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A non-Arrhenius segregation isotherm
is derived which includes the change in
the heat of segregation with surface
coverage due to impurity-impurity
interactions. It is shown that a linear
dependence of log ( x , ) on the reciprocal temperature, where x, is the surface atomic ratio, can derive either
from a constant heat of segregation,
i.e., Arrhenius behavior, or from a heat
of segregation that varies as x i ' . This
isotherm is then used to calculate the
equilibrium surface coverages of Ca at
the (001) surface of MgO, Mg at the
{OOOI} surface of a-Al,Os, Y at the
(1072)and (1720) surfaces of a-A1203,
and Na at the (1 1I} and (1 10) surfaces
of LizO from the calculated heats of
segregation. Where possible, comparisons are made with experiment. The
more useful operational definition of
the heat of segregation, namely, that
derived frorn the measured coverage
or that defined atomistically and obtained by calculation, is discussed.
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terest in the segregation of cation
impurities at the surfaces of ceramic
The data that are obtained
are surface concentrations of impurities, which are assumed to be equilibrated with the bulk, as a function of
temperature. Heats or enthalpies of
segregation are extracted from conventional plots of the logarithm of the
surface concentration against the
reciprocal temperature. These are
o f t e n linear a n d i t i s c o m m o n l y
assumed that this is indicative of
Arrhenius or Langmuir behavior,
wherein the surface atomic ratio, x,,
is related to the bulk ratio, x b , by an
expression of the form
X,EXb

exp(-Ah/k,T)

h h A i the coverage independent heat of segregation and
the temperature.
On this basis, McCune and Ku2
have obtained enthalpies between -44
and -80 kJ/mol for the seareaation of
calcium to the (00;) surfac; oiMgO in
the temperature range -1320 t o

for a bulk concentration of 40 ppm,
while Mukhopadhyay et a/ observed
magnesium segregation to the
{lOTO}surface of magnesium-implanted
sapphire with an effective enthalpy of
-135 kJ/mol In the latter experiments
non-Arrhenius segregation of calcium

September 1989

Segregation Isotherms at the Surfaces of Oxides

was also observed. Likewise, Baik
et a/. derived an experimental enthalpy
Of -146 kJ/mol for the segregation of
magnesium to the (0001) surface of
a - A l 2 O 3 in the temperature range
-1600 to 1800 K for bulk concentration of 40 p p m . McCune et a / . 4 reported an enthalpy of -44 kJ/mol for
the segregation of yttrium at the surface of poiycrystalline a-A1203in the
temperature range -2000 to 2200 K
for samples containing 160 p p m of
Y 3 + ; a n d m o s t r e c e n t l y Baik a n d
White‘ have confirmed the earlier
observations by McCune and Ku’ of
the segregation of c a l c i u m to the
(10TO) of a-A1203with an enthalpy of
-169 kJ/mol, but no enrichment of the
{OOOl} basal plane up to 1500°C. This
latter observation remains unexplained
in view of the known segregation of
magnesium to the basal surface and
calcium to the prism surface and also
recent calculations by Davies et a/.’
which suggest heats of segregation of
200 to 300 kJ/mol.
E v e n s i m p l e n o t i o n s of s t e r i c
hindrance, however, suggest that
c o v e r a g e - i n d e p e n d e n t h e a t s of
segregation, i.e., constant A h , are a
crude approximation other than at very
low coverages, while recent atomistic
calculations8-” have confirmed that
they are likely to b e the exception
rather than the general rule. Accordingly, this p a p e r addresses the
problem of impurity segregation at
surfaces, with particular reference to
cation impurities at the surfaces of
MgO, a-A1203,and LiO. We begin by
considering a simple statisticalmechanical model for equilibrium
coverage and derive a segregation isotherm which allows for the variation of
Ah with surface coverage. Assuming
monolayer segregation, surface coverage can be equated to the surface
atomic ratio, x,. We show that a linear
relationship between log (x,) and reciprocal temperature is not satisfied
solely by a constant heat of segregation. There is a general expression for
Ah(x,) that satisfies a linear relationship between log (x,) and 1 / T , with
constant Ah as a special solution. An
outcome of our analysis is that we
raise the question as to what is the
most useful operational definition of
the heat of segregation. Next, we discuss four examples of c a l c u l a t e d
heats of segregation which exhibit
non-Arr heni us behavior. Final Iy, we
use these calculated heats to obtain
equilibrium coverages. In three of the
four cases we are able to compare our
results with recent experimental measu r e m e n t ~ , ’ ,including
~,~
one which exemplifies quite clearly that a strongly
coverage-dependent Ah can give rise
to a linear plot of log (x,) against 1 / T
over a restricted experimental range
of temDerature.
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11.

Statistical-Mechanical Model for
Equilibrium Coverage
Statistical-mechanical models of
segregation have been derived by
many authors, notably McLean” and
Defay et a/. Previously, we have
used a model, similar to that of Liu and
Kung,13to derive an Arrhenius expression for the equilibrium surface concentration of segregated impurity, x,,
at a temperature T.14 We start with
derivation of this expression for a twocomponent system consisting of bulk
and surface sites, each of one type only.
The total free energy, G, of a twocomponent system consisting of bulk
and surface sites, each of one type
only, is written as

’‘

G =n ?gP+n SgS +n;g:+n;g;
(1 1

-kbT In 0

in which np and n: are the number of
bulk and surface ion/atoms of type i
with individual free energies g,b and
g,’, respectively. Assuming a random
distribution of ions, the configurational
entropy, k B In
is given by

a,

where N b and N s are the total number
of bulk and surface sites. When we
write the total numbers of ions/atoms
of each type as n , and n2,the conservation equations are given by

nt+ns=n,

(3a)

ng+n$=n,

(3b)

n:+ng=Nb

(3c)

n:+n“,Ns

(34

Philip Tasker is a Group Leader in the
Theoretical Physics Division at the Harwell
Laboratory of the United Kingdom Atomic Energy Authority. He graduated in
chemistry at the University of Birmingham
in 1971 and obtained a Ph.D. in photochemistry in 1974. Dr. Tasker spent a
year at the University of Bristol working on
quantum chemistry calculations before
joining Harwell in 1975. Since then he has
worked on the defect properties of minerals using computer modeling techniques
and has studied, in particular, the behavior
of interfaces including surfaces and grain
boundaries. Dr. Tasker is a Fellow of the
Institute of Physics. His current research
interests include interface studies, especially the oxide-metal interface, and he is
responsiblefor a research program in the
safe disposal of radioactive waste.

The convention that we use is that
ions/atoms of type 1 represent the impurity, so that in addition to the conservation equations (3a) to ( 3 4 we have

n , “in2

N ’ ~ N ~
ng-Nb
G can now be rewritten as

G=G,+G,

(4a)

with

G, =n XgS -g$-g?+gg) +n, g ?

+N’g;+
G,=-kBT

(n,- N7gg

In

(4b)
(4c)

Differentiating with respect to ns gives

dG,/dnS= gS - g$-g?+gg

(4d)

dG2/dnS=kBT In [ ( n ~ / n ~ ) / ( n ? / n ! ) l
(4e)
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In (x,)=ln (xb)+[As+x,(x,+l)

From
dG/dn:=O

X ( dAs/dxs )I/ks

(4f)

-[Ah+x,(x,

we get

+ 1)

where H is a constant

Ah=H

(13)

is clearly the solution when
dAh/dx, =0, so that one interpretation of a linear relationship between
In (x,) and 1 / T i s that A h i s independent of x,. The general solution,
however, is
which is the Arrhenius relationship.
6gb and Ggs are the bulk and surface
substitution free energies, respectively.
To obtain a modified expression
which includes solute interactions at
the surface, GI of Eq. (4b) is written in
the form

in which Ns(g;-gg) can be identified
as the surface free energy of the host
lattice. Differentiating GI with respect
to n:, allowing for a variation in A g with
surface concentration, gives
dG, /dn; =A g +ns(dAg/dn?)

(8)

The modified expression for x,, which
allows for the variation of A g as a
function of coverage, is
xs=xb exp{-[Ag+x,(x,+I)
x(dAg/dxs)l/ksTI

(9)

If we write A g in terms of Ah, the heat
of segregation, and As, the vibrational
entropy of segregation, the final form
of the isotherm is
x,=xb exp{[As+x,(x,

+l)

X (dAs/dxs

xexp{-[Ah+
.o 2
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Fig. 1. Calculated heat of segregation,
Ah, of Ca2' at the {OOl} surface of MgO as
a function of coverage.

x,(x,+I)

x(dAh/dx,)I/k~T)

.0.4

--40.

)I/kd

(10)

from which the slope of In (x,) against
1 / T is not Ah as it is for an ArreheniusLangmuir expression. It is important to
note that in our notation x, is the ratio of
impurityihost ions at the surface and
not a concentration. This is in line
with the most common experimental
measurements.
We now consider the interpretation
of a linear relationship between In (x,)
and 1/T. Rewriting Eq. (10) in the form

Ah(x,)=H-A(l

+I/x,)

(14)

where A is an undetermined constant.
Thus, systems for which Ahax;'
will
exhibit Arrhenius behavior. Furthermore, in cases where Ahax;'
over
a limited range of x,, examples of
which are given in the next section, a
linear relationship between In x, and
1/T will follow only over a limited temperature regime.
Thus we have two possible definitions of the heat of segregation. The
first is what might be described as an
atomistic definition and embodied in
Eq. (5). Physically it corresponds to
the difference in the internal energy of
an impurity between the bulk and a
surface. Alternatively, the heat of segregation could b e taken as H, the
slope of In (x,) against 1/T.Either
would seem to be acceptable, provided the distinction between them is
fully recognized.
Atomistic lattice simulations have
been widely used for over a decade to
study the bulk lattice and defect properties of ionic and semi-ionic materials, including oxides.'' Essentially
the same methods are used for surfaces, which, in most studies to date
including the present one, are assumed to be planar, semi-infinite, and
periodic in two dimensions. Most lowenergy surfaces of ionic crystals have
a structure which is close to, though
not exactly, a simple termination of
the bulk. Such systems are best described in terms of surface relaxations,
which are distinguished from surface
reconstructions where the surface
structure differs substantially from that
of the bulk. To obtain the surface
structure the atomic positions and
electronic polarization of ions in the
immediate vicinity of the surface, typically within 5 to 10 lattice planes, are
explicitly relaxed to the point at which
there is zero force on these ions. For
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obtained. This is formally encapsuregions of the crystal further into the
lated in E q . (5). Strictly speaking,
bulk, it is generally sufficient to regard
therefore, our results apply to segrethe lattice as rigid and unpolarizable,
gation from crystals containing low
which in any event can be confirmed
levels of bulk impurity. The heat of
by expanding the fully reiaxed surface
segregation, A h , is not calculated as a
region. The relaxed positions give the
continuous function of coverage, but
surface structure and the difference in
only at specific coverages, e.g., %, 1/4,
lattice energy per unit area at the sur113, etc., as indicated in Figs. 1 to 7.
face compared with that in the bulk
For convenience, smooth curves have
gives the (surface) energy of the nonbeen drawn through the calculated
defective surface. Defect energies, inpoints. We recognize that at low covercluding those associated with impurity
ages, in particular, the assumptions
segregation, are calculated with rewe make may b e unrepresentative
spect to the fully relaxed surface. It
of real systems, because disordered
has proved convenient to assume intesegregation at steps, ledges, and
gral ionic charges associated with acother surface irregularities rather than
cepted chemical valence and electron
at planar surfaces might well predomicounting, i.e., +2, +3, etc., for cations
nate. However, as shown in a later
and - 1 , -2 for anions, for in addition
section, a comparison with experiment
to providing an accurate description
of the calculated isotherms based on
of the principal lattice forces, a model of
these assumptions suggests that for
this type allows the useful concept of
the systems considered here they are
isovalent and aliovalent impurity subnot unreasonable.
stitution. A further assumption is not
Figures 1 to 4 show three examples
only that two-body potentials are adeof calculated heats of segregation of
quate for a description of lattice deisovalent impurities at oxide surfaces:
fects in the bulk, but that they apply
they are for Ca" at the (001) surface
essentially unchanged to surfaces.
of MgO, for Na' at the (111) and
The particular potentials that we have
used here, as e l ~ e w h e r e , ~ are
, ~ , ' ~ (110) surfaces of Li20, for Y3+ at the
{1072} and (1720) surfaces of a-AI2O3
based on a modified electron-gas
and Y3+ at the surfaces of a-Cr203. It
approximation discussed earlier.17 An
is evident that Ah varies with coverage
essential feature of these potentials is
in each case, most notably for Y3' at
that they include the Dick-Overhauser
the (1720) surface of a - A 1 2 0 3 , for
shell model" for treating the electronic
which there is an approximate threepolarization of the lattice. This is parfold decrease in A h from zero to 1/z
ticularly important when dealing with
coverage. Figure 3 also illustrates how
the surfaces of ionic materials, for subradically different heats of segregation
stantial fractions of the relaxation
can be at different surfaces, even for
energy and surface dipole derive from
isovalent impurities. As pointed out
the polarization of the outermost ions.
this is of particular sigpreviously,1a~2z
The calculation of the energy and
nificance in relation to the morphology
structure of an isolated impurity ion at
of impure crystals. In the case of Ca2+
the surface or in the bulk is carried out
at the (001) surface of MgO, - A h i s
by a generalization of the Mott-Littleton
calculated to be in the range -40 to
method.lg A finite region around the
105 kJ/mol, which apparently is in
impurity is modeled explicitly with the
good agreement with the reported
ions relaxed to equilibrium. Outside
range, -44 to 80 kJ/mol,' For Y3+ at
this region, the crystal is treated as a
the (1072) and (1720) surfaces of
dielectric continuum which is polara-A1203, on the other hand, the cal
ized by the net defect charge. The iatc u l a t e d h e a t , w h i c h varies from
tice sums must be formulated to divide
approximately -450 to - 100 kJ/mol,
correctly the terms between the two
is appreciably greater than the value of
regionsz0 and care must be taken in
-44 kJ/mol reported by McCune et a/.
the surface case to calculate approprifor polycrystalline AIz03. Our heats
ately the polarization of a dielectric
of segregation for Y:a-Al2O3may be
half-space."
compared with similar calculations for
Y:a-Cr,O3, based on empirical potenIll. Heats of Segregation
tials reported recently by Davies et a/.
and shown in Fig. 4. While the values
The calculation of heats of segregaof h are substantially smaller for the
tion by atomistic simulation methods
latter, partly because of the reducet
has been described previously in
difference in the ionic radii, 0.27
some detail.8-'0,'4In brief, our treat(0.027 nm), as opposed to 0.36 A
ment assumes semi-infinite, planar
(0.036 nm) for Y3+ and A13+and possisurfaces to which impurity cations
bly to differences in the interatomic
segregate from the bulk to form orpotentials, there are two important
dered, fully relaxed structures. It is
similarities, ~h~ first is a minimum in
from the energies of these structures,
Ah for segregation to the {1012} surtogether with that of the pure surface
face at approximately 1/4 coverage; the
and of isolated impurity ions in the
second is the wide variation in the
bulk, that the heats of segregation are
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Fig. 2. Calculated heat of segregation,
Ah, of Na' at the { i l l } and {llo} surfaces
of Li20.

Fig. 3. Calculated heat of segregation,
Ah, of Y3' at the {1OT2) and {I1201surfaces
of a-Ab03.

'

4
Fig. 4. Calculated-heat of Segregation.
Ah, of Y3+ at the {1012], {lOlO}. and {1120}
surfaces of
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Fig. 5. Calculated heat of segregation,
Ah, of magnesium at the (0001) surface of
(Y-AIZO~
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the (10722)surface of a-AI2O3,we have
segregation characteristics of different
~ u g g e s t e d ~that
, ' ~ the existence of a
surfaces. We return to the comparison
minimum in Ah is indicative of a coherbetween the calculated and reported
ent second phase, the composition of
heats of segregation in a later section.
which corresponds to that of the covTurning now to an example of alioerage at the minimum. We consider
valent impurity segregation, Fig. 5
the experimental evidence for this in a
shows the calculated heat as a funclater section. Our value for constant
tion of coverage for magnesium at the
A h is approximately -158 kJ/mol,
{OOOr) surface of a-AIz03.The modei
that we have used here, as e l ~ e w h e r e , ~ which seems to be in good agreement
with the experimental value o f
is based on the segregation of the
-146 kJ/mol reported by Baik et a / . 3
neutral species, (Mg,,-Vo-Mg,,)X.
In
Our calculated heat of segregation of
so doing, we eliminate problems assomagnesium at the (0001) surface of
ciated with the interaction of charged
A1203 may be compared with those
species such as Mg',, with the spaceof magnesium and calcium at the
charge layer. Unlike the three previous
{ I l l } surface of cubic Zr02, shown in
examples, here we find Ah to be conFigs. 6(A) and (B). For both the latter
stant, or very nearly so, over a recoherent second phases at the surstricted range of coverage, namely,
face are also predicted with composithat between zero and approximately
tions corresponding to Mg2Zr5012
and
V4 coverage. Beyond this, A h falls
CaZrlOg and heats of segregation in
sharply to a minimum at approximately
excess of 200 kJ/mol." This is in con113 coverage, after which it rises to a
trast to the calculated heat of segregamaximum at % coverage. The point at
tion of calcium at the basal of a-Alz03
which Ah is a minimum we have desreported recently b y Davies et a / . 7
ignated at "MgAI2O4,"since the ratio
Figure 7 shows A h for the lowestof AI3+ to Mg2+ ions is exactly that of
energy configuration of CaAl-V0-Ca,,
spinel. In this case, and that of Y3' at
at the surface taken from Ref. 7. Here
we find no minimum, hence no second
p h a s e . H o w e v e r , t h e v a l u e of h ,
<250 kJ/mol, suggests that segregation should occur and it remains unclear why this has not been observed.

Fig. 6. (A) Calculated heat of segregation, A h , of magnesium at the (1 11) surface of c-ZrO,.
B) Calculated heat of segregation, A h , of calcium at the (111) surface of c-ZrO,.

IV. Equilibrium Surface Coverage
To evaluate the surface atomic fraction of impurity, x,, we need to know
both Ah(x,) and As(xs). Ah(x,) has
been evaluated for a number of systems, apart from those considered
here, but not As(x,). In what appears
to be the only reported calculation of
the entropy of segregation, Masri
et a / . 2 3obtained a value of -0.24k6
for Ca" segregating to the { O O l }
surface of MgO, at 50% coverage. At
1000 K the contribution to the free energy, A g , is -3 kJ/mol, compared
with calculated and experimentally
determined heats between -40 and
-100 kJ/mol. In view of this relatively
minor contribution, which admittedly is
for a single system, as a first approximation we assume that As-0 and
proceed to evaluate x, from
x,==xb exp{-[Ah+x,(x,

+I

1

(dAh/dxs ) I l k 6 T )

Fig. 7. Calculated heat of segregation,
A h , of calcium at the {OOOl} surface of
a-AlZO3

Figures 8 and 9 show the calculated
equilibrium coverages or surface
a t o m i c f r a c t i o n s of Ca" at t h e
(001) surface of MgO and Y3+ at the
(1072) and (1720) surfaces of a-A1203
for bulk concentrations of 220 and
160 ppm, respectively, the values at
which the observed data were obtained.14 In the case of magnesium at
the {OOOI} surface of a-A1203,impurity
atomic f r a c t i o n s c a l c u l a t e d from
Eq. (15) are more than an order of
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magnitude greater than the reported
value^.^ The reasons why this might
be so are discussed later. However,
Since what is of primary concern is the
temperature dependence of the coverage, for this relates directly to the heat
of segregation, the calculated coverages can be scaled (down) uniformly
for a comparison of the temperature
dependence with experiment. The
simplest way to do this is to write
Eq. (10) in the form
X,=XbA

exp(-[Ah+x,(X,

+I)

x(dAh/dxs)I/k~q
(16)
and to fix A by equating the calculated
and observed equilibrium coverages
at a single temperature, in our case at
1500°C. The coverage at other temperatures can then be obtained from
Eq. (16) using this fixed value of A.
Figure 10 shows the scaled coverage
as a function of temperature. Figure 11
shows the calculated equilibrium coverage of the (111) and (110) surfaces
of Li20 by Na+, which, as far as we
are aware, has not been determined
experimentally.

V. Comparison with Experiment
In three of our four examples direct
comparisons can be made with experiments; the fourth is a prediction.
However, before we proceed with the
details, it is important to note the approximations and assumptions that
limit such comparisons. With regard
to the physical model that we have
used, we have assumed planar surfaces and ordered segregated structures: thus we neglect the presence
and effects of irregularities such as
kinks, ledges, etc., which real crystal
surfaces undoubtedly possess. Next,
our statistical mechanical model assumes that segregation can be described in terms of a single type of
bulk and surface site, which further
implies that all the segregated impurity
is in the surface layer. Furthermore,
the present calculations also neglect
the vibrational entropy of segregation,
which Masri et a/.23have shown to
be small in the cSse of Ca'' at the
(001) surface of MgO at 50% coverage.
If we assume that their entropy of
-0.24kB applies to all coverages, our
calculated values are reduced by a
factor of 0.89. Finally, measurements
of surface impurity concentration inevitably sample a finite depth into the
crystal beyond the surface plane. If all
of the segregated impurity resides
solely in the surface layer, the measured concentrations will inevitably be
lower than the true values.
The most studied system to date is
Ca" at the (001) surface of MgO.','
Figure 8 shows the calculated coverage as a function of temperature compared with various sets of data reported
by McCune and co-workers.',' For

Fig. 8. Calculated and experimental equilibrium coverages of the {OOl} surfaces of MgO
by Ca2+as a function of temperature. (6 Calculated and experimental equilibrium coverages of the {OOI} surfaces of MgO by C&+ as a function of temperature.

clarity and convenience we have
compared the calculated coverage
separately with the individual reports,
i.e., Ref. 1 in Fig. 8(A) and Ref. 2 in
Fig. 8(B). Figure 8(A) shows that both
experiment and calculation find a linear dependence of log ([Ca*'])/[Mg"])
against 1/T down to -1100°C with a
" t ai I i ng -of f " be Io w t h is t e m p e rat u re .
The calculated value of H (kE x slope),
-44 kJ/mol, is in good agreement with
those of -44.4 and -50.8 kJ/mol that
are obtained from the experimental
data. The calculated coverage also
lends support to the view' that at the
lower temperatures the experimental
coverage was unlikely to have reached
equilibrium. Figure 8(B) shows a comparison with a wider range of data
obtained using different analytic techniaues. The calculated surface coverage lies conveniently between the AES
and
results with a slope that is
tolerably close to three of the four sets
of data, from which values of H ranging from -44.4 to -80 kJ/mol were
obtained. The wide range in coverage
and slope shown in Fig. 8(B) is indicative of the difficulty in obtaining
consistent quantitative experimental
data due to factors ranging from

Fig. 9. Calculated and experimental equilibrium coverages of the surfaces of a-AI,O,
by y3+ as a
of temperature,
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i o v r (K)

Fig. 10. Calculated and experimental
equilibrium coverages of the {OOOI} surface
a-AI,O3 by magnesium as a function of
temperature.

Fig. 11. Calculated equilibrium coverage
of the { I l l } and {llO} surfaces of Li20 by
Na'.

sample control to the sensitivity of the
analytic techniques for measuring surface enrichment and is perhaps a
pointer to the utility of supplementary
calculations of the type reported here
for investigating impurity segregation.
What emerges quite clearly f r o m
these results, however, is that the differences between calculated and
experimental values of H are small
compared with the differences between H , calculated or experimental,
and the calculated value of Ah, which
is in the region of -100 kJ/mol for
impurity-to-host cation ratios in the
surface of 0.15 to 0.3.
Figure 9 contains experimental data
for and theoretical predictions of the
segregation of Y3+ at the surfaces of
a-Al,03. This system can be viewed
as a higher-valence analogue of Ca2':
MgO. McCune et a/.4 have reported
coverages of =12% to ~ 1 6 %
at the
surface of polycrystalline a-AI2O3in
the temperature range 1700" to 1900"C,
from which a value of -44 kJ/mol has
been obtained for H : for comparison
we have calculated the coverages of
the (1720) and {10T2) surfaces. As
shown in Fig. 9 the calculated coverages are found to be very close to linear in the temperature range 1700" to
1900"C, from which values of -13 and
-35 kJ/mol for H can be extracted for
the {1T20} and (1072) surfaces, respectively. These compare with calculated values of Ah of approximately
-300 kJ/mol for the {1T20} surface
and of approximately -150 kJ/mol for
the (1072) surface at the same coverages, thereby confirming what was
found for Ca2+:MgO. However, unlike
the latter, here we find appreciable differences between the calculated and
observed coverages. The reason for
this, apart from the question of depth
sampling referred to earlier, can be
readily understood. The reported data
are for polycrystalline material, the surface of which is likely to comprise the
lowest index planes. Of these, the
{OOOl) basal surface is calculated to
be lowest in energy, y = 2 . 0 3 J/m2,lo
and found by numerous workers, notably C h a ~ e , 'to
~ comprise at least 50%
of the surface area in single crystals
grown in a melt. It is not unreasonable
to assume that the surface of polycrystalline material will also comprise a
significant proportion, e.g., -50%, of
the basal surface. Now previous calculations" have predicted negligible segregation of Y3+ to the {OOOl} surface of
a-A1203, which, if correct, implies at
least twice the reported coverage of
those surfaces of the polycrystalline
material that are enriched. This does
not lead to the calculated coverages,
but when taken together with differences due to depth sampling, brings
experiment and calculation about as
close as it is for Ca" : MgO.
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Our third comparison with experiment is that for the segregation of
magnesium at the {OOOl} surface of
a-A1203.We have noted already that
for coverages of <25%, Ah is calculated to be constant at approximately
-158 kJ/mol compared with the experimental value for H of -146 kJ/mol
reported by Baik et a/.3Figure 10 shows
the calculated coverage, scaled to the
experimental value at 1500°C,3compared with the remaining data. As
shown, both theory and experiment
find Arrhenius behavior up to -1370°C.
Below this temperature calculations
predict a departure from Arrhenius behavior and between -1350" and 1250°C
a sharp increase in covecage, corresponding to a minimum in Ah at the
cation composition of spinel, which is
then predicted to remain constant at
lower temperatures. While it seems unlikely that experiment will be able to
verify (or refute) the predicted departure from Arrhenius behavior below
1350°C, since at these lower temperatures equilibrium surface concentrations appear to be difficult to attain,
Baik et a / . 3observed LEED patterns
which could be interpreted in terms of
a cubic overlayer and this, we suggest,
could correspond to the "spinel-like''
coherent second phase that the calculated heat of segregation predicts at
approximately 1/3 coverage. The reason why the departure from Arrhenius
behavior cannot be located more precisely than the temperature range
-1350" to 1250"C, hence the break in
the calculated (dashed) curve in Fig. 10,
is simply that, as shown in Fig. 5, we
find Ah to be more or less constant up
to 114 coverage, decreasing to a minimum at 1/3 coverage. However, we
cannot locate the precise coverage
between 1/4 and 113 at which Ah decreases sharply and it is this uncertainty that limits the predicted
temperature at which a departure from
Arrhenius behavior occurs.
Finally, Fig. 11 shows the predicted
equilibrium coverage of the (111) and
{110} surfaces of LizO by Na'. In the
temperature range 900" to 1500°C
these vary from -60% of the {110} surface at 900°C to -12% of the { l l l }
surface at 1500°C. At present there
would appear to be no experimental
data available for comparison.
VI. Summary
In the preceding section we have
shown that calculated coverages of
oxide surfaces by cation impurities
and, in particular, their temperature
dependence are in good agreement
with the available experimental data.'-4
In some cases there is the possibility
of confusion if calculated heats of segregation, Ah, are compared directly
with "Arrhenius" enthalpies, H ,which
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can be extracted from the gradient of
the logarithm of the measured surface
concentration (coverage) against reciprocal temperature. We have shown
that a linear dependence of the logarithm of the surface concentration
against reciprocal temperature does
not necessarily imply Arrhenius behavior and that the numerical values of Ah
and H can be quite different. However,
since Ah cannot be measured directly
and the logarithm of the surface concentration against reciprocal temperature is frequently linear, the gradient,
H , might reasonably be taken as an
operational definition of the heat of
segregation, as distinct from an atomistic definition in terms of the difference in enthalpy between substituting
an impurity for a host atom/ion in the
bulk and at a surface. In this connection a use of the term "Arrhenius (or
Langmuir) heat of segregation" for H,
as distinct from the term "atomic heat
of segregation" for Ah, might reduce
any potential ambiguity that might
arise when comparing calculations
with experiment. Finally, we note that,
as B l a k e l y a n d T h a p l i y a l Z 5 h a v e
pointed out, heats of segregation
which are independent of the surface
model can, in principle, be extracted
from segregation isosteres rather ,than
isotherms. While calculated isosteres
present no more of a problem than
isotherms, for the systems considered
in this paper the necessary data to
constiuct experimental isosteres for
comparison appear not to exist.
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