaxation times of the sta- 
bilization processes. Thus if any surface layer effect 
might exist, this layer and the corresponding sta- 
bilization must aIs be removed by etching. However, 
the hysteresis ioops before and after etching reveai 
almost equal E, vaiues. This experiment also points 
out the non-existence of a surface-layer effect in these 
crystals. 

(3) The Ei development in a crystal appears to 
show the same time-dependency either in single- 
domain or in c-domain states, This indicates the 
absence of 180” domain-wall pinning effects. 

From the above data we have concluded that the 
fairly strong domain structure stabilization in Mn- 
doped single-domain and c-domain BaTiO, crystals 
is due to volume effects, both 380” domain-wall 
pinning and surface-layer effects being completely 
absent. 

The relative strength of the stabilization of crystals 
of different defect structures agrees very weIf with the 
empirical statement that only ions having a valency 
lower than that of the ions they substitute will be 
effective for the stabilization. In the crystals tempered 
at pOz = 10w5 atm or lo-** atm all Mn ions substi- 
tuting the Ti4+ ions have in fact a lower valency. In 
the crystals tempered in air, however, the majority of 
the Mn ions are tetravalent and thus without 
significance for the stab~Iizati5n. Hence the empirical 
statement predicts a weaker stabilization in the latter 
crystals as is observed experimentally. Usually the 
Mn-doped PZT materials are produced under condi- 
tions resulting in a mixture of Mn3+ and Mn4+ ions. 
We expect that tempering at lower oxygen pressures 
will result in an increase of the stabilization in these 
materials too. 

We expect the volume effects to be due to a 
reorientation of Mn2’-Vi* and Mn3*-Vi+ associates 

h 0 

Fig. 7. The sideways 180” domain-wall movement. Drawn line represents the in Y(&, t,)-1/[E, - E,(r,(t,)] 
relation as calculated by substituting eqn (5) into eqn (4). 0, 0, A: experimental In v (E,, I,) values for 

E, = 193.3 V/cm, 200.0 V/cm and 206.7 V/cm, respectively. 
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in respect of the existing direction of the spontaneous 
polarization. This expectation is based on the follow- 
ing arguments: 

(a) The compensation mechanisms indicate that 
the Vi+ concentration is in the same range as the 
Mdi or MnZ+ concent~tions. Favoured by the 
Coulomb interaction, the effectively negatively 
charged [Mn2+]r,4+ or [Mn3+]r,,+ point defects will 
associate partly with the effectively positively charged 
point defect V, 2+. Associates of a similar type have 
been proved to be present in Fe)+-doped SrTiO, [31]. 

(b) These defect associates, showing a dipole char- 
acter, can be oriented in three different ways, the 
dipole being parallel, ~tiparallel or perpendicular to 
the spontaneous polarization. These different orien- 
tations will show different energies, probably due to 
the interaction of the defect dipole and the spontane- 
ous polarization of the crystal matrix. 

(c) The defect dipole can be easily reoriented by a 
jump of an oxygen ion next to the Mn ion into the 
oxygen vacancy. 

(d) We rule out bare oxygen vacancies as 
stabilization-active defects: if they were the sta- 
bilizers, the crystals containing MnZ+ and Mn3+ 
might show the same time dependency of ~5’~ during 
ageing, but this is contradicted by the experiments. 

We are of the opinion that defect dipoles of this 
type will play an important role in the photorefractive 
effects as well. 
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APPENDIX 

Incorporation of volume and surface-layer effects in the 
Miller- Weinreich model 

According to the theory of Miller and Weinreich PO] the 
velocity of the field-induced sideways movement of 180” 
domain walls is completely governed by nucleation, i.e. 
nucleation of small domains with F, parallel to the fieid, 
next to a perfectly smooth domain wall. Hence it is an 
analogy of the crystal growth on perfect sharp singular 
interfaces [32]. Just as in all nucleation phenomena the 
nucle.ation _ probability will be proportional to 
exn(- AF/kT). in which AF is the increase of free enthalev 
connected ‘w&the building up of the critical nucleus. In this 
ease the wall velocity can be expressed as 

v = u,exp(- 6/E,), (A.2) 

6 being a complicated function of a number of material 
constants and the temperature. 

In our opinion, the best way to introduce the volume 
effect stabi~tion in this scheme is by adding a s~bili~tion 
term 2 E,(t) P, V, so that the AF value of a stabilized crystal 
can be obtained from the original one by simply replacing 
E, by [E, - E,(t)]. This leads to 

v = v,exp{ - a/[.&-- E,(t)]j. (A.3) 

As to the surface-layer model we start from the v relation 
obtained by Callaby 1161: 
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where I and d are the thickness of the bnlk and the surface change in this parameter. Thus relation (A.4) will transform 
layer, respectively and 6, and 6, their activation fields. into 
Because surface layer and bulk only differ in the activation 
field, a stabilization will most likely manifest itself as a u = tjxexp[- S(f)/EJ. (A.3 


