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Abstract

The reciprocal lattices of fibrous and lamellar textured
polycrystalline thin films are analyzed on the basis of the
number of distinct angles made between planes of {hkl}
families with the texture axis. Tables of the maximum
possible number of such distinct angles between any
given direction/plane and all faces of a given family of
planes for all the crystal systems are included in this
paper. Based on these reciprocal lattices, parallel and
tilted electron-diffraction-pattern characteristics of the
textured films are elucidated. A method of indexing the
arced electron diffraction patterns of the textured films is
proposed. This method can be applied to both the fibrous
and lamellar texture films of all crystal structures.
Formulas that relate the angles subtended by diffraction
arcs to the distribution angle of the texture axis are pre-
sented.

1. Introduction

When materials are sputtered onto a substrate they often
form polycrystalline thin films in which the grains have
preferred orientation. Such thin films are said to be
crystallographically textured. The texture of thin films
can be divided into two distinct categories, namely
fibrous texture and lamellar texture (Vainshtein, 1964;
Zvyagin, 1992; Hirsch, Howie, Nicholson, Pashley &
Whelan, 1978; Reimer, 1984). In fibrous texture, many of
the individual grains of the film have a particular crystal-
lographic direction that is parallel to a specific reference
direction, which is termed the fiber direction. In lamellar
texture, a certain set of crystallographic planes is parallel
to a specified reference plane. For thin films, the refer-
ence direction for fibrous texture is usually the normal to
the film, whereas the reference plane for lamellar texture
is usually the plane of the thin film, which is parallel to
the substrate on which the thin film grew. In this paper,
our emphasis will be on the investigation of fibrous and
lamellar textures of thin films.

Most treatments of crystallographic texture are done
for the texture of bulk materials (Barrett & Massalski,
1980). For this reason, most descriptions of crystal-
lographic texture have been written with X-ray diffraction

techniques in mind. In this paper, we discuss the analysis
of the texture of thin films from transmission electron
diffraction patterns.

The textures of thin films have been studied by various
diffraction techniques. For example, X-ray diffraction
techniques with different geometric arrangements, such
as symmetric and asymmetric scans, rocking scans, and
pole figures, are frequently used for texture studies of
thin films (Cullity, 1978; Bain, Clemens, Brennan &
Kataoka, 1993; Feng, Laughlin & Lambeth, 1994).
However, since the thickness of the films is often of
10-100 nm, these techniques do not always produce
reliable results. This is due to either the strong
background signal from the substrate of single-layer
films or overlapping of diffraction peaks of the different
layers for multilayered films. In addition, information
about the grain size and other microstructural features,
such as defects and elemental segregation, of the films
is usually not easily obtained by X-ray diffraction
techniques.

In this paper, we present a unified treatment of the
analysis of fibrous and lamellar textured thin films as
investigated by transmission electron diffraction patterns.
Such patterns can be obtained from films of the order of
10-100 nm thick and the direct-space structure of the
film can be easily obtained from the same area from
which the diffraction patterns are obtained. The diffrac-
tion patterns can be approximated as sections through the
intensity-weighted reciprocal lattice. An example of a
series of electron diffraction patterns taken from a
textured body-centered-cubic (b.c.c.) Cr (a=2.885 A)
thin film is shown in Fig. 1. The pattern with uniform
rings in Fig. 1(a) is the one when the texture axis is
parallel to the electron beam. Some of the rings that
would appear in the randomly oriented films are missing
in this pattern. Hono, Wong & Laughlin (1990) have
developed tables for the determination of the intensities
of the various hkl rings relative to each other for various
textures of b.c.c. Cr and hexagonal-close-packed (h.c.p.)
Co thin films. More information can however be obtained
from the diffraction patterns taken when the texture axis
is tilted away about an axis OT in the film plane from the
electron beam (Figs. 16-h). The patterns can be seen to
undergo a complicated evolution producing arced
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electron diffraction patterns. These arced diffraction
patterns have been used in determining the indices of
the texture axis (Vainshtein, 1964; Zvyagin, 1992; Hirsch
et al., 1978; Reimer, 1984; Tang & Thomas, 1993).
Herein we develop equations that can be utilized to
more fully analyze the arced electron diffraction patterns.
In particular, it will be shown that the distribution angle,
a, of the texture axis can be determined by systematic
tilting experiments. Our approach is different from the
previous work (Vainshtein, 1964; Zvyagin, 1992) in that
we treat fibrous and lamellar textures in a unified way. In
a second paper, we will illustrate the use of the methods
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Fig. 1. Electron diffraction patterns of a textured b.c.c. Cr film at (a) 0,
(b) 21, (c) 38, (d) 43, (e) 45, (f) 47, (g) 49 and (h) 55° tilt.

FIBROUS AND LAMELLAR TEXTURED POLYCRYSTALLINE THIN FILMS. |

developed herein with examples from thin films of
various crystal structures.

2. Reciprocal lattice of textured polycrystalline thin
films

2.1. Fibrous texture

Polycrystalline samples with grains having a common
crystallographic direction R = ua + vb + we — [uvw] par-
allel to a reference direction (while other crystallographic
directions are randomly oriented around this reference
direction) are said to have a fibrous texture. Here, u, v and
w are integers and are coprime and a, b and c¢ are the unit-
cell vectors of the real-space lattice. For thin films, the
reference direction is usually the normal to the plane of
the substrate. The reciprocal lattice of a fibrous textured
polycrystalline sample is equivalent to that of a single
crystal with all of the reciprocal-lattice points rotated
around the fiber axis [uvw] (Vainshtein, 1964; Hirsch er
al.,, 1978; Reimer, 1984). Thus, each Akl reciprocal-
lattice point becomes a reciprocal circle around [uvw].
For an {hkl} family in which there are P (multiplicity
factor) lattice planes with the same d spacing and struc-
ture factor, the corresponding reciprocal-lattice circles
are circles with different latitudes on a sphere with [uvw]
as the NS direction (Fig. 2). The radius of the sphere is
G{hkl} = (G{hkl}.G[hkl})l = l/dhkl’ where G{hk[} is the set
of all the P reciprocal-lattice vectors of {hki}. Because
some planes in the {#/} family may have the same angle,
p, with respect to [uvw], the number of the {hkl} recip-
rocal circles may not be equal to P, but is the number of
distinct angles, N, between the normals to the {hkl)
planes and [uvw]. Tables 1-5 list the maximum possible
number of distinct angles, M <P, between any given
crystallographic direction [uvw] and/or plane (W'KT)
and all planes in a given family of planes in cubic

[uvw]

Fig. 2. Reciprocal circles of an {/kl) family of planes making three
distinct angles with the fiber texture axis [uvw].
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Table 1. Maximum number of distinct angles between any
given direction/plane and all faces of a given plane
Jamily in the cubic system

A number with an asterisk indicates that one of the angles is equal to
90°.

Direction uvw uuw Ovw 110 111 001

Plane 1944 1444 (V44 110 111 001

Plane family (P)
hkl (24) 24 12 12 6 4 3
hhl (12) 12 7 6 4* 3 2
0kl (12) 12 6 8 4 2 3*
Okk (6) 6 4* 4 3* 2% 2%
hhh (4) 4 3 2 2% 2 1
00/ (3) 3 2 3* 2* 1 2*

Table 2. Maximum number of distinct angles between any
given direction/plane and all the faces of a given plane
Jamily in the tetragonal system

A number with an asterisk indicates that one of the angles is equal to
90°.

Direction uvw uuw Ovw u 110 010 001

Plane WKl HRKI  OKI KKO 110 010 001

Plane family (P)
hkl (8) 8 4 4 4 2 2 1
hhl (4) 4 2 2 2 2% 1 1
0kl (4) 4 2 2 2 1 2* 1
hk0 (4) 4 2 2 2 2 2 1*
hhO (2) 2 2% 1 2 2% 1 1*
040 (2) 2 1 2% 2 1 2% 1*
00/ (1) 1 1 1 1* 1* 1* 1

(Kasper & Lonsdale, 1959), tetragonal, orthorhombic,
hexagonal and monoclinic crystal systems. In these tab-
les, no distinction is made between {hkl} and {hkl} and a
number with an asterisk indicates that one of the angles is

equal to 90°. Values of the angles can be calculated by

Cos pi =R- G{hk]}i/RG{hkl} = (hiu + k,~v + I,W)/RG{’,H}
= n;/RGy,
(n; = integer,i=0,1,2,.... N—1<M—1 or

i=12,...,N<M), 1)
where h;a* + kb* + [c* is one of the reciprocal-lattice
vectors in Gy, which includes those reciprocal vectors
in Gy, making the same angle, p,, with R. It should be
noted that possible values of n are fixed once [uvw] is
fixed for a given crystal system. With the help of (1),
reciprocal-lattice circles of an {hk/} family with N distinct
- angles with [uvw] can be indexed as hki; with i increasing
in the order of decreasing values of p, where
i=0,1,2,...,N—1<M — 1 for {hkl}, in which there
is at least one plane making 90° with [uvw] (Fig. 2) and
i=1,2,...,N <M for {hkl}, in which there are no
planes making 90° with [uvw].

This method of indexing the reciprocal circles can be
easily seen by means of an example. In a cubic lattice,
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Table 3. Maximum number of distinct angles between any
given direction/plane and all the faces of a given plane
Jamily in the orthorhombic system

A number with an asterisk indicates that one of the angles is equal to
90°.

Direction uvw
Plane KK

Plane family (P)

hkl (4)
Okl (2)
Ol (2)
kO (2)
00 (1)
0k0 (1)
00/ (1)

uv0
hKO

100
100

uOw
nor

Ovw
OK'K

010
010

001
001

1 1 1
1* 1 1
1 1* 1
1 1*
1 1* 1*
1* 1 1*
* 1* 1* 1

—_—— NN N A

—_— - NN

—_—— o N = N

—_—— N = N
—

Table 4. Maximum number of distinct angles between any
given direction/plane and all the faces of a given plane
Jamily in the hexagonal system

A number with an asterisk indicates that one of the angles is equal to
90°.

Direction uv.w uuw  Ouvw uv.0 11.0 01.0 001.

Plane KEY KKHI OKr KKO 110 010 00.1

Plane family (P)
hk.1 (12) 12 6 6 6 3 3 1
hh.l (6) 6 4 3 3 2 2% 1
Ok.l (6) 6 3 4 3 2% 2 1
hk.0 (6) 6 3 3 3 3 3 1*
hh.0 (3) 3 2 2* 3 2 2% 1*
0k.0 (3) 3 2% 2 3 2% 2 1*
00./ (1) 1 1 1 1* 1* 1* 1

Table 5. Maximum number of distinct angles between any
given direction/plane and all the faces of a given plane
JSamily in the monoclinic system

A number with an asterisk indicates that one of the angles is equal to
90°.

Direction uvw uOw (%)
Plane 1444 Hor 0K0
Plane family (P)
hkl (2) 2 1 1
ho! (1) 1 1*
0k0 (1) 1 1* 1

there are twelve {211} planes, but these twelve {211}
planes make only two distinct angles with the [001]
direction (see Table 1). Therefore, in a [001] textured
film, there are two 211 reciprocal circles about the [001]
axis: 211, which includes the planes (211), (211), (211),
(211), (121), (121), (121) and (121), and 211,, which
includes the planes (112), (112), (112) and (112). The
angle p; is 65.9° and p, is 35.3° (see Fig. 3). These
angles are independent of the lattice parameters of the
cubic systems. Notice that there is no {211} plane that is
90° to the [001].
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In addition, since a crystallographic direction [wvw] in
a real lattice is always parallel to the normal to a set of
reciprocal-lattice planes (uvw)* of spacing 1/R, all the
reciprocal circles of different {hkl} families must lie on
these reciprocal-lattice planes. Furthermore, because the
projection of the Gy, along [uvw] is

@

reciprocal circles of different {hkl} families but with
the same n; value will lie on the same layer of (uvw)*
reciprocal-lattice planes..

Gipuy €08 p; = n;/R,

2.2. Lamellar texture

Thin films that have grains with a common crystal-
lographic plane (A'k'l') parallel to a reference surface but
randomly arranged in the reference surface are described
as having a lamellar (or plate) texture (Vainshtein, 1964;
Zvyagin, 1992). The reference surface is normally the
substrate surface. Therefore, all grains have their (#'K'7)
plane normal direction Gy, = h'a* + K’b* + I'c* =
[A'K'I')* parallel to the normal to the reference surface.
Thus, we can define the direction [A'K'Z]* in reciprocal
space as the lamellar texture axis. Therefore, just as in the
fibrous texture case, all reciprocal-lattice points become
circles around the axis [A'K'I]*. It should be noted,
however, that [/'K'I']* is a reciprocal-lattice vector itself
and, unlike the real-space crystallographic lattice vector
[uvw], may not be the normal to a set of reciprocal-lattice
planes, since its directional indices [1/v'w/] in the real
space may not be integers. For planes in an {Ak/} family,
distinct angles between their reciprocal circles and the
[A'K'T']* direction can be obtained by

c0s @; = Gy * Gy, /(Groier Giaay)- 3)

[001])

Fig. 3. 211 reciprocal circles of a [001] textured cubic film.
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It should be noted that, although (3) usually cannot
be simplified to the form (A'h;+ Kk;+1l)/C where
W h;+ Kk +I'l;=integer and C is a constant, it can al-
ways be written in the following form:

cos@; = (hu' + k' +Iw')/C, 4)

where w'a+vb+we=~ha*+kKb* +I'c*, [hkd]* s
one of the reciprocal vectors in G, and C' is a con-
stant. ', v/ and W' can be obtained by

u a*-a’ b*-.a* c*.g* 14
V. ] = | a*-b* b*:-b* c*-p* 1. (5
M/ a* . c* b* . C* C* . c* l/

For cubic systems, (4) reduces to (1), since [u'vVw]=
[A'K'T]. Thus, there is no need to distinguish between
fibrous and lamellar textures in cubic systems because
they have identical reciprocal lattices. For noncubic
crystal systems, «/, v and w' need not be integers and
thus hu’ + kv + Iw/ in general is not an integer. Although
the angle values may be different, the maximum possible
number of distinct angles, M, between the reciprocal
circles in {hkl} and [W'K'I']* is the same of that between
the reciprocal circles in {hkl} and [uvw] if H' =u, K =v
and /' =w, because (4) and (2) have similar form. Thus,
Tables 1-5 apply not only to the fibrous texture but also
to the lamellar texture. Similar to the fibrous texture case,
reciprocal circles of an {Akl} family with different angles
with [A'K'I']* can be indexed as hkl; and i increases in the
order of decreasing values of the angle ¢, where
i=0,1,2,3,...,.N—1<M—1 for {hkl}, in which
at least one plane makes 90° with [W'KIT*, and i=
1,2,3,...,N <M for {hkl}, in which there are no
planes making 90° with [A’K'I']*. For example, since the
number of distinct angles between the six planes in
{1011} and (1011) is four (see Table 4) for hexagonal
lattices, there are four {1011} reciprocal circles around
the [1011]* axis in the reciprocal lattice of a (1011)
textured film. These four reciprocal circles can be
indexed, in order of decreasing angle values, as lO_T_ll
including (0111) and (1101), 1011, including (1011),
10115 including (1101) and (0111) and 1011, including
(1011). It is worth pointing out that each of the four
circles lies on the sphere of radius Gy,47;, and that values
of the angles are dependent on the c/a ratios. Fig. 4
shows the projections on the plane of the reciprocal-lat-
tice circles of {1011} planes of a [1011]* textured
hexagonal cobalt film (a=2.507, ¢=4.070 A; Cullity,
1978).

2.3. Effects of film thickness and texture axis distribution
angle on the reciprocal lattices of textured thin films

The finite thickness of single-crystal thin films, ¢,

- changes the reciprocal-lattice points "into reciprocal-

lattice rods of length 2/¢ along the direction of the film
thickness. Similarly, reciprocal-lattice circles of textured
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thin films become cylindrical belts of height 2/¢. The
angle subtended by the cylinders is:

Vi = tan” (dyy/0). (6)

Note that this angle decreases for the higher-order re-
ciprocal circles. For example, 71,90 =1.2° and y,9¢ =0.8°
for a 10 nm-thick b.c.c. Cr film. On the other hand, if the
texture axis is distributed in an angular interval & around
the reference direction, the reciprocal-lattice circles
become spherical belts subtending an angle of 2o from
the origin. It should be noted that 2a is the same for all of
the reciprocal spherical belts while vy, varies with d,.

3. Characteristics of electron diffraction patterns of
textured polycrystalline thin films

Geometrically, electron diffraction patterns of crystals
can be approximated as sections of the reciprocal lattice
since the reflection or Ewald sphere can be regarded as a
plane for high-energy electrons (i.e. the radius of the
Ewald sphere, 1/4, is much larger than the lengths of
low-index reciprocal-lattice vectors). As discussed in the
preceding sections, reciprocal lattices of a [uvw] fibrous
and an [A'K'I']* lamellar textured thin film are similar in
that an {hkl} family has the same maximum number of
distinct reciprocal circles about [uvw] and [K'KI]* if
u=~Hn,v=K, w=I. Thus, it can be expected that their
electron diffraction patterns also will have similar
aspects. This enables us to discuss the geometric features
of electron diffraction patterns from either fibrous or
lamellar textured thin films by the same approach.

3.1. Electron beam parallel to the fibrous texture axis
[uvw] or lamellar texture axis [hkl]*

When the incident electron beam is parallel to the
texture axis, the electron diffraction pattern consists of
ot

3 -
_—1on,

1011,

4523°% 1071,
i A ~
4 1011,

N

Fig. 4. Projections of 1011 reciprocal circles of a [1011]* lamellar
textured h.c.p. Co film.

hkly rings. Hereinafter we call these patterns parallel
patterns. These hkl, rings satisfy the conditions

hu+kv+Iw =0 for fibrous texture; @)
hi' + kv + 1w =0 for lamellar texture.  (8)

If the crystal structure of the film is known, the indices of
each ring can be determined using

LA = ryydyy, &)

where LA is the camera constant, r,, is the radius of the
ring and dj, is the interplanar spacing of the {Akl} planes.
Indices of [uvw] and [A'K'I']* can then be determined
using (7) and (8) if there are three or more indexed hkl,
rings. For the fibrous texture, this can always be done,
since there must be a (uvw)* reciprocal plane passing
through the origin of the reciprocal lattice and normal to
[uvw]. For a given [A'K'I']* or [«'Vw] lamellar texture, it
is often possible that there are no (hk/) planes satisfying
the condition Au’' + kv + Iw' =0 and only the transmitted
spot is observed. In order to determine the indices of
[hKI]* for the lamellar texture, diffraction patterns taken
with [A'K'T']* tilted away from the incident electron beam
by a certain angle around an axis in the (h’K'I’) plane are
needed. This is discussed in detail in the next section.

3.2. [uvw] and [hKI]* tilted away from the incident beam
around an axis in the film plane

When the [uvw] or [W'K'I']* directions are tilted away
from the incident electron beam about an axis in the
plane to which the texture axis is normal, the diffraction
patterns are no longer uniform rings but are arcs owing to
the intersection of the Ewald sphere with the inclined
reciprocal spherical belts. We define such patterns as
tilted patterns. The appearance of the tilted pattern is
dependent on the tilt angle § (8 =0° corresponds to the
parallel pattern). Fig. 5 shows schematically the diffrac-
tion pattern evolution due to diffraction of planes of an
{hkl} family with the tilt angle B. Here, we assume that
the {hkl} planes have two distinct angles in which one is
90° and the other is 1, (1, = p,; for fibrous texture and
11 = ¢, for lamellar texture) with the texture axis. Thus,
there are two reciprocal spherical belts (with a>>y
assumed), hkly and hkl;, around the texture axis.

First, let us look at the evolution of the hkl, ring as the
film is being tilted. The hkl, ring (Fig. 5a) becomes two
arcs (Fig. 5b) when the tilt angle § is greater than the
distribution angle, «, of the texture axis. These two arcs
are bisected by the tilt axis OT and are symmetric about
the transmitted spot. The angle w, subtended by the Akl
arcs is not a constant but a function of the tilt angle f and
the texture axis distribution angle «. This can be seen
from Fig. 6, which shows schematically the intersection
of the Ewald sphere with an hkl, spherical belt when
B> a. In Fig. 6, ON is the direction of the texture axis
([uvw] for fibrous texture and [W'K'[]* for lamellar
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texture), OE is the incident electron beam direction, OT  two hkl; arcs symmetric about the OF when B is greater
is the tilt axis, wy is the angle subtended by the hkly arcs  than B (see Fig. 5d and also note that there is always a
with the chord JK bisected by OT and LK is the chord of —hki, arc symmetric about the origin), where

the angle 2o.. From the triangle OJK (OJ= OK = Gniry) R

in Fig. 6, it follows that i =90° -, —«a,

sin(wy/2) = JK /20K. 10y 2d (13)

o ) ) Bi=90°—n,+a, i=1,2,....N or N-—1.
Similarly, from the triangles OLK (OL = OK) and JLK in
Fig. 6, we have Here, eﬂf is the tilt angle where the Akl; arc starts to appear
B . and f is the tilt angle where the kkl; ends as a single arc.
rsina=LK/20K, and sinf=LK/JK, (1) The angle w,, subtended by the single hkl; arc gcan be
respectively. related to § and f; with the help of Fig. 7, which shows
By combining (10) and (11), we obtain the following: the intersection of the Ewald sphere with an hkl; spherical
) i ) . belt for f; < f < B;. In Fig. 7, OF is the projection
sin(wo/2) =sina/sinf, a < f < 90°. (12) ' of ON on the diffraction pattern, w,y is the angle
Thus, as f increases, wo decreases (see Figs. 5b, cand d). Subtended by the hkl; arc with a chord of CB, which
It can also been seen from (12) that the value of the angle 1S bisected by OF. It follows from the triangle OCB
o can be determined from the slope of the straight line of (OC=O0B=Gy,,) in Fig. 7 that
the sin (wo/2) vs 1/sin B plot. It should be noted that, for cos(wpy /2) = O4/OB. (14)
an {hkl} family in which there is no plane at 90° from the !
texture axis, (12) cannot be applied since there are no  From the triangles OAD and OSD (OS = Gpuy) in Fig. 7,
hkly arcs. It should also be noted that equations presented  we also have
in previous work (Heidenreich, 1964; Tang & Thomas,

1993), which also relate the three angles in (12), are sinf = OD/OA4 and sinf = 0D/OS, (1)
special cases of (12). respectively.
Now, we discuss the evolution of the arcs formed due Consequently, this leads to
to the intersection of the Ewald sphere with an Akl
((=12,...,N or N—1) spherical belt (Fig. 5 is a cos(wyy, /2) = sin B/ sin f,

special case where i=0, 1). A single hkl; arc will first . _

agpear along OF, which is perpendicular to OT, when f t=h2. N oor NoL fi<p<pi (16)

is greater than f; (Fig. 5c) and subsequently splits into  From (16), it can be seen that wy,, increases with the tilt
angle B until the hkl; arc splits into two arcs. Since £ is
related to o by (13), once again we can determine a

hkl ‘T,\\*“ experimentally from the slope of the straight line by
o plotting cos(wy, /2) vs 1/sin f.
fe (o}

@)

Fig. 5. Diffraction pattern evolution with tilt angle of an {(hk!} family of K
planes, which have to distinct angles (one is 90°) with the texture
axis. (@) 0°<f<a, (b)) a<f<Pi, () B <B<f, @ Fig. 6. Intersection of the Ewald sphere with an hkl, spherical belt when
B < B <90°. f> o
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By combining (12) and (16), we also have
sin(wy/2) = sina cos(wyy /2)/ sin B,
i=12...,N or N-1, Bi<B=<p. (17

Thus, in the tilt-angle range in which (16) and (17) are
valid, « can also be determined from the slope of the
sin(wy/2) vs cos(wyy /2) straight line without accurate
knowledge of f. This holds for cases where hkl, arcs as
well as hkly arcs are present. When f§ > f7, the hkl; arc
splits into two arcs that are symmetric about OF as
shown in Fig. 5(d). The angle, J;, between the center of
the arcs and OF is related to f and #; as follows (Reimer,
1984):

cos7; = sin fcos d;,

i=1,2,...,N or N—1, 90°>8>f. (18)

Thus, with the known tilt angle § and measured J; values,
values of 7, can be calculated using (18). Then, the in-
dices of [uvw] and [A'K'I']* can be determined with the
help of (1) and (4) for fibrous and lamellar textures, re-
spectively. Examples of this are included in the second
part of this paper (Tang, Feng, Lee & Laughlin, 1996).

4. Summary

The reciprocal lattice of fibrous [uvw] and lamellar
[A'K'T'T* textured thin films consists of reciprocal circles
around the texture axis. For an {hk/} family of planes, the
corresponding reciprocal circles are circles on the sphere
of radius 1/dj,. The number of the distinct reciprocal
circles, N, of {hkl} is equal to the number of distinct

Fig. 7. Intersection of the Ewald sphere with an hkl; spherical belt when

Bi <B <8
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angles of planes in {hkl} with the texture axis. These
reciprocal circles can be in indexed hkl, where
i=0,1,2,...,N —1 for {hkl}, in which there is at
least one plane making 90° with the tilt axis and
i=1,2,...,N for {hkl}, in which there are no planes
making 90° with the texture axis. It has been shown that,
when [uvw] and [A'K'I']* have the same form, the maxi-
mum possible number, M, of distinct angles between any
given [uvw] direction and all planes in a given {hki)
family is the same as that between any given (h'k'I') plane
and all planes in a given {hkl} family. The values of M for
all crystal systems are tabulated in Tables 1-5.

Electron diffraction patterns consist of hkl, rings when
the electron beam is parallel to the texture axis. When the
texture axis is tilted away from the electron beam about
an axis in the plane of the film, electron diffraction
patterns are no longer uniform rings but arcs. For
diffraction arcs due to planes in an {hkl} family, they
always lie on the same circle of radius L1/djy,. The hkl,
arcs will always be bisected by the tilt axis. The angle w,
subtended by the hkl, arcs decreases with the tilt angle 8
and is related to the distribution angle « of the texture
axis by (12). The hkl; (i = 1,2, ..., N or N — 1) arcs will
always appear as a single arc bisected by an axis that is
perpendicular to the tilt axis and eventually split into two
arcs as the film is being further tilted. The angle w,,,
subtended by the hkl; single arc can also be related to the
tilt angle f8 and texture axis distribution angle o through
(16). By the use of (12) and (16), the o values can be
determined from the slopes of the straight lines of
sin(wy/2) vs 1/sin f and cos(wpy,/2) vs 1/ sin f§ plots.
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