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substitutional disorder are likely to be intimately
coupled phenomena in the o' structure.

Crystals of the B form are polysynthetically
twinned about (100) and the structure of each B8 twin
orientation state is very similar to that of the corre-
sponding orientation state of the disordered ' form,
apart from the small monoclinic distortion of the B
lattice; the o' modification can therefore be con-
sidered as a limiting case of the 8 form, when macro-
scopic twin domains decrease their size to dimensions
of a few unit cells, and the monoclinic cell transforms
to orthorhombic so that both orientation states can
be fitted into a unique lattice (Catti & Gazzoni, 1983).
Thus as the orientation difference between the two
o' states increases as the Ca content grows (cf. Posi-
tional disorder), a critical composition close to pure
Ca,Si0, is reached when the two orientation states
can no longer coexist on a microscopic scale and have
to split into twin domains of the 8 phase. No simple
structural explanation of this kind, however, can be
devised for the o’/ 8 phase boundary on the opposite
(Sr-rich) side of the state diagram; in this case, only
the above argument that positional disorder is stabil-
ized somehow by substitutional disorder seems to be
proposable.
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Abstract

The intersecting Kikuchi-line method combined with
the convergent-beam method was applied to Cu and
CusAu alloy in order to determine the structure fac-
tors of low-order reflections. Splittings of Kikuchi
lines for higher-order reflections at intersections were
observed so clearly using a high-voltage electron
microscope that the separations could be measured.
From the measured separations, the structure factors
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of low-order reflections were obtained by means of
many-beam calculations based on the dynamical elec-
tron diffraction theory. The structure factors of Cu
determined for reflections 111 and 200 are in good
agreement with those determined by the critical-
voltage method and X-ray diffraction. For Cu;Au
alloy, structure factors of both fundamental and
superlattice reflections were determined. It is demon-
strated that the intersecting Kikuchi-line method is
useful for the estimation of the degree of order in a
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small and local region of the specimen. The effects
of absorption of electrons on the separation of
Kikuchi lines are also discussed in detail.

1. Introduction

Since the structure factors of an alloy depend on the
composition, temperature factors and degree of order,
we can obtain useful information from the structure
factors. One of the important methods for determin-
ing structure factors in electron diffraction is to
exploit the critical-voltage effect (Nagata &
Fukuhara, 1967), by which the structure factors of
low-order reflections can be obtained with an
accuracy of 1% . However, the critical-voltage method
has some disadvantages. For instance, the reflections
to which the critical-voltage method is applicable are
limited. Usually superlattice reflections of ordering
alloys have no critical voltage and we cannot deter-
mine the long-range-order parameter by this method
(see, for instance, Sinclair, Goringe & Thomas, 1975).
On the other hand, the intersecting Kikuchi-line
method (IKL method) proposed by Gjgnnes & Hgier
(1971) has some advantages (Terasaki, Watanabe &
Gjgnnes, 1979) and is expected to be applicable to
the determination of the order parameters. The IKL
method has been applied to some oxides and semi-
conductors (Hgier & Andersson, 1974; Watanabe,
Andersson & Gjgnnes, 1974; Terasaki, Watanabe &
Gjgnnes, 1977, 1979) in which clear Kikuchi lines
can usually be observed. However, Kikuchi patterns
from thin metal foils suffer from bending of the speci-
mens and are not so clear, so that the method has
not been applied to metals and alloys. In this paper
we discuss the application of the IKL method to
metals and alloys. In order to reduce the influence
of bending in a thin metal specimen and to obtain
clear Kikuchi patterns, the IKL method was com-
bined with the convergent-beam electron diffraction
technique. This improved method was applied to Cu.
The scattering factors of low-order reflections were
determined, and the values were compared with those
obtained by the critical-voltage method in order to
examine how accurate values can be obtained. Fur-
thermore, this method was applied to CusAu and the
degree of long-range order of a local and small region,
which cannot be estimated by the critical-voltage
method or X-ray diffraction, was evaluated. The struc-
ture factor for fundamental reflection 200 was also
evaluated by this method. Before the analysis one of
the important factors for the reliability of this method,
the influence of the absorption effect on Kikuchi
patterns, is discussed in detail.

2. Kikuchi patterns of metals and alloys

High-order Kikuchi lines g and g+h split at the
intersections with low-order Kikuchi lines —h and h
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when g and g+h satisfy the Bragg condition simul-
taneously. Fig. 1(a) shows a schematic drawing of
the corresponding Kikuchi pattern. As the separation
D depends strongly on the structure factor for the
reflection h, we can determine this structure factor
by an analysis of the separation. Fig. 1(b) shows the
Kikuchi pattern of the L1,-type structure schemati-
cally. Here h and —h are superlattice reflections and
2h and —2h are fundamental ones; the splits D, and
Dy of Kikuchi lines g and g+h can be observed at
the intersections with the Kikuchi lines —h and h.
The separations D, and D} depend on the structure
factor of superlattice reflection h, so that we can
determine the structure factor for reflection h by the
measurement and analysis of these separations D, or
D:. The splits Dy and Dy of Kikuchi lines g and
g+2h can be seen at the intersections with Kikuchi
line —2h or 2h. As it is deduced that Dy and D'y
similarly depend on the structure factor for funda-
mental reflection 2h, we can determine the structure
factor for this fundamental reflection.

3. Experimental procedure

An alloy of composition Cu-24-2 at% Au, or nomi-
nally Cus;Au, was made by melting together pure Cu
and Au in vacuum. In order to obtain a disordered
state the alloy was quenched from 873 K into iced
brine, and an ordered state was obtained by annealing
at 633 K for 21 d. Specimens of pure Cu and Cus;Au
were prepared by the usual electropolishing. Kikuchi
patterns were obtained with the convergent-beam
electron diffraction technique. Since the accuracy in
the measurement of separation D is expected to be
improved at a high accelerating voltage (Terasaki et
al., 1979), the IKL patterns were taken at 1017 kV for
Cu, but those of Cu;Au were taken at 761 kV to avoid
the significant change of the degree of order due to
the electron irradiation. The separations D of the
Kikuchi lines were measured on enlarged prints. The

g+2h g-h

Smee—m-— T

v

middle
line

(b)

Fig. 1. Schematic drawing of intersecting Kikuchi lines (a) for
pure f.c.c. crystals, (b) for L1,-type ordering alloys. In fact,
some other splits of Kikuchi lines can also be observed at the
positions marked by circles.

1
: ‘
2h h h 2h
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analysis by the many-beam dynamical calculation was
carried out with the eigenvalue method. In the calcu-
lation the atomic scattering factors given by Doyle &
Turner (1968) for high-order reflections, the B factors
of Cu;Au given by Schwartz & Cohen (1965) and the
ratios of the real and imaginary parts of the crystal
potential V,/ V, given by Humphreys & Hirsch (1968)
were used. The numbers of beams which were
necessary for the calculation were examined similarly
to Terasaki er al. (1979), and from 30 to 40 beams
for Cu, and from 50 to 70 beams for Cu;Au were
considered for the analysis.

4. Results and discussion
(a) Observation of Kikuchi patterns of Cu

Fig. 2 shows an example of convergent-beam pat-
terns taken from a relatively thin region (a) and a
thick region (b) of a Cu crystal, where Kikuchi pat-
terns and convergent-beam discs overlap each other.
The Kikuchi lines can be seen outside and inside the
discs. One can see in Fig. 2(a) that in the thick region
segments | and |’ of the split Kikuchi line are stronger
in intensity than segments 2 and 2. In the thin region,
however, segments | and 1’ are weaker than 2 and 2'.
In order to clarify the influence of the phenomenon
on the splitting of the Kikuchi lines, intensity profiles
of the Kikuchi lines along AB and A'B’ in Fig. 2
were calculated for the specimen with and without

thin region

0212 1111 2010

Fig. 2. Observed Kikuchi pattern of Cu taken from (a) thin, and
(b) thick regions at 1017 kV, where g=2,0,10 andg+h=1,1,11
satisfy the Bragg condition. The numbers are the notations of
the split Kikuchi-line segments.

DETERMINATION OF THE STRUCTURE FACTORS OF Cu AND Cu,Au

Table 1. Separation of split Kikuchi lines and electron
scattering factors of Cu for reflections 111 and 200

h in 020
g g+h 2,0,10 11,11 179 199
D, (10 *nm ") 1:016+0:014 0-750 £ 0-01
fi 107" nm)
present 295 £ 0-06 2:69 + 005
critical voltage (@) 3-02+0:05 2-68 £ 0:05
(b) 3:01 £0-05 2:69 +0:05
X-ray (c) 3-00+0:03 2:72+0-03

Notes: (a) Kuroda, Tomokivo & Eguchi (1981). (b) Watanabe,
Uyeda & Fukuhara (1969)(converted from X-ray scattering fac-
tors). (¢) Takama & Sato (1982) (converted from X-ray scattering
factors).

absorption. The calculated intensity profiles are
shown in Fig. 3, where the attenuation of segments
I and 1, which is observed in Fig. 2, is well repro-
duced. The calculated results also indicate that the
absorption has the effect of decreasing the separation
D between the segments. But the decrease is found
to be small compared with the actual experimental
error for Cu: thus it can be ignored. As the Kikuchi
pattern can be observed clearly in a properly thick
crystal, such thickness is favorable for the observation
of the separation of the Kikuchi lines of Cu. However,
the effect of the thickness on D becomes significant
for crystals with strong absorption such as the Cu;Au
alloy.

The measured separation D and the atomic scatter-
ing factors obtained are listed in Table I, where the
values obtained by the critical-voltage measurement
are also shown for comparison. One can see that the
accuracy of the present results is comparable with
that obtained by the critical-voltage effect and X-ray
diffraction. Goodman & Lehmpfuhl (1967) proposed

segment 1

A

g-2010
Withou!
sbaorption
HA \ /\ 8
Segmant 1
Wit

absarptian
£+ 300 ner

Intenuty

Fig. 3. Calculated profiles of split Kikuchi lines along AB and
A’'B'in Fig. 2 with and without the absorption effect (1 = 300 nm).
Numbers correspond to the notations in Fig. 2.
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a method for evaluating the structure factors by the
convergent-beam technique. But their procedure is
not easy to analyze compared with the present
method. For the reasons mentioned above, we can
conclude that the present method is satisfactorily
applicable to metals and alloys for the estimation of
structure factors.

(b) Observation of the convergent-beam discs of

Cu;Au

An example of the observed IKL patterns of an
ordered Cu,Au is shown in Fig. 4, where reflections
657 and 757 satisfy the Bragg condition simul-
taneously. The split Kikuchi lines and the fringe pat-
tern due to elastic scattering overlap each other in
the convergent-beam discs. Fig. 5 shows the calcu-
lated intensity profiles of Kikuchi lines 657 and 757
along AB and A'B’ in Fig. 4. The segments | and I
in Fig. 5 decay very rapidly with increase of thickness.
In fact, in a thick crystal segments 1 and 1" are broad
and not clear. In a relatively thin crystal, as shown
in Fig. 4, segments | and 1’ can be observed, but they
are already broad. As the absorption effect is strong
even in a thin crystal of Cu;Au, the effect of absorp-
tion on the split Kikuchi line is discussed in detail.

(c) Absorption effect

As segments | and 1" in Fig. 5 decay and have
asymmetric profiles around the pedks in a thick crys-
tal, the maximum position of the peak moves toward
segment 2 or 2'. The absorption effect gives rise to a
decrease in the separations D, and D!. The effect of
absorption on the split Kikuchi lines can be under-
stood in terms of the behavior of Bloch waves. Figs.
6(a) and 6(b) illustrate the dispersion surfaces and

Fig. 4. Convergent-beam diffraction discs of an ordered Cu;Au at
761 kV, where g = 657 and g + h = 757 satisfy the Bragg condition,
The Kikuchi pattern and the convergent-beam discs overlap each
other. The splittings of Kikuchi lines D, and D/ due to superlat-
tice reflection 100 can be observed. Numbers are the notations
of the Kikuchi-line segments. In the convergent-beam discs not
only Kikuchi lines but also some fringes due to the elastic
scattering are observed.

547

intensity profiles of Bloch waves which contribute
dominantly to the intensity of reflection 657. Here,
Bloch waves A and B attenuate very rapidly, so that
the segments of Kikuchi lines 1 and 1" become broad.
Furthermore, as Bloch wave A decays more rapidly
than Bloch wave B, segments | and |’ become asym-
metric in shape and the separation between segments
| and 2, or |I' and 2’ becomes narrow. When the
imaginary part of the crystal potential is large, in

geh=157
1plit due to tha
A* ’ | withow
| superiattice
L rofiocton —*i| Atsorpton
Z| A \ 8
§| segmant 1 4 4
£ With |
absorpton f
| I ¢-200nm A
- -
A a
g5
-~ -
| Wittt
sbsorplion [
¥
;'! A A I\ 8
E| segment 7 oy
With |
absorphion
£+ 300 nm
- - f
A 8

Fig. 5. Calculated intensity profiles of the Kikuchi pattern along
AB and A'B’ in Fig. 4 with and without the absorption effect.
The numbers are the notations of the Kikuchi-line segments,
and correspond to those in Fig. 4.

Bloch wave A

Bloch wave C S — Bloch wave 8

Bloch wave D

Bloch wave £
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Fig. 6. Dispersion surfaces and intensity profiles of Bloch waves
which dominantly contribute to reflection 657 (a) without and
(b) with the absorption effect at 300 nm thickness.
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Table 2. Separations of split Kikuchi lines for Cu;Au
and structure factors for reflections 100 and 200

Ordered Cus;Au  Disordered Cu,Au

Dgs; (1077 nm™") 0-449 + 0-031

Fto (nm) 0369 = 0-024

D (107 nm™") 0-549 +0-018 0-869+0-036
Fi (nm) 1:28 £ 0-04 1-34 4 0-07

* Includes temperature factors.

general the absorption coefficients of Bloch waves A
and B also have correspondingly large values. The
present calculation indicates that the amount of the
decrease in the separation is 2% for the Cu;Au crystal
at thickness 300 nm, and 0-4% for Cu at thickness
300 nm. As the decrease in separation for the Cu;Au
alloy is comparable to the measurement error of the
separation, the absorption effect cannot be ignored.

(d) Structure factor for the superlattice reflection

As the separations D, and D/ due to the superlat-
tice reflection strongly depend on the structure factor
for the superlattice reflection, we can estimate the
degree of order S from the measurement of the separ-
ation. The absorption effect was considered and the
thickness of the crystal was assumed to be 300 nm.
This assumption of the thickness gives no serious
error compared with the measurement error of D,

(a)

(b)

Fig. 7. Splitting of Kikuchi lines Dy, and D%, due to fundamental
reflection 200, for (a) ordered and (b) disordered states of Cu,Au
at 761 kV. g =557 and g+ 2h =757 satisfy the Bragg condition.

DETERMINATION OF THE STRUCTURE FACTORS OF Cu AND Cu;Au

The value of S obtained by the analysis of Fig. 4 is
0-84+0-05, which is comparable with the value
obtained with the similar heat treatment by Kinoshita,
Mukai & Kitajima (1977) and that expected from
Cowley's (1950) results. The structure factor for
reflection 100 by the present analysis is shown in
Table 2 together with the value of the measured D,
In the case of Cu;Au, segment | or 1’ is broad and
not so clear due to the strong absorption effect. This
gives a slightly large measurement error. However,
by other diffraction methods, including the critical-
voltage method and the X-ray diffraction, it is impos-
sible to estimate the degree of order in a local and
small region of a specimen.

(e) Observation of the split Kikuchi lines due to the
fundamental reflections

The observed split Kikuchi lines due to the funda-
mental reflection 200 of the ordered and disordered
states are shown in Figs. 7(a) and 7(b) respectively,
where the separations Dy and D'y become narrow
on ordering. As the shape of the split Kikuchi pattern
expresses a section of the dispersion surfaces, Fig. 7
shows how the shapes of the dispersion surfaces are
changed by the appearance of superlattice reflections.
Figs. 7(a) and 7(b) were analyzed to obtain the struc-
ture factor for 200, assuming that S is 0-84 for (a)
and thickness  is 300 nm for (a) and (b). The results
are summarized in Table 2. The structure factors for
the reflection 200 obtained by the present study also
have slightly large errors for the same reason as for
reflection 100. Fig. 7 and Table 2 show that the separ-
ations Dy and D'y also depend on the structure factor
for reflection 100 as well as reflection 200 in an
ordered state because of the many-beam effect. There-
fore, we can obtain the degree of order from the
separations Dy and D'y, if the structure factor for
the fundamental reflection is known beforehand.

This work was partly supported by a Grant in Aid
for Scientific Research from the Ministry of Edu-
cation.
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Abstract

High-resolution electron microscope (HREM)
images of the 8 phase of TiO, (0-7=x=1-0) were
analysed by comparison with computer-simulated
images. This allowed a hexagonal structural model,
proposed previously on the basis of powder X-ray
data, to be confirmed using effectively single-crystal
data for two projections of the structure. A study of
the sensitivity of HREM images to crystal thickness
and local variations in stoichiometry allowed (i) local
variations in grain thickness to be assigned in the
range 173 to 245 A and (ii) the local stoichiometry
to be assigned as x =0-8. The techniques developed
should extend readily to studies of other polycrystal-
line thin films.

1. Introduction

The crystal structure of TiO, (0= x < 1+25) varies with
x, the Ti atom arrangement varying from essentially
h.c.p. to essentially c.c.p. Thus the h.c.p. @ phase
occurs in the range 0= x=0-5, when oxygen atoms
are included in tetrahedral interstices, and in the
range 0-5 < x = 0-9 a mixture of (a +TiO) phases may
occur, depending upon thermal treatment (Roy &
White, 1972). The Ti,O phase represents one of the
possible ordered arrangements of oxygen (Holmberg,
1962). The ‘rock-salt’ (c.c.p.) type TiO phase exists
in the range 0-7=x=1-25. This contains empty
titanium and oxygen sites (Andersson, Collén, Kug-
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lenstierna & Magnéli, 1957), which may become
ordered following appropriate thermal treatments
below 1260 K (Watanabe, Terasaki, Jostons &
Castles, 1970). The so-called transition structure con-
tains vacant sites of oxygen (Watanabe, Castles, Jos-
tons & Malin, 1966) and titanium (Hilty, 1968) con-
centrated on every third (220) plane of the ‘rock-salt’
type structure. Such an ordering of space distorts the
parent lattice (Hilty, 1968; Yamada 1983). The so-
called 8 phase may occur for 0-53 = x = 0-89. Bumps,
Kessler & Hansen (1953) reported its structure to be
tetragonal, and this was apparently confirmed by
Schofield & Bacon (1955-56). However, Andersson
(1959) proposed a hexagonal structure for the 6
phase. This was based upon an analysis of X-ray
powder data. Since this phase apparently always
coexists with a + TiO phases the structure analysis
by single-crystal techniques was not possible. Yamada
& Yoshida (1983) studied the phase transformation
of evaporated films of TiOy.s (a« phasg) into the TiO
phase by in situ oxidation of evaporated thin films
using an electron microscope, when a characteristic
sequence of changes could be induced. Grains of the
8-phase precipitate during this transformation and
Andersson’s hexagonal unit-cell parameters for the 8
phase were verified by analysing diffraction patterns
taken from these single-crystal grains. The lattice
parameters measured were nearly equal to those of
Andersson, i.e. A;=4-99 and C, =2-88 A.

In the present paper HREM images of the 8 phase
are presented for two projections of the structure.
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