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Uniform single crystals of cobalt oxide have been grown over a wide range of temperature 
(210 ~ C) by vapour hydrolysis of cobalt bromide on to (001) cleavage faces of magnesium 
oxide. Thicker crystals have been grown by this technique than previously reported, and the 
dependence of the growth on the experimental parameters is presented. 

Optical and X-ray topographic techniques have been used to study the distribution of 
imperfections and antiferromagnetic domains in these crystals. The appearance of plastic 
deformation at the growth surface in crystals grown at high temperatures is a result of the 
combined stresses induced by differential thermal contraction of overgrowth and substrate, 
and the presence of growth striations throughout the bulk of the crystals. The complexity 
of the antiferromagnetic domain structure, which is sensitive to crystal thickness, is a 
direct result of the inhibiting effect of the substrate and the misfit associated with the 
antiferromagnetic tetragonal distortion. 

These results on cobalt oxide are compared and contrasted to those previously reported 
on nickel oxide grown under similar conditions. 

1. Introduction 
Cobalt oxide, in common with some other 
transition metal oxides, is an antiferromagnetic 
material with a N6el temperature T~ of 290 ~ K. 
Above this temperature it is paramagnetic with 
the rocksalt structure, whilst below, antiferro- 
magnetic ordering results in a tetragonal 
distortion of the lattice [1 ]. Each (1 11) plane has 
a ferromagnetic arrangement of spins, the spin 
direction being approximately along (001>, and 
alternate (1 11) planes have antiparallel arrange- 
ments. The tetragonal distortion is a result of a 
contraction (1.03~ at --180 ~ C) along one of 
the original cubic axes (parallel to the appropri- 
ate <001> spin direction), and a smaller expan- 
sion (0.13 ~ at -- 180 ~ C) along the other two 
axes. This can give rise to a twin domain 
structure, where adjacent domains have dif- 
ferent contraction axes, and the spin directions 
in adjacent domains are twin related about the 
twin wall (usually denoted T wall). 

Previous work by the present authors [2, 3] on 
nickel oxide gave a detailed account of the 
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epitaxial growth of this oxide, the effects of the 
growth parameters on the structural perfection 
and morphology of these crystals, and the effect 
of the magnesium oxide substrate on the residual 
strain, plastic deformation and antiferromagnetic 
domain structure. The fundamental differences 
between CoO and NiO are: (i) at normal room 
temperature, CoO is just paramagnetic and cubic 
(Ts = 290 ~ K), whilst NiO is antiferromagnetic 
and rbombohedral (Trr = 523 ~ K); (ii) at the 
growth temperature, the lattice constant of CoO 
is greater than that of the MgO substrate, whilst 
that of NiO is less; and (iii) the tetragonal dis- 
tortion of CoO results in the formation of three 
types of antiferromagnetic domain, whilst the 
rhombohedral distortion of NiO gives four 
types of domain. All these factors play a part in 
the final appearance of the epitaxial crystals after 
cooling from the growth temperature. 

The purpose of the work in this paper is to 
compare and contrast the epitaxial growth, 
structural perfection and antiferromagnetic dom- 
ain structure of CoO with that of NiO. 
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2. Epitaxial Growth 
2.1. Experimental 
This investigation into the characteristics of 
growth of epitaxial CoO, by vapour hydrolysis of 
cobalt bromide onto (001) cleavage faces of 
MgO, follows a similar pattern to that described 
previously by the present authors on epitaxial 
NiO [3], and the experimental arrangement was 
identical. The quantitative variation of crystal 
thickness, surface morphology and growth rate 
with substrate temperature and bromide vapour 
pressure (pB) was examined in both the open and 
closed systems (open and closed refers to the 
bromide enclosure as explained in [3]). No data 
was available for thevapour  pressure of CoBr= as 
a function of temperature and, consequently, no 
quantitative examination of growth thickness as a 
function of bromide vapour pressure could be 
made. 

2.2. Results and Discussion 
2.2.1. Open System 
The variation of thickness with temperature using 
a fixed quantity of cobalt bromide at a water 
vapour pressure of 25 mm is shown in curve A of 
fig. 1. The mass of bromide used was 8.5 g and 
the mass of the deposit at TM was 0.17 g, 
representing an efficiency of 12.5~ for conver- 
sion of bromide to epitaxially deposited oxide. 
The shape of the curve up to TM is similar to that 
for NiO [3], and the thicknesses are comparable 
to that of NiO. This is a significant feature, since 
other workers growing epitaxial CoO by similar 
techniques report much lower values for 
maximum thickness [4-6]. However, the thick- 
ness does fall off much more quickly beyond T~  
than in the NiO growth, the main reason being 
the low melting point of cobalt bromide (678 ~ C), 
which is only slightly higher than TM. In general 
the deposit thickness is uniform across the sub- 
strate, as was the case in NiO. 

Although the vapour pressure of solid CoBr2 
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Figure 1 Variation of thickness as a function of growth 
temperature. 

slightly higher than the 31.5 kcal/mol for NiO, it 
is close enough to assume that the game rate 
limiting process is dominant in both cases. 

The surface morphology of the CoO was 
similar to that observed in NiO, inasmuch that 
the surfaces were smooth with a mosaic of small 
angle boundaries over the range of good growth. 
However, the temperature range over which this 
occurred (600 to 660 ~ C) was much less than that 
for NiO, the CoO surfaces being much more 
susceptible to changes in water vapour pressure 
(pw) and total ambient pressure. At lower 
temperatures (higher pw), the surfaces were 
extremely pitted, and above T~I (higher p•), the 
surfaces were covered with regular flat-topped- 
"hillocks" which were considerably etched. 

No sign of growth spirals were seen on any of 
the CoO crystals, although Greiner et al [6] 
reported that their CoO surfaces were covered 
with spiral growth pyramids. However, these 
authors used polished MgO slices, rather than the 
freshly cleaved substrates used in the present 
work, and the apparent facetting may have been 
due to slightly off-axis substrates or growth in a 
pw :p]3 ratio outside the limited range of good 

as a function of temperature is  unknown; i t  is  g rowth .  
likely to be similar to NiBr2, and it is reasonable 
to expect a linear region of increase of thickness 
with bromide vapour pressure extending up to 
TM, with slower variation at high and low vapour 
pressures for the same reasons as in NiO, 
enhanced above T~  by liquid CoBr2 escaping 
from the enclosure. Measurements of the growth 
rate of CoO revealed an exponential variation 
with reciprocal temperature with an overall 
activation energy of 36.2 kcal/mol over the whole 
temperature range. Although this value is 

2.2.2. Closed System 
The variation of thickness with reaction tempera- 
ture between 500 and 680 ~ C, at a nominal water 
vapour pressure of 25 mm, for the closed system, 
is given in curve B of fig. 1. Less initial bromide 
was used than in the open system, to prevent 
sealing of the enclosure. 0.55 g gave a deposit 
mass of 0.023 g at TM representing an efficiency 
of 20 ~ .  The general shape of  the curve is similar 
to that for NiO [3], and since TM is lower than 
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for the open system, the melting of the CoBr 2 is 
less important. 

The deposit thicknesswasnot uniform over the 
whole growth range, as for NiO the deposit 
being thicker, at low temperatures, at the centre 
of the substrate, and above TM being thicker at 
the edges. The reasons again being a modification 
of the pw :pB ratio at the substrate surface due 
to the enclosed nature of the system. 

In conclusion, it is evident that epitaxial single 
crystals of CoO can be grown up to considerable 
thicknesses by single deposition, much greater, 
in fact, than reported by other workers, providing 
the experimental system and growth parameters 
are correctly chosen. 

3. Structural Perfection 
3,1. Experimental 
Many etching solutions were tried in an attempt 
to examine the CoO overgrowth and the MgO 
substrate separately, in a manner similar to that 
used by the present authors in the examination of 
epitaxial NiO single crystals [3]. In the NiO case, 
it was possible to remove the substrate and 
examine the interfacial surface of the overgrowth, 
but for epitaxial CoO it proved impossible to 
remove the substrate. All the etchants used 
attacked the CoO and the MgO to about the 
same degree, and the most satisfactory etchant 
for both overgrowth and substrate proved to be a 
solution consisting of five parts saturated 
ammonium chloride, one part concentrated 
sulphuric acid and one part distilled water. 
Dislocation arrays were revealed after a 15 rain 
etch at room temperature, but only the growth 
surface and CoO/MgO cross-sections could be 
examined, the latter by first cleaving the crystals 
normal to the growth surface. 

X-ray topographs were taken with CoK~ 
radiation using {420}, {400} or {311} reflec- 
tions and the Berg : Barrett technique [7], under 
the experimental arrangement described in a 
previous paper [2]. 

Crystals were examined both optically and 
topographically in the as-grown state and after 
annealing at 1350 ~ C in a low pressure argon 
atmosphere. 

3.2. Observations 
The bulk perfection of CoO varied considerably 
over the range ofgrowthtemperaturesinvestigated, 
although no cleavage or gross plastic deforma- 
tion at the interface common to NiO/MgO [3] 
was observed. At low temperatures and conse- 
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quently low thicknesses, only random arrays of 
etch pits were seen on the growth surfaces, and 
both the MgO and CoO cross-sections (disloca- 
cation density at least two orders of magnitude 
greater in the COO). As the growth temperature 
increased above 600 ~ C however, isolated 
~100} slip traces were observed optically and 
topographically on the growth surfaces. As the 
crystal thickness increased in the vicinity of 
Tz~, the slip became extensive, and macroscopic 
slip covered the whole growth surface (fig. 2). 
Etching these latter cross-sections revealed a 
dense array of short (1 10} traces in the im- 
mediate vicinity of the growth surface (fig. 3). As 
the thickness decreased beyond T~, the slip net- 
work in the growth surface became less extensive 
again, but the (1 10} slip traces in the cross- 
section of the CoO extended further into the bulk 
of the crystal. At the highest growth temperatures 
( > 7 1 5 ~  isolated (110} slip lines were 
observed at the interface, although there was 
still no accompanying slip in the MgO. Topo- 
graphs from the growth face illustrated the 
concave curvature of the CoO, which was very 
marked in thick crystals. 

The overall dislocation density in the growth 
surfaces was difficult to measure absolutely 
because (i) the individual pits were not clearly 
defined, (ii) the density was very high, and (iii) in 
many instances, the surface morphology prevent- 
ed examination at high magnifications. However, 
it was estimated that the dislocation density in 
the growth surface was greater than 10S/cm 2, and 
observations of etched cross-sections showed that 
the density was a maximum at the growth 
surface and a minimum at the interface. 

In addition to random arrays of dislocations 
and occasional slip lines, the etched cross- 
sections revealed clear striations (fig. 4) in crystals 
of all thicknesses, grown over the entire tempera- 
ture range. These striations were parallel to the 
interface close to the interface, but basically 
followed the contours of the growth surface. 
They were clearly revealed topographically, and, 
in addition, the topographs showed that there 
was some misorientation (considerable in the 
case of the thick crystals) associated with these 
striations. 

Annealing the CoO/MgO crystals at 1350 ~ C 
removed all the plastic deformation near the 
growth surface and the striations in the bulk, 
and the topographs showed that the overall 
curvature had been considerably reduced. 
Etching revealed that the overall dislocation 
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Figure 2 Macroscopic slip in the growth surface of cobalt oxide grown at high temperature (a) optical micrograph 
(X 735), and (b) X-ray topograph (x 40). 

Figure 3 Etched cross-section of CoO showing (11 0)  slip 
traces near the growth surface (x  610). 

density in the growth surface had been reduced 
by a factor of ten (to about 107/cm2), and that 
the density in the cross-section appeared to be a 
maximum in the centre of the overgrowth, and a 
minimum near the interface and the growth face. 
Optical examination revealed that the interface 
itself was somewhat diffuse, suggesting that 
considerable diffusion of CoO across the inter- 
face had occurred during annealing. Topographs 

Figure 4 Growth striations in the cross-section of CoO 
revealed by etching (x  43). 

from the edges showed that the misorientation 
associated with the striations had been removed, 
and confirmed the diffuse nature of the interface. 
Further evidence for diffusion on annealing was 
that regions of MgO previously uncovered with 
growth, were now lightly coated with CoO. 

3.3. Discussion on Structural Perfection 

It is of interest to compare the results of this 
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workonCoO with that on NiO [3].The dominant 
features associated with these CoO crystals are: 
(i) concave curvature of the crystal (identical to 
NiO); (ii) dislocation networks near the growth 
surface (at the interface in both NiO and MgO); 
(iii) striations (not observed in NiO); (iv) absence 
of cleavage (prominent in NiO/MgO, both 
normal and parallel to the substrate). 

It was emphasised in [3] that the concave 
curvature of the epitaxial films was aconsequence 
of differential thermal contraction between the 
substrate and the deposit, and not due to lattice 
mismatch. This is further confirmed in the 
present work since acoo > aMgo compared with 
aNtO <~ aMgo, yet the observed curvature is the 
same. The stress at the interface (af) due to the 
differences in thermal expansion coefficient is 
found from a similar analysis to that used for 
NiO [3]. The calculated values of at are 3.6 and 
0.4 kg/mm * for MgO and CoO respectively, 
which are less than the respective critical shear 
stresses (ae), and are insufficient to produce slip. 
This agrees with the observation that no slip is 
observed at the interface. The considerable 
difference between cr~ for NiO/MgO and CoO/ 
MgO is largely due to the N6el temperature of 
NiO (and the associated anomalies in physical 
properties), which occurs well above room 
temperature, whereas that for CoO does not. 
Although it is difficult to analyse completely the 
stress distribution in a thick overgrowth strained 
in tension on a thick substrate, it would be 
expected that the stress is a maximum at the 
interface. Thus, if differential thermal contrac- 
tion cannot produce slip at the interface, it cannot 
possibly produce it at the growth surface, as 
observed. Therefore, some additional stress must 
be present which was absent or masked by the 
high interfacial stress in the case of NiO/MgO. 

The only experimental observation in CoO not 
evident in NiO was of the striations on the cross- 
sections of the crystals, and since these follow the 
surface contours, they are undoubtedly associ- 
ated with the growth process. Growth striations 
are a common feature in melt grown crystals and 
are a result of the segregation of defects/ 
impurities produced by thermal fluctuations in 
the melt or artificial changes in the growth rate. 
Since the surface morphology has been shown to 
be extremely dependent on the pw :pz  ratio, it is 
likely that the striations are also dependent on 
this ratio. During a growth run of several hours 
it is unlikely that the experimental conditions 
remain completely stable owing to slight varia- 
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tions in water vapour pressure in the vicinity of  
the substrate, and the increasing diffusion path 
of the bromide vapour as the level of the bromide 
powder decreases. Changes in either of these 
parameters will alter the growth rate and possibly 
lead to variations in the defect/impurity density. 
Similar striations would not be expected to occur 
so readily in NiO, since the surface morphology 
(and growth characteristics) are less susceptible 
to slight changes in the Pw :p~ ratio. Changes in 
defect/impurity density will lead to stress in the 
bulk of the CoO, and as shown by Bonse [8] in 
his observations of growth striations in quartz, 
stress relief will occur at the surfaces. Since the 
lower face of the CoO is restrained by the MgO 
substrate, stress relief can only occur at the free 
surface and this may well account for the 
observed slip near the surface. The slip is more 
marked in thicker crystals because the bulk stress 
induced during growth will be greater. The 
absence of cleavage in CoO/MgO must be a 
direct result of the low interfacial stress produced 
by differential thermal contraction. 

Annealing the crystals removes the striations 
and their associated misorientations, and on 
cooling, the only stress remaining is that due to 
thermal contraction. This stress has been shown 
to be sufficient to induce slip but maintains the 
concave curvature of the crystals which is less 
marked than before annealing, due to the removal 
of bulk stress. Furthermore, thediffusion of CoO 
across the interface means that the interfacial 
stress will be less localised after annealing and 
even less likely to produce slip. This is in accord- 
ance with the experimental observations in that no 
plastic deformation whatsoever, is seen in either 
the CoO or MgO after annealing. Annealing 
allows many defects to diffuse out of the crystal 
and explains why the dislocation density near the 
surface is much less than that in the bulk of the 
crystal. 

4. Antiferromagnetic Domain Structure 
As stated previously, CoO single crystals, below 
the N6el temperature, may be composed of 
domains and possible twin walls because of the 
tetragonal distortion. Since any one of the three 
cubic axes can be the contraction axis, there are 
three possible types of antiferromagnetic dom- 
ain. For convenience, these will be designated I, 
II and III corresponding to [100], [010] and 
[001 ] contraction axes respectively, (the [001 ] 
direction being normal to the (001) MgO 
interface). The only possible T walls between 
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these domains are of the {110} type, and 
between any pair of  domains there are two 
possible T walls, namely: 

Domains I-II I-III II-III 

Twalls (110) (110) (101) (i01) (011) (0il) 

No T walls are common to different pairs of 
domains, and walls separating one pair of 
domains cannot intersect those separating 
another pair without the introduction of 
considerable lattice misfit and strain. There is no 
analogy to the strain free four-wall structure of 
NiO, where all four domains can meet in a single 
line. Although no theoretical study has been 
made of the wall thickness and energy associated 
with domains in CoO, it is likely that they will be 
of similar magnitude to the {110x walls in NiO 
[9], since there must be a similar spin rotation 
associated with the walls. 

4.1. Experimental 
The CoO crystals were examined optically and 
topographically while still attached to the 
substrate, the optical examination being restric- 
ted to crystals less than about 75 Fm thick 
because of the high absorption. Crystals were 
examined in the as-grown state and after 
annealing at 1300 ~ C, and to study the domain 
behaviour it was necessary to cool the specimens 
well below the N6el temperature. 

Optical observation between crossed polars 
was achieved by using a low-temperature micro- 
scope stage (transmitted light) similar to that 
described by Rhodes [10], and the temperature 
could be continuously controlled down to -- 125 ~ 
C. Since the domains were most clearly revealed 
at lowest temperatures, X-ray topographs were 
taken at room temperature and at about -- 100 ~ 
C, using a liquid nitrogen cold finger. The low 
temperature arrangement meant that the photo- 
graphic plate could not be placed as close to the 
specimen surface as in the observation of NiO, 
which reduced the resolution resulting in less 
sharp topographs than their NiO counterparts. 

4.2. Observat ions on Domains 

4.2.1. Optical Observations of As-grown 
Crystals 

At room temperature, the CoO crystals were 
isotropic and almost black under crossed polars, 
but as the crystals cooled below Tz~, faint, 

slightly lighter, narrow lamellar domains became 
visible, reaching maximum clarity below --100 ~ 
C. These lamellar domains were paralM to (1 10) 
and generally appeared in groups of at least two, 
randomly distributed throughout the crystal 
(fig. 5). The individual domains in the group 
were separated by sharp lines parallel to (1 10), 
but the overall group was separated from the 
dark background by rather diffuse boundaries. 
Maximum contrast was obtained with the 
incident beam polarised along (1 10), and no 
reversal in intensity was seen as the crystal was 
rotated through 90 ~ . The matrix of the crystal 
was always dark (optic axis and hence contrac- 
tion axis normal to the interface) and the lamellar 
domainsalways light (optic axis in the interface). 
Repeated heating to room temperature and 
subsequent cooling to --100 ~ C did not alter the 
domain structure. 

The width and length of the lamellar domains 
increased with increasing crystal thickness, from 
< 3  Fm at a thickness of 10 Fm up to about 10Fro 
at a thickness of 60/~m (fig. 5). Due to the high 
optical absorption, it could not be ascertained 
whether the domains continued to increase in 
size in crystals thicker than about 75 Fro. 

4.2.2. Topographic Observations on As-grown 
Crystals 

In general, the individual domains were too 
numerous, and the overall domain structure too 
complex, for topographical resolution. Only 
general features such as gross curvature and 
networks of small angle boundaries were 
observed. However, in some crystals thicker than 
150 Fm, a few isolated (1 10) domains could be 
seen, proving that the domains continued to 
increase in size as the crystal thickness increased. 

Although the topographs gave little informa- 
tion on the individual domains, the overall 
intensity of the reflection was used to investigate 
the relative proportions of the crystal that had 
contracted normal or parallel to the interface. 
Topographs were taken from the (001) growth 
face with [1001 vertical, using the (027~) reflec- 
tions, but, as was the case for NiO, these indices 
define a set of planes in a single domain, and 
there is a change in Bragg angle, as well as a 
relative misorientation, between the equivalent 
planes in different domains. Using known lattice 
constants of CoO [1, 11 ], the net result is that at 
--100 ~ C domains I and II should reflect 6' 
away from one another (virtually coincident) and 
1 ~ 25', away from domain III. 
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Figure 5 gamei lar  type I and II domains distr ibuted on a basic type III domain matr ix in (a) a crystal 15/xm thick, and 
(b) a crystal 60/~rn thick ( •  66). 

Experimental observations of all the CoO 
crystals revealed that there were, in fact, two 
angular settings for the (027~) reflection at low 
temperatures, and that their angular misorienta- 
tion was approximately 1 ~ 25', confirming that 
the magnitude of the tetragonal distortion in 
epitaxial CoO is the same as that in melt-grown 
crystals. The intensities of each pair of topo- 
graphs showed that there was always more of 
type IIT domain, with the contraction axis normal 
to the interface, than that of type I and II 
combined, the percentage of type ITI being 
between 55 and 65 ~.  

4.2.3. Effects of Annealing on the Domain 
Structure 

After annealing at 1300 ~ C, the domain structure 
was re-examined optically and topographically, 
and was found to be very similar to that observed 
prior to annealing, unlike NiO, where annealing 
produced a very regular low energy configuration 
with all the domains bounded by crystallographic 
T walls. The average domain size in CoO became 
much smaller, with a more homogeneous 
distribution, with the result that domains were 
never resolved topographically whatever the 
crystal thickness. However, the proportion of 
domain III to types I and II was still about 3: 2. 

4.3. Discussion of the Twin Domain 
Structure 

The optical and X-ray observations both indicated 
that, below T~, the crystals consisted of a type III 
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domain matrix with lamellar (1 10) type I and II 
domains distributed throughout the matrix, but 
neither technique differentiated between types I 
and II. 

Before considering the individual domains in 
detail, the overall density of type III to type I and 
II domains will be discussed. From the observa- 
tions on epitaxial NiO crystals, where the 
presence of the substrate was shown to be the 
major factor controlling the domain structure,the 
tetragonal contraction of CoO might be expected 
to occur normal to the surface over the entire 
crystal. This would maintain the "square" 
symmetry at the interface, and the increase in the 
lattice parameters in the interface could relieve 
the tensile stress in the CoO caused by differential 
thermal contraction between the CoO and MgO. 
However, at -- 100 ~ C, the increase in lattice 
constant due to the distortion over-compensates 
the tensile stress induced by cooling from the 
growth temperature (assuming an isotropic 
expansion coefficient for CoO below T~). Thus 
the introduction of randomly distributed type I 
and II domains would be expected in order to 
maintain an equilibrium condition. 

The percentage of type I and II domains 
necessary to completely eliminate the interfacial 
stress at --100 ~ C due to differential thermal 
contraction can be estimated as follows. If  
growth is assumed to occur in a strain-free 
environment at 620 ~ C (Te) and the crystal is 
then cooled t o - - 1 0 0  ~ C (To), the interfacial 
strain between the CoO and MgO is 2 A ~(Te -- 
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Figure 6 Configuration of the various domains relative to 

To) A, where As is the difference in expansion 
coefficients and A is the surface area of the inter- 
face. Allowing for the anomalous behaviour of c~ 
in the vicinity of T~ for CoO, this gives approxi- 
mately 2.0 • 10 -3 A. Due to the tetragonal 
distortion, different domains will have different 
configurations in the interface, and fig. 6 shows 
that at --100 ~ C, type III domains tend to 
increase the interfacial area of the CoO, whereas 
type I and II domains tend to decrease it (~al and 
~a~ are unit expansion or contraction in fig. 6). If  
x is the fraction of domain III and y the com- 
bined fraction of type I and II in the interface, 
then x §  = 1. Now, equating the overall 
tensile strain in the interface due to differential 
thermal contraction, against the net increase in 
surface area at --100 ~ C due to the tetragonal 
distortion (using the known lattice constants 
[1, 11 ] and neglecting elemental areas) gives: 

2 x ~ a 2 A - - y ( S a l - - ~ a 2 )  A : 2  x 10 -~A.  

Substituting for x or y gives y = 0.45 and 
x = 0.55. 

Therefore the percentage of type I and II 
domains required to completely eliminate the 
interfacial stress at --100 ~ C is 45 %. This agrees 
with the experimental value obtained from the 
density of the low temperature topographs, 
confirming that the formation of types I and II 
domains is predominantly associated with the 
lowering of the interfacial stress. However, the 
low temperature topographs showed that the 
CoO was still curved concavely, indicating that 
the tensile stress had not been completely 
relieved. This suggests that the overall tensile 
stress in the CoO must be somewhat greater than 
that calculated solely in terms of differential 
thermal contraction. 

Returning to the individual domains, the 
optical observations show that the I and II 
domains occur as groups of narrow lamellae 
parallel to (1 10). The sharp lines separating the 
individual lamellae are undoubtedly T walls 
running normal to the interface and are boundar- 
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a square matrix at --100 ~ C. 
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Figure 7 Schematic representation of a type I/l l  domain, 
separated by a {1 10} T wall, showing the relative con- 
traction axes. 

ies between I and II domains. Since these dom- 
ains are necessary to reduce the overall stress at 
the interface, as discussed above, it is energetic- 
ally favourable for these to occur in groups of at 
least two, as this relieves the stress isotropically 
in the interface (see fig. 7). Furthermore, 
because these lamellar domains are separated 
from one another, within a given group, by 
crystallographic T walls normal to the interface, 
it is easy to see why they are narrow. There is an 
angular misorientation in the interface associated 
with the T walls (fig. 8), and the additional 
induced stress can only be minimised by the 
formation of narrow domains (similar to NiO 
[2]). This restriction on domain width decreases 
as the crystal thickness increases, because the 
effect of the interface on the bulk of the crystal 
becomes less marked, and accounts for the 
increase in domain width as the crystal thickness 
increases. 

), [o10] !,( z ~! 

[1 ! o 1 ~  

~ T WALLS~X~ N 

Figure 8 Angular misorientation associated with adjacent 
domains type I and II, viewed normal to the interfaee 
(exaggerated for effect). 
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Although the boundaries between domains with- 
in a group were very sharp, the overall boundaries 
of the groups were somewhat diffuse. The reason 
for these diffuse boundaries is that the (110)  
lamellar I and II domains must be separated 
from the surrounding type III matrix with 
considerable lattice misfit, since crystallographic 
T walls between I (or II) and III would have 
(100)  traces in the surface, and these were never 
observed. The lamellar domains occur parallel to 
(110)  rather than (100)  since the stress relief 
for type I and II domains occurring in groups 
separated by T walls normal to the interface, 
must overcome the stress associated with the 
non-cr3 stallographic boundaries surrounding the 
groups. 

In as-grown crystals, the distribution of the 
lamellar domains is random and basically 
governed by regions of excessive stress incorpor- 
ated into the bulk of the growing crystal, since 
successive heating to room temperature and 
subsequent cooling does not alter their distribu- 
tion. Annealing at 1300 ~ C must remove regions 
of localised stress, resulting in a more homo- 
geneous distribution of smaller domains, whose 
appearance is almost completely controlled by 
the substrate. 

5. Conclusions 
Cobalt oxide single crystals can be grown epitaxi- 
ally onto (001) cleavage faces of MgO over a 
wide temperature range, producing uniformly 
thick crysta s of good quality, providing that the 
ratio of bromide to water vapour pressure is 
correctly chosen. The crystals are similar to those 
of NiO grown by the same technique, but the 
surface morphology is more susceptible to small 
changes in this vapour pressure ratio. 

Although the mismatch between overgrowth 
and substrate is positive, whereas it is negative in 
NiO, the CoO crystals still have a concave 
curvature (even after annealing) proving that 
induced stresses due to lattice mismatch are 
minimal compared to those due to differential 
thermal contraction. 

There is no macroscopic deformation at the 
interface or gross cleavage, as was found forNiO, 
largely due to the fact that the N6el temperature 
for CoO is much lower, resulting in much lower 
induced stress as the crystals cool from the growth 
temperature. However, slip networks are ob- 
served near the growth surface of thick crystals 
grown near TM, and are a result of the additional 
induced stress in the bulk of the crystals due to 
growth striations. 

The antiferromagnetic domain structure in 
CoO is shown to be directly influenced by the 
substrate, as was the case in NiO, but is necessarily 
more complex in CoO, due to the nature of the 
antiferromagnetic distortion and the formation 
of only three types of domain. The tetragonal 
distortion is unaffected by the presence of the 
substrate, and the associated strain energy is 
accommodated by the formation of narrow 
domains of type I andIIin a basic type III matrix. 

Annealing removes most of the plastic deforma- 
tion and the growth striations, resulting in a more 
homogeneous distribution of the antiferro- 
magnetic domain structure. 
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