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MgO crystals which contain dissolved traces of H20 eventually acquix'e an excess oxygen content,
MgGl+~, because GH pairs, associated with cation vacancjtes, convert in part into molcculax Hz
and peroxy anions, 02 . %'hile H2 molecules are lost froxn the crystal, the vacancy-bound O2
remain as spin-paired, self-trapped positive holes. Probably at this stage the Mgo surface is nega-
tively charged. Around 800 K the G2 decay, releasing unbound positive holes, i.e., highly mobile
O states. They lcRd to Rxl oxygen Iclcasc from thc clystal suIfacc and a posItlvc surface c4argc.
%ith the assumption that the vacancy-bound holes are essentially immobile the space-charge distri-
bution in the subsurface region and the associated electric field and potential were calculated for dif-
ferent temperatures and as a function of chaxge carrier concentxation. The width of the space-
charge region is of the order of 10—50 nm, decxeasing with increasing concentration, while the field
Rt thc surface Incx'cases. At a conccntx'Rtloxl as small Rs 10—20 ppm the field Rt thc surface Is of thc
order of 3.8X10 V m '. At higher temperatures when cation vacancies are mobibzed, the nega-
tively charged bound holes wi11 diffuse and drift towaxd the surface modifying the surface chax'ge
and subsurface space-charge layer. %hen all excess oxygen and excess cation vacancICS are annealed
out the MgO surface will probably again become negatively charged.

I. INTRGDUCTIGN

Frenkd' and Lehovec showed that in thermodynamic
equilibrium the surface of an ionic crystal will always, as
a rule, carry an electric charge resulting from the presence
of excess ions of one sign. The surface charge is then
compensated by a space-charge layer of the opposite sign
beneath the surface. The surface/subsurface dipole region
arises from the fact that, in a crystal where Schottky dis-
order prevails, the free energies of formation are usually
different for the cation and the anion vacancies. If the
free energy necessary to form a cation vacancy is less than
that required for an anion vacancy, the surface becomes
negatively charged and the subsurface space-charge layer
will carry a positive sign, so that overall charge neutrality
ls IIla1ntMncd.

This theory has been applied mainly to alkali halides,
the model substances for Schottky disorder. It has been
cxtcndcd to grMn boundaries RIld dislocations.
Kliewer and Koehler treated the important case of di-
valent cation impurities in alkali halides. They represent
cxccss pos1t1vc charges and thus 1ntroducc an cquimolal
concentration of extrinsic cation vacancies. Kingery
applied the same formalism to alka1ine-earth oxides doped
with heterovalent cation impurities. The question of
whether the surface of alkaline-earth oxide crystals is pos-
itively or negatively charged, implying a negatively and
posltlvely charged subsurface space-charge layer, lcspcc-
t1vcly, 1s some%'hat ambiguous. Expenmcntal data show
that trivalent cations, for instance Sc3+, which has the
same ionic size as Mg +, becomes enriched in the subsur-
face region of MgO. The width of the segregated layer,
10—20 nm, agrees with the width of the space-charge
layer calculated for Ca-doped NRCI. The sign is positive,

implying a negatively charged surface.
The phenomenon of surface segregation in ionic crys-

tals has also been treated under the aspect of strain relaxa-
tion. ' " Large homovalent cations, for instance, Ca + in
MgO, have been shown to segI'egate stI'ongly to the sur-
face."' The absence of a marked subsurface concentra-
tion profile which would reach far into the bulk suggests
that no long-range interaction exists in this particular
case. Lollg-I'allgc llltcl acfloll nlRy Rrlsc, lf both drlvlng
forces are jointly acting, surface charge and strain relaxa-
tion, ' and if in addition the segregating impurities
form dipolar defects. '3''

On different levels of sophistication the ionic model has
proven to be quite successful for the prediction of materi-
al properties of oxides, including surface phenomena. lo"
In all cases discussed in the literature, the assumption was
made that oxides are sufficiently weII described by an ar-
ray of fixed-valency 0 anions in which cations of dif-
ferent valencies are embedded. No consideration was
given to the possibility that electx'onic defects may exist in
the 0 sublatticc which would render the assumption of
fixed-valency 0 anions invalid.

The 0 state represents a defect electron or positive
hole, sometimes called an oxygen-associated hole center
(0HC). ' ' It is important because of its paramagne-
tism. The 6 state is usually introduced into solids by
ionizing radiation and is often considered to be rather un-
stable thermally. In this paper we shall focus our atten-
tion on various aspects of the 0 state, and on its oc-
currence in an ionic oxide such as MgOI, @without calling
for the effect of ionizing radiation.

Throughout this paper we shall use a slightly modified
defect notation due to Kroger. It designates excess posi-
tive and excess negative charges by dot ( ) and prime (').
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Double overdot (") and double prime (") represent two
positive and two negative excess charges, respectively.
Any lattice site which possesses the correct charge with
respect to the ideal structure is called "neutral" and desig-
nated by a cross ("). V stands for vacancy and index i for
interstitial. This nomenclature has the advantage of being
unambiguous for simple structures. VMg, for instance,
designates an Mg + vacancy, while FeMz is an Fe + ion
on an Mg + lattice site. If we want to describe an Fe +

ion on an Mg + lattice site, the symbol is FeMg. 0 ions
on their usual lattice sites are designated by 0', but an 0
on an 0 lattice site is written as 0. The Kroger sym-
bols can be combined to reflect certain specific defect con-
figurations. For instance, a peroxy anion, 02, substitut-

ing for two 02 ions, may be written as ( .)". If the

peroxy anion is associated with a divalent cation vacancy,
the defect becomes neutral with respect to the perfect lat-

tice, ( .VMs )" which —in physical terminology—

(a)

,0,

(b)

0
~
0'.

(c)
0
0 cat

cBtien
I ] vacancy

FIG. 1. Positive hole centers depicted for the (100) plane of
MgO. (a) single positive hole (paramagnetic) corresponding to
an 0 state; (b) positive hole pair (diamagnetic) without adja-
cent cation vacancy, corresponding to a peroxy anion 02,' (c)
same as (b) adjacent to a cation vacancy.

represents a self-trapped positive hole pair, spin-paired
and hence diamagnetic.

Figures 1(a)—1(c) depict the three 0 -type defects for
the (100) plane of MgO.

(a) The unbound paramagnetic 0 state, viz. , a single
positive hole or defect electron on an 0 anion, 0 [later
called an "unbound" hole in contrast to the "bound" hole
which is associated with an Mg + vacancy, (O' VMs)'].

(b) The Oz anion, viz. , the self-trapped, diamagnetic
positive hole pair which is not associated with an Mg +

vacancy ( .)".
(c) The same Oq anion associated with, and therefore

chargewise compensated by, an Mg + vacancy, (o.VMg )".

II. THE O STATE

For an insulator the electron affinity is defined as that
energy which must be supplied to take an electron from
the top of the valence band out of the crystal to a state of
rest at an infinite distance. The electron affinity is posi-
tive for all halides X:

X+e =X +Q,
where Q is a quantity of heat. In the case of oxygen the
situation is different. In the first stage, 0+e =0 +Q',
and the reaction is exothermal with Q'=1.4 eV. In the
second stage, however, the reaction is strongly endo-
thermal: 0 +e =0 —Q", with Q"=8.9 eV. ' In
other words, a free 0 ion would spontaneously emit an
electron and convert into the more stable 0 state.

This leads to an interesting situation which seems not
to have been given much attention so far in solid-state
physics: In any predominantly ionic oxide, such as MgO,
the 0 ions are uniquely stabilized by the Coulomb in-
teraction with the positively charge cations, for instance,
0 Mg2+. If it were not for the Coulomb interac-
tion, we would rather have Mg + combined with two 0
which would give the stoichiometry of a peroxide, Mg02.
Alternatively, we can say that the 0 state may become
unstable in any given ionic oxide structure, if the
Coulomb potential is locally perturbed. 0 anions may
then convert into 0 . Candidates for such events are any
major defects, such as surfaces, grain boundaries or dislo-
cations, and also point defects such as cation vacancies.

In alkali halides it was the difference between the free
energies of formation of cation and anion vacancies which
allowed for the calculation of the surface charge: Be-
cause, as a rule in alkali halides, cation vacancies have the
lower free energy of formation, their surface will carry a
negative charge and a compensating positive space-charge
layer beneath. This holds for low to intermediate tem-
peratures. At high temperatures, due to entropy effects, a
sign reversal is anticipated.

In the alkaline-earth oxides the situation might be very
different, at least at low to moderate temperatures when
Schottky disorder is not the prevailing mechanism. One
has to balance the free energy of formation of the cation
vacancies against any energy term which describes the
conversion of 0 into 0, i.e., the formation of an elec-
tronic defect. The difficulty arises from the fact that,
while the 0 -0 conversion will probably not occur in



the perfect lattice, it may take place to various degrees
wherever the structure is defective. Then, instead of hav-
ing a well-defined value for the energy of formation of a
positive hole, different energy terms will have to be con-
sidered for different defect situations. Some of these
terms may be considerably smaller, especially near the
surface, than the free energy of formation of a cation va-
cailcy. Heiice, i't is coiiceptllally possible that tile siirfaces
of alkaline-earth oxide crystals are negatively charged
with a positive subsurface space-charge layer. At the
same time the surface polarity may also change as a func-
tion of temperature.

One impurity in MgO which has been strangely neglect-
ed is hydrogen. It derives from dissolved traces of water.
The presence of OH ions in synthetic MgO single crys-
tals has been noted early, as has the presence of molecular

H2, but the genetic connection between the two forms
of "hydrogen" was unclear. It has been demonstrated ex-

perimentally that molecular H2 can form in MgO
and from MgO, doped with OH ions, without having
1ccoulsc to transition-metal cat1on impurities Rct1ng Rs R

fcdUclng agcQt.
For any one H2O molecule introduced into an MgO

crystal oIlc oxygen 1s added. Th1s ncccssafily cfcatcs an
extrinsic cation vacancy VMs, the charge of which will be
preferentially compensated for by the two protons form-
ing OH amons. This results in the linear neutral defect
(OH VM&HO')" shown in Fig. 2 (bottom left).

Pope et al. have recently carried out extensive calcu-
lations for the dissociative chemisorption of molecular Hz

at the V center on the (100) surface of MgO. The V
center consists of two separate 0 states associated with
the Mg + vacancy, and the chemisorption of Hz thereon
leads to two OH anions. The activation energy for the
H2 dlssocIatlon was found slgn1ficantly dcp1 csscd hcncc
the potential catalytic importance of this reaction. The
surface reaction treated by Pope et al. resembles the sit-
uation depicted in Fig. 1 (center) for the bulk defect,

(OH' VMsHO )"~~(0'(H2)M 0')" .

It is probably justified to assume that, in the bulk, the
reaction according to Eq. (1) will follow a pathway
characterized by two potential minima with a finite ener-

gy barrier in between, as in the case of the surface reac-
tion. One minimum vvould correspond to the H2 mole-
cule held bcbvecn t&o spatially scpR1Rtcd G states, thc
other to the two OH anions. The energies of these two
configurations in the bulk and the height of the barrier
are yet unknown. In order to obtain a crude estimate we

may argue as follows.
In oldcf to dlssoclatc t%vo OH 1ons 1nto RQ O 1on

plus H, approximately 860 kJ mole ' must be supplied. 27

About 460 kJmole ' are regained by the recombination
of two H to H2. The V center, featuring two separated
paramagnetic 0 states, may convert into the diamagnet-
ic peroxy anion 02, as depicted in Fig. 2 (upper right).
Presumably, by sp1Il pMr1ng, thc system gMIls anothcf 200
ks mole

If the axis of the Hi molecule stands perpendicular to
the axis of the O2 anion, the H—H bond becomes polar-

OH V„H

[~ oo]

FIG. 2. OH pair associated vvith a cation vacancy in the (100) plane of MgQ, the predominant defect configuration for the disso-

lution of 820, and its charge-transfer conversion into an H2 molecule and an 02 anion (shown vÃthout lattice relaxation).
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FIG. 3. Infrared absorption signal due to the H—H stretch-
ing mode of molecular H2 in single crystals of synthetic MgO
and (99.99%-purity grade) and natural olivine, (Mg, Fe)2Si04.

ized and thus infrared active. Figure 3 shows the weak
but conspicuous IR absorption signal around 4150 cm
which is due to molecular H2 in MgO and the natural
mineral olivine, (Mg, Fe)zSi04, in which the same type of
reaction seems to occur.

The important point to note is that the O-O distance in
the peroxy anion is barely 0.15 nm, as compared to the
normal O-O distance between 0 in MgO which is close
to 0.3 nm. By volume, the peroxy anion is much smaller,
maybe as much as 50%, than the two 0 for which it
substitutes. Therefore, the surrounding lattice will
contract —a process by which the system gains energy.
The volume contraction can be expressed in work p d V ex-
erted on the lattice by the local pressure forces
p=dU/dV, where dU is the elastic strain energy Wi.th
the bulk modulus z being defined as a= Vdp/dV, we
have x= Vd U/dV . Taking the molar volume as 2r,
where r is the radius of 0, we obtain
a=(1/18r)d U/dr Wit.h the bulk modulus of MgO,
0.16X10' Pa, and its lattice energy of about 4000
kJ mole ', the volume work at 50% local lattice contrac-
tion (which is an upper-limit value) amounts to 180
kJ mole '. Thus, in terms of energy, the reaction accord-
ing to Eqs. (1) and (2) is approximately balanced.

An IR study of MgO and CaO single crystals
indeed led to the conclusion that, in MgO the major frac-
tion of vacancy-associated OH pairs, maybe as much as
90%, convert into Hz+02, even at ambient tempera-
ture. In the case of CaO, which has a larger lattice con-
stant, the equilibrium is more on the side of the OH pair
configuration. This is in agreement with the theoretical
prediction and with the crude estimate of the energy bal-
ance given above.

There is a practical consequence to this internal OH
conversion: If infrared spectroscopy is used to evaluate
the "water" content of a given crystal, based on the inten-
sity of the 0—H stretching band of OH anions, the re-
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FIG. 4. Sequential release of molecular H& (top) and atomic
oxygen (bottom) from finely divided, heavily OH -doped MgO
produced by decomposing Mg(OH)2 (after Ref. 23).

suit may be grossly off depending of how many OH
pairs have converted into H2 molecules and peroxy-type
configurations.

On the other hand, H2 is a neutral molecular species
which may leave the cation vacancy site where it has
formed according to Eqs. (1) and (2), without upsetting
the local charge balance. By entering the interstitial sites
the H2 molecules are mobilized:

(o.(H2)Ms) +~( .VMs)"+(H2)i . (3)

IV. PEROXY DECAY

The peroxy anion in MgO may be viewed in different
ways. Chemically, it is a dissolved oxygen atom:

At the same time, the H2 molecules induce lattice
strains which provide a driving force for surface segrega-
tion. We therefore anticipate that molecular Hz in the
MgO diffuses towards the surface. Eventually, it can
leave the surface and escape into the gas phase as demon-
strated by Fig. 4 (top}, which shows the H2 evolution from
ultrahigh-purity MgO, finely divided and heavily doped
with "water" by decomposing Mg(OH)2. The quantity
of H2 which evolves corresponds to approximately 500 H
per 10 oxygen. The analysis was carried out in a special-
ly designed all-glass ultrahigh-vacuum system with an
all-platinum Omegatron mass filter to minimize side reac-
tions which might produce H2 from H20 decomposition.

Formally, we can treat this case as MgO having dis-
solved a trace 5 of HzO to give a solid solution
MgOi s(OH)2s. If all of the OH were to convert into
H2+ 02, we can rewrite the formula to
MgOi s02s/(H2)s where 0' symbolizes the 0 state.
After having lost all the H2, the remaining solid has the
composition MgOi sOzs. This is simply the formula of
an MgO which contains an excess 5 of oxygen, MgOi+s.
According to Eqs. (1) and (2) this excess oxygen is stored
in the structure as peroxy anions associated with extrinsic
cation vacancies introduced by the dissolution mechanism
of H2O. The remaining part of this paper will be devoted
to role of these peroxy anions, their thermal stability, and
their effect upon surface charges.
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Q +0=OS . Physically, it is a self-trapped positive
hole center formed by two O states which underwent
spin-pairing. The trapping site is the cation vacancy,
which is chargewise compensated by the presence of the
02 as shown in Eq. (3). It is to be expected that the
lattice-bound peroxy anions are not indefinitely stable.
Upon heating they will decay.

Two cases can be distinguished: (i) The 02 are at the
crystal surface (index s) together with their balancing ca-
tion vacancy, and (ii) the Oz are in the bulk (index b).
In the first case, the peroxy anion simply dispropor-
tionates into an 0 anion and an oxygen atom which
enters the gas phase. This is what happens when well-
known peroxides, for instance, BaOq, decompose into
BaO+ —,02. In our defect notation the reaction be-

comes

(o.VMg ) ~(O"VoVMg )s+Og~. .

Figure 5(a) depicts Eq. (4) for an unrelaxed (100) sur-
face of MgO. The defect is a Schottky vacancy pair
which carries no effective charge. Hence, if this reaction
occurs at the surface of the crystal, no surface charge is
produced. The oxygen is released at atomic oxygen. Fig-
ure 4 (bottom) shows that, indeed, from the finely divided

MgO~+~, atomic oxygen evolves at a temperature which is
higher than the temperature at which the H2 evolution oc-
curred. The onset of this 0 evolution agrees with the
known decomposition temperatures of BaOz and other
peroxides.

In the second case, the peroxy anion decays by releasing
an unbound positive hole, an 0 state which is no longer
bound to the cation vacancy,

(a)

(b)

I@9

anion cation
vacancy vacancy

FIG. 5. (a) Formation of a neutral Schottky vacancy pair by
the oxygen release from a surface 02 anion associated with a
cation vacancy. (b) Formation of an anion vacancy, carrying a
double positive charge, by the oxygen release form a surface
02 anion formed from two unbound 0 states.

( .VMb)b (O' VM, )b e (Q')b . (5)

The process described by Eq. (5) involves the breaking
down of the spin pairing and the formation of two
charged defect species. The bound positive hole, i.e., the
0 state which remains with the cation vacancy, is the
well-known V center in the terminology of Sonder and
Sibley. It has been extensively studied by electron
paramagnetic resonance (EPR) spectroscopy after low
temperature exposure to ionizing radiation. ' ' However,
the V center has also been observed in MgO and CaO
after a thermal treatment at 1000 K followed by rapid
quenching. ' On the other hand, the unbound positive
hole is very difficult to detect by EPR on account of its
very short relaxation time, which leads to lifetime
broadening of the EPR signal. ' This indicates that the
unbound O state is extremely mobile as an electronic de-
fect migrating via the 0 sublattice. If it reaches the
surface, it will become trapped and may recombine with
another positive hole forming transient surface peroxy
anion,

(Q )b+(O )b~~(o. ) (6)

In contrast to Eq. (4), this surface peroxy anion is not
chargewise compensated by a cation vacancy, but carries
two positive excess charges. If this surface peroxy anion
now disproportionates by releasing an oxygen atom, as is
depicted by Fig. 5(b), the two positive charges become per-
manently fixed at the surface,

(o.); ~(Q Vo); +Og.,

This charges the surface positively and produces a drift
current for all remaining unbound holes away from the
surface. The surface charge thus acts as an electrostatic
mirror and depletes the unbound holes from the subsur-
face layer.

Confinement to the bulk may cause the unbound holes
to interact with transition-metal impurities, causing their
oxidation. If, for instance, an Fe + cation traps a hole, it
converts into Fe +:

(FeMg)" +(0 )b~(FeMg) +(0")b .

Such internal redox reactions can be studied by EPR.
Figure 6 shows how the relative concentrations of Cr +,
Mn +, and Fe + change as a function of temperature in
MgO. Initially, the three transition-metal impurities are
in the oxidation states Cr +, Mn +, and Fe +. At about
800—900 K, at the same temperature at which the peroxy
decay starts as evidenced by Fig. 5 (bottom), oxidation
sets in in the bulk to give Cr +, Mn + and Fe +. Upon
cooling, self-reduction occurs, at least in part, as indicated
in Fig. 6 (left). This means that the oxidized transition-
metal cations release again their trapped positive holes,
which, in turn, recombine with the V centers according
to Eq. (5) to again form vacancy-bound peroxy anions.
Using single crystals or coarse powders (to minimize the
oxygen loss from the crystal surfaces), these internal redox
reactions can be cycled many times. This suggests that
the surface charges generated by a few surface peroxy
anions according to Eq. (7) are very effective in keeping
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the unbound holes in the bulk. Only at much higher tem-
peratures, when the cation vacancies start to become
mobile and to anneal out by diffusing towards the surface,
will the MgOi+s eventually loose its excess oxygen and
become morc stolch1omctnc agMn.

tions which are linked by the drift component,

Bp(x, t) 8 8 p
at ="&ax p

Bn(x, t) 8 d n

V. SURFACE CHARGES AND SUBSURFACE
SPACE-CHARGE LAYERS

In order to calculate the space-charge layers we consid-
cI' thc two charged spccics gcncI'atcd thermally according
to Eq. (5): the unbound holes (0 )' and the bound holes
(0 VMs}'. They carry one positive and one negative
charge, respectively. %'e shall assume that they have
widely different mobilities. We designate their concentra-
'tloils as p and n.

The change in concentration c(x,t) of a diffusing
species is related to the difference in the flux of that
species arriving at a given point and the flux leaving.
Then we have

dc = lim [I(x—dx) I(x+dx)], —
dt dx-+0

where I(x) is the flux of the species traveling in the
positive-x direction. For random-walk diffusion, Fick s
law is obeyed:

I(x)= D-Bc

If the species drifts under the influence of an electric field
E, then

I(x)= +pcE, (10)

where p is the mobility and the sign depends on the car-
rier charge. The total flux is the sum of the drift and dif-
fusion components. For two oppositely charged carrier
concentrations, p and n, we have two differential equa-

with q being the elementary charge, eo the permittivity of
free space (8.85&&10 ' Fm '), and e the static dielectric
constant.

In general, an analytical solution of Eqs. (11)and (12) is
not possible. However, if the species p is much more
mobile than the species n, we have Dz ~~a„, and the
equations may be decoupled since n(x, to) will not change
over the time period required for p(x, to) to reach an
equilibrium given by dp/dt =0 in Eq. (11). The equilibri-
um value of p(x, to) may then be inserted and Eq. (12)
solved for n(x, to+dt) This valu. e, in turn, is set into Eq.
(11) to generate a new equilibrium value of p(x, to+dt},
and the process repeated to calculate n(x, t). In practice,
Eq. (11) does not need to be solved for every iteration
since we shall show that p(x, to) can be approximated by a
simple function of n(x, to). At equilibrium, Eq. (11) is

O=pq (pE) Dp— (13)
Bx

Equation (13) corresponds to assuming that at this
stage of the discussion the bound positive holes, the
species n or (O' VMs )' in Eq. (5), are still immobile. Later,
turning to higher temperatures, this restriction will be re-
laxed so that n(x, to) will vary. As mentioned above, the
mobility of the bound holes implies a vacancy hopping
mechanism.
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The general solution to both cases is found by using a
Runge-Kutta numerical algorithm. Equation (13) is
transformed into

8 Y q [exp( Y)—n(x, to)], (14)
kTEOE

where Y=ln[p(x, to)], E(ao, t)=0, and Dzlpz kT——/q.
The solution of Eq. (14) is a function of the initial condi-
tions Y(x, to) and Y(x, to) which were adjusted so that

Y(0,to) =0.
Graphical solutions of Eq. (14) are given in Fig. 7(a) for

different p-type charge carrier concentrations at constant
temperature, and in Fig. 7(b) for constant concentration
but different temperatures. The normalized profiles show
that the near-surface region is depleted of p-type carriers.
The width of the depleted region decreases with increasing
carrier concentration and increases with increasing tem-
perature.
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FIG. 8. (a) Subsurface electric field, and (b) subsurface potential for MIO at bulk carrier concentrations of 10 and 10 m
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which can be solved by iteration. Figure 9 shows a set of
solutions for n(x, to) as a function of time for an assumed
bound hole diffusion coefficient (rate-limited by the dif-
fusion of the vacancies) of 10 m sec ' and the static
dielectric constant of MgQ, @=9.6.

The model may be modified to include the case that the
MgO contains a fairly high concentration of transition-
metal impurities which diffuse faster than Mg + via the
cation vacancy hopping mechanism. The profiles in Fig.
9 would then represe11t tlm coillpositioilal zoi1111g wllicli
develops as a result of the inward flux of the most mobile
cation species in response to the annealing out of excess
cation vacancies. In this case, the surface region would
become depleted in the transition-metal oxide component
and relatively enriched in the more refractory "pure"
MgO.

VI. DISCUSSION

In the case of the alkali halides, featuring Schottky dis-
order, the sign of the surface charge and subsurface
space-charge layer seems to be determined unequivocally
by the difference between the free energies of formation of
bulk cat1on Rnd anloIl VRcanc1cs: Rt low to moderate tem-
peratures the surface charge is negative and balanced by a
positive subsurface region. At higher temperatures the
sign reverses. 6 The situation is less clear for the alkaline-
carth ox1dcs. In this case, co1Tlp11cat1ons may Rr1sc be-
cause, even in a very ionic structure such as that of MgO,
the Q anions are potentially unstable against releasing
an electron and converting into the Q state. What is
needed is a perturbation of the Coulomb lattice potential
such as that offered in the vicinity of cation vacancies or
near the surface of the crystal. An 0 represents a posi-
tive hole or defect electron in the 0 sublattice. If the
energy to form 0 is small, it is quite possible that a neg-
ative surface charge, balanced by a positive subsurface re-
gion, will be the "normal" state for the MgO surface.
This is borne out by the surface segregation behavior of
heterovalcnt impurities in MgO.

On the other hand, the discussion of the H10 dissolu-
tion mechanism has shown that peroxy anions, 62, may
be introduced into the MgO far in excess of any intrinsic
excess oxygen content as one might expect to introduce by
heating the MgQ in an Q2 atmosphex'e. The lattice-bound
011 anions are self-trapped holes, the trapping site being
the divalent cation vacancy needed for the local charge
compensation. However, the Oz anions are thermally
stable only up to a certain temperature, typically 800—900
K in MgO. Other more stable peroxy-type configurations
may exist, perhaps trimers. During their thermal decay
the 62 anions generate unbound and bound holes, i.e.,
highly mobile 0 and the essentially immobile, vacancy-
bound 0 states. %'hen the unbound Q states reach the
crystal surface and release oxygen, they at once create a
positive surface charge. If the "normal" charge state for
the MgO surface is negative as argued above, this would
represent a sudden change in surface polarity.

The calculated subsurface space-charge layers px'esented
in the preceding section ax'e instructivc inasmuch as they
seem to confirm the earlier calculations by Kliewer and
Koehler for NRC1, even though the starting concept and

the matheinatical model were quite different. Kliewer
and Koehler used thermodynamic data for the free ener-
gies of vacancy formation assuming Schottky disorder.
We solved the diffusion and drift equations for unbound
and bound holes for the two limiting cases given by the
relative mobilities of the two charge-carrying species. We
found that unbound holes lead to a high electric field at
the surface already at relatively low concentrations, but
the magnitude of the field is comparable to the value cal-
culated for NaCl, and also to the value estimated for
MgO on the basis of the same thermodynamic premises.
What is new is that, in our calculation, we can show how
the subsurface space-charge layers change as a function of
both temperature and carriex' concentration. When the
concentration increases the profile becomes steeper and
more confined to the surface. Concomitantly, the electric
field increases at the surface, reaching extremely high
values. It should, however, be kept in mind that our
mathematical model is a continuum model and does not
take into account the atomic structure at the scale of the
lattice constant.

In an insulator such as MgO the positive surface
charge, which is cx'eated by the mobile unbound holes and
their chemical consequence, the oxygen evolution, will act
as an electrostatic mirror. It will tend to preserve the
reservoir of mobile 0 states in the bulk until the vacan-
cies become mobile at highex temperatux'es and eventually
anneal out at the surface. It is not unexpected to find a
1'~ relationship for the progress of the interface which
marks the return of the MgO bulk to its intrinsic equih-
brium with respect to cation vacancy concentration and
excess oxygen content.

The final result of this analysis is that the positive sur-
face charge of the MgO is a transient phenomenon due to
impurities like traces of dissolved "water" which cannot
be avoided under any realistic crystal-growth conditions. '

This transient phenomenon may, however, dominate over
a wide range of temperatures and annealing times. At
sufficiently high temperatures and after sufficiently long
annealing, the MgO surface probably returns to its "nor-
mal" charge state, a negative surface charge and a positive
subsurface region. The chemical expression of the posi-
tive subsurface space charge would then be the build up of
the segregation profile of trivalent cation impurities as re-
ported in the literature, which, of course, can only be
observed after long high-temperature annealing.

This is different for the subsurface segregation of car-
bon in MgQ which occurs already at low tempex'atures,
due to the very low activation energy of diffusion for the
solute carbon species. ' At low temperatures the un-
bound holes "go to sleep" by being trapped at the cation
vacancy sites in the bulk, forming diamagnetic dimers
which we have designated in this paper by their chemical
naxne as peroxy anions. Under these conditions it appears
very likely that the MgQ surface is indeed negatively
charged below 800 K. It attx'acts the solute carbon species
which are either CQ2 or CQ, i.e., carbon atoms bond-
ed to one or two Q states, ' hence positively charged
defects in the MgO structure. The very pronounced
temperature-dependent changes of the subsurface carbon
concentration profiles reported earliex, ' as well as the



strange CO2 gas evolution kinetics, suggest that the sur-
face charge and the reversal of polarity which occurs near
or above 800 K are important factors in controlling the
subsurface diffusion of carbon impurities and their sur-
face reactivity.
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