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Abstract

A method for the characterization of coincidence cells
is proposed for hexagonal crystals. It is based on a
simple formulation of the orientation relationships for
coincidence site lattices. Therefore tables of coincidence
orientation are established for different axial ratios with
rational values of (c/a)’. Possible practical cases of
coincidence are characterized by their comparison with
these tables. This comparison is preferably performed
using the description given by a rotation angle of 180°.

1. Introduction

A new formulation for the generation of coincidence
site lattices (CSL) has been proposed in a previous
paper (Bleris & Delavignette, 1981). It was proved
there for the first time that there is a strict connection
between Ranganathan’s (1966) generating function for
the cubic system and the rotation matrix describing a
CSL according to Warrington’s (1975) approach.

The connection between these two approaches has
the following consequences:

(a) the generating function may be constructed for a
CSL described by a rotation matrix;

(b) the multiple X values for a given multiplicity are
well defined;

(c¢) the construction of the CSL matrix for a given
multiplicity becomes a systematic procedure based on
three parameters: m, n and a.
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The first of these points gave a better insight into the
original proposition of Ranganathan, the other two
solved different computational difficulties for the
construction of the rotation matrix.

The general ideas of the previous paper will be
extended here to the hexagonal system, for which the
generating function, as far as we know, has not yet
been established.

2. The general rotation matrix in the hexagonal system
If p,, p,, p; are the direction cosines of a direction, the

general rotation matrix in an orthogonal system has the
form:

pH1—cosf)  p,p,(1—cosB) p,p,(1—coséb)
+ cos 8 —p,sin @ + p,sin 6
PPl —cos ) pi(1 —cos ) P, Py(1 — cos 6)
Ro: . . (1)
+p,sin + cos @ —p,sin @
pips(1 —cos &) p,p,(1 —cos &) pi(1 —cos 6)
L —p,sin @ +p,sin g + cos 8

where 6 is the rotation angle. If the direction is
crystallographic its direction cosines may be expressed
as a function of integral numbers by introducing the
Miller indices [uvw] by means of the relations:

2u—v V3v w @
=, =T P=P
)4 N/ ) 2! /T 3 7
where
d* =u*+ v?—uv + p?w? 3)
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and p = ¢/a is the hexagonal axial ratio. Using relation
(2) and by a similarity transformation S~'R,S, where
Sis

1 —-1/2 0
s=al0 32 0], “
0 0 p

we may transform the rotation matrix R, into the
matrix R, = [R;;], which expresses the same rotation
operation in the hexagonal system. The matrix elements

2
[(Zu v)u F

2
[(20 u)u L

+ 2wp/;:‘ mn + xm? — ynl] - 4wp/:. mn]/a
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integers used for the generation of the coincidence’s
descriptions. Using (7) we easily see that

2yn? 2v/xy mn
1 —cosf= 4 ; sin0=————-——y H
aXk aX
xm? — yn?
cos = ———, 8)
al

and introducing (8) into (5), we have

yn’
[ 2uwp? -

+2(2v — u) id /i
—u)p an aQ

2 2
1 [(Zu v)uyL [ [20 o 2
et 5 1| ©)
+ 4wpf mn]/a - ZWpf mn + xm?— yn ]/ —2Qu-— v)p/: mn] la
3d* 3d*
L _aw?t 2
[(Zu v)w [(Zv ww I [2w V' -
Py + xm? —yn‘] /a
—vp! mn Ja +up ?mn /a
R, have the form: The following symbolism will be used:
. 1 1
(Z"M”)" (1 = cos ) ——(2"2 D% (1~ cos ) P (1 =cosB) Ry=I[R;l= > lry) = > [rfi/al. (10)
w . X w—u

t APt - \/3(1""’ sin 8 * ez end From (3) it is obvious that for p = 1, d* is an integer.

P Qo—1yo The following values:

Y0 (1 —cos 8) ———e— (1 —cos )
By = iy ) s x=3, y=u+v*—uv +w (11)
——=psin§ - psin @ + cos 8 - psin @

\/3d‘ 73(1‘ ;73d‘ o e .
eliminate the non-integral parts of (9). Then the
(zuuu)w(l w0s6) (20 u) (1 — cos ) :_: (1 — cos 6) rota?ion matrix takes the general fc?rm (IQ), where r’,'}
v cosd are integers, a has the same meaning as in the cubic

2”\/‘/;,; sin 6 * WT' ' tsing ] system and

(5)
3. An extension of the generation function for the
cubic system to the hexagonal system

By reference to the form of X and 6 for the cubic
system:

= (m?* + dn?)/a, tan( ) — /4, (6)

we shall seek expressions of the type:

X = (xm? + yn)*/a, tan (f) - X, @)

2 m x
where the parameters x, y will be determined in such a
way that the matrix elements (5) are rational numbers
with the common denominator being the integer X. The
parameters m, n and o are, as in the cubic system,

Z=[3m?+ (u? + v* — uv + w?) n?l/a. (12)

For the case p # 1, in order to describe ideal CSL’s
in any hexagonal system, the axial ratio should obey
the following relation:

(13a)
(13b)

p* = ulv,
()= L}

where ¢ and v are integers. These new parameters will
be introduced in (5). The d* expression (3) is
transformed into

d=@W+ v —uw)v+wu=d*v, (14)
where d is an integer. Using (14) and choosing x = 34,
y = d, we have for the elements rf; (10) integral

+(u,v) = | means that the greatest common divisor of x and v is
1.
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expressions, and X takes the form

Z = (3um*+dn?*)/a. (15)

We have already seen that there is a quadratic
expression of the multiplicity X, as for the cubic system
which transforms the general rotation matrix of the
hexagonal system in a rotation matrix with integral
elements times X! The existence of a generating
function such as (15) for the hexagonal system does not
ensure the unique character of the decomposition of £
in a quadratic expression. We shall treat this problem in
the next paragraph.

4. The application of Warrington’s condition

Let the matrix (5) describe a CSL rotation operation.
Then this matrix should be of the form R = (1/X)[r],
where r;; are integral expressions, without a common
factor, and X' is the corresponding multiplicity. In such

|QQu — v) un? + 2wmn + 3m? — dn?| f/4
[QQu — v)vn? + dwmn|] f/4
[(2u — v) wn? — 3vmn] f/4

[ry)=

a matrix the trigonometric functions may be expressed
as

(20 — u)un* — dwmn) f/4
[(2Qv — w)vn? — 2wmn + 3m* — dn?| f/4
[2v — w) wn? + 3umn] f/4

CHARACTERIZATION OF GRAIN BOUNDARIES

where the r;; should be integers without any common
factor in order that the matrix R, = (1/Z)[r;;l describes
a CSL.

Let us consider first the case p = 1, d* = d. In this
case the values of the nine products 12dr;;, where d is
the integral number (14), should be integers for every i,
J=1,2,3. We may easily see that the only non-obvious
integral expressions are the square roots:

V3Z-S; JZ+S; /34, (18)
which means there must be relations of the form
BX—8)(S+2)=3dzY, 3X—S=dz'? (19)
where z and z’ are integers. The substitutions
3L-S=fdn*, X+ S=f3m} (20)

where m, n, d are integers and f is an integer without
square factors, obey the relation (19) and by intro-
ducing this substitution into r;; we have:

[2uwn? + 2Q2v — w)mn| f /4
[2vwn? — 2Q2u — vYymn| f/4
[2win? + 3m? — dn?| f/4

(21

and

r= —4f- (3m? + dn?).

KPIEY
l—cos=—— (16a)
2z The factor f/4 is eliminated in a similar way as
S_x previously presented (Bleris & Delavignette, 1981), the
cos 6 = 5 (16b) rotation matrix takes the form (10):
1
) BE— S (X + S)2 R= 5l [rf/a]l and = (3m?+dn?/a (22)
sin 8= R (16¢)

2X

where § = r,; + r,, + r;;. These relations introduced
into rotation matrix (5) transform their elements into
expressions:

and a has the usual meaning.

For the case p # 1 we introduce the integral
expression of d from (14). Then the square-root
expressions (18) are transformed and contain the factor

—(2 ) 3-S5 Q ) 3r-s 23).'7&‘
U—v)u UV—u)u uw,
44* 44* 4 2d
BZ-S)V(Z+85H" S§-=Z BZ-SV(Z+ S BZ - (X + S
_— t ——— - Wp +Qu—-u)p
2\/3d* 2 3d* 2\/3a*
3r—-Ss 3-8 3-S5
Qu-—v)v Qv —u)v vwpl ———
R 1 44* 44 2d* (17)
=—
z BE-8) (& + 8" BZ-S)(Z+8 S-Z Bz-syE+sm |
+ WP -+ - Qu-v)p—m—————
3a* 2v/3d* 2 2\/3a*
Qu—ywZS @ -5 3Z-5
u—v)w v—u)w 2 232~
4a 4d* Y
SBZ-S(Z+ S 3-8 (Z + S §-z
—op N —— + up"‘\/:z_(——7 +
i nvd 4/d* 2 _
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4. The following substitutions are necessary and
sufficient:

3 —S=dn*f; X+ 8S=3um'f

In this case we have

(23)

S DA

Z=T=a(3ﬂm+ n),
3um? — dn? 6 n d

cos =———— or tan—=— [—, (24)
3um? + dn? 2 m 3u

and the matrix elements become

. [(Wrv—v*v—wry)n®
+ 2wumn + 3um?}/a
or
[(2u — v) uvn?®
+ 2wumn + 3um?* —dn’|/a

[(2Qv — u) uvn?

—4wumn]/a

[ v—u?v—wiy)n?

— 2wumn + 3um?)/a
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dn?)/a for a convenient value of a. If §, is the
corresponding rotation angle there are eleven other
angles ¢; which correspond to other descriptions of the
same CSL. The angle 6, could be the smallest one
between the twelve descriptions if

cos? 6,/2 > cos26,/2, i=1,..., 1L 2n
Let R, be the matrix which corresponds to the m, n and
d data. The application of the twelve symmetry
elements (see for example Hagége, Nouet &

Delavignette, 1980) to the R, gives the following

[2uwun?
+2Qv — w)umn]/a

ryl=1 [Qu—0v)owm? o [2owun? (25)
4 a —2Qu — v)umnl/a
+ 4wumn)/ (@0 — u)om?
— 2wumn + 3um® — dn?l/a
[(Wu—utv—02v+ uov)n?
+3um?/a
[(2u — v) wn? [(2v — u) wn? or
— 3vymnl/a + 3uvmn]/ic w un?
+3um? —dn?)/a
5. The parameter « transformations of the trace S of the matrix R:
Possible values for the parameter a are determined in 5, -, +r,sry;  Simorusrmsrnsrg  Sy=—ru—rptrm+ g
the Appendix on the basis of numerical properties of  s,=-r,—ru+rs  Si=rp—ru—rm+ry Se=rutraritni (o
Sy=rp+ry—ry Sg=—ry + Iy +ryp=ry ( )

the nine terms of the rotation matrix. It is shown that a
is of the following form:

a=aq;k, (26)
where a, = 1, 3, 4 or 12; k is any factor of the product
uv.
All values of the parameter a are not determined, but
(26) defines the form the parameter a must obey.
Therefore all the values of a are obtained by selecting
those values of the form (26) that give to terms of the
rotation matrix (25) integral values, relatively prime.

6. The smallest rotation angle description

Suppose that for a given multiplicity X, the numbers m,
n and d have been found such that X, = (Qum? +

Sg=~ry=rp+ry—rg
Sw=—ru=ru—ry Sy=ry—ry-rap=ryg Sp=ry+rp—ry—ry

The relations (28) are functions of the m, n and d
values, so we may introduce them into (27) by taking

into account the expression

[0 S + 3um* + dn?
cos?| — —— (29)

which may be easily deduced from (165).

From the eleven different inequalities which (29),
(28) and (27) imply, the following independent in-
equalities must be fulfilled in order that the description
R, is the description with the smallest angle:

m> w m>u m>
n"23-3 =n 3p° n
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7. The 180° rotation angle description

From (24) it is obvious that m = 0 (n = 1) implies =
180°. When these values are introduced into the matrix
elements (25), the rotation matrix becomes

Wiv—viv—wiy)a
Rigo = % Qu — v)vv/a

(2u — vywv/a

Qv — wuvla 2uwu/n
2ewa/a

(31
(Wiu—utv—viv+ urvifa

and the X expression takes the form

Wy —ulv—wiy)a

L Qv — wywr/a

=@+ v*—uv)v+wruylla=d/a. (32)

From (31) and (32) we see the well known property
that the 180° description around the [uv0] directions is
independent of the hexagonal axial ratio ¢/a.

8. Systematic generation of tables of CSL’s

The method presented for the generation of CSL’s in
the cubic system is applicable to particular hexagonal
systems without change: relations (24) are used,
maximum m and »n values are determined, authorized a
values are calculated and the tables are generated for
particular # and v values (particular ¢/a values), the
selection rules introduced for the cubic system are
replaced here by compatibility conditions on the ry;
elements and the d value (they must be integers), which
is a more time consuming approach than for the cubic
system.

This generation method gives all the descriptions of
all the CSL’s corresponding to a particular multiplicity
Z but does not differentiate all different CSL’s having
the same multiplicity. Moreover, their detection on the
form of the rotation matrix is not obvious, in contrast
to the cubic case. Therefore every description is
transformed into its twelve equivalent descriptions
using the symmetry-element rotation matrices and
compared to the other generated descriptions, allowing
a final determination of all existing CSL’s.

An establishment of tables of CSL’s on this basis for
c¢/a = \/8/3 and c¢/a = 1 confirmed the already
published tables by Warrington (1975) and by Hagége,
Nouet & Delavignette (1980). Tables of coincidence
have been published more recently for twenty-two
different axial ratios (Bonnet, Cousinecau & War-
rington, 1981), in the range of the hexagonal close-
packed metals (Be, Ti, a-Zr and Mg), also for less
densely packed metals (Zn and Cd), and for graphite. It
is an interesting approach for the determination of
coincidence grain boundaries in hexagonal structures
based on the concept of near-coincidence, which is
similar to the present approach, although we insisted
more on the comparison with ideal models, similar to
that which has been developed for cubic crystals. For
the range 12/5 < (¢/a)* < 27/10 and X < 25 we found
fifteen coincidences which are not mentioned by
Bonnet, Cousineau & Warrington (1981).

CHARACTERIZATION OF GRAIN BOUNDARIES

It is evident that all tables established for different
axial ratios contain common CSL’s for rotations
around the [001] axis (or 180° rotations around [«v0]),
since these are independent of the axial ratio. These are
the multiplicities ' = 7, 13, 19, 31, 37, 43, 49, etc.

From any predetermined axial ratio, expressed in the
fractional form /v = c?/a?, the formulation presented
here allows a rapid determination of all ideal existing
CSL’s. Such an idealized approach is essential for the
characterization of a grain boundary. The form of the
formulation (the X expression is a function of u and v)
indicates that the lowest multiplicities & in all axial
ratios will appear for the lowest ¢ and v values. This
statement is evident, and easily deduced from the CSL
concept: only special axial ratios for low ¢ and v values
give rise to three-dimensional coincidence lattices of
low multiplicities. This is also confirmed by the
calculations.

9. Characterization of a grain boundary

No practical systematic analyses of grain boundaries
(or bicrystals) in terms of CSL’s have been presented
up till now. This is essentially due to the difficulty in
presenting an idealized model of a CSL, and to the time
consuming procedure for the determination of ideal
CSL’s for a large variety of ¢/a values. The approach
of Bonnet, Cousineau & Warrington (1981) is a first
attempt in that direction, but it does not present a
completely developed method for systematically
characterizing CSL’s in hexagonal structures. Its
fundamental interest is to have presented for the first
time a large variety of CSL’s for different ¢/a values, in
spite of some missing values. It also presents a way of
characterizing coincidences by the determination of
near coincident cells.

We do not suggest approaching the problem first by
defining a ‘best’ axial ratio approximation for a
particular material, but we will show that different u/v
ratios may be competitively considered for describing
the same material.

Considering the hexagonal compact metals, such as
a-Ti, a-Zr, Re, a-Co or Mg, characterized by an axial
ratio around 1-6 or close to the u/v values of 5/2 or
8/3, it is clear that any of these two ratios might give
rise to possible approximative CSL’s. It is clear also
that a significant deviation of this u/v value is of no
physical meaning. Therefore different tables of CSL’s
will be established for different u/v values in the
neighbourhood of these ratios. Restricting ourselves to
deviations of u/v of +10% (i.e. deviations of c¢/a of
+5%) and considering CSL’s with lower multiplicities
than X = 21 (higher multiplicities have a limited
physical meaning), it has been verified that only 11
different /v values give rise to possible CSL’s
(neglecting of course the trivial cases independent of
the u/v value). It is therefore concluded that the CSL’s
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Table 1. Rotation axes of all CSL’s in the 180° description with X < 20 for hexagonal crystals with 1-5 <

cla< 1.7
s 7 9 10 1 12 13 14 15 16 17 18 19 20
cla | ulv
310 410 520
any 510 720 810
211 421 201| 101 301
1.55 | 12/5 84 425 6051205 405
1-56 |39/16 221;3
1.57 |27/11 13;1:
. 101 102 212 213 i1
502 501 1053 1052
1.58 § 5/2  [-ememeee- r ----------------------------------------------------------------------------------------------------
211 201 302
b 105 504 312 503
160 | 18/7 1267 639
1-61 | 13/5 1318;
. 212 302 214 304
1474 704 1472 702
162 121/8 oo L I R CES S SIS U NN SRS N
. 211
1478
201 | 101 203 211 423
1-63 8/3 403 803 401 16 8 843
1-64 {27/10 lgél(])
102 212 1 01 302
1-66 | 11/4 1102 2116 1104 312 1106
1.67 | 14/5 38; 1;8;

existing within these two limits on u/v and on X are
given by Table 1 in their 180° rotation description.
There are 40, which could actually be considered as 18
different CSL’s, since for several cases different
multiplicities describe 180° rotations around the same
rotation axis for different u, v values, as for example
rotations around [211]. There is no CSL in these limits
which has no 180° rotation description.

The following steps will be considered in a grain
boundary analysis:

(1) from a bicrystal calculate its 180° rotation
description; if this does not exist, it is doubtful that it is
a coincidence grain boundary:

(2) determine its exact rotation axis (180°) using
Table 1;

(3) determine the corresponding # and v values;

(4) determine the grain boundary plane and com-
pare the lattice constants for the material (for its ¢/a
value) and for the corresponding ideal CSL (for the
corresponding 4 and v values);

(5) verify that the misfit in point (4) is accom-
modated by misfit dislocations;

(6) the deviation of the ideal CSL relationship is
accommodated by intrinsic boundary dislocations,
which may be analysed in terms of a tilt component
and a twist component.

Practically, the determination is considerably
simplified by using the stereographic projection of all
180° rotation axes in a reference triangle, Fig. 1. The
corresponding axial ratios only are mentioned in Table
1.

10. Presence of at least one 180° description

Tables of CSL’s corresponding to more than 200
different 4 and v values have been established in all their
equivalent descriptions. The property established by
Friedel (1926), that a twin always has at least one
description of the type symmetry plane or binary axis,
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means that special attention has been paid to the 180°
rotation description (considering lattices and not
structures and taking into account that the CSL
concept is a generalization of the twin concept). In our
determinations, most of the CSL’s for which X < 50
have at least one 180° description. There is one
exception for the special case 4/v = 1 already analysed
and for which out of the 99 CSL’s for which X~ < 50,
there are 20 CSL’s with no 180° description.

11. Conclusion

The expressions (24) and the form of the rotation
matrix (25) are simple tools for the rapid and simple
automatic calculation of tables of CSL in the hexagonal
system. Their systematic use for the calculation of
CSL’s for a large number of u/v values has shown that
it is possible, for the hexagonal crystals, to establish
complete tables of CSL, for any particular material
within pre-established deviations of the axial ratio c/a
and up to a maximum X value. The hexagonal case
may therefore be treated in a similar way to the cubic
case.

The description using a rotation angle of 180°, if
present, is an easy approach to the coincidence, since
this may be visually presented by the projection of its
rotation axis in the reference stereographic triangle.
Indeed, when, for a practical bicrystal, a rotation
description exists with an angle close enough to 180°, it
is a first criterion for the existence of a coincidence. If
moreover the rotation axis transposed on the reference
triangle is close enough to a rotation axis of a
coincidence, the determination is complete. It may then
be quantified by the matrix product of these experi-
mental and tabulated matrices which may be a small-
angle rotation matrix.

1210
14.7.2 320
10.5.2 s
421 1 310
. (2 1
843 "oy 20,
211 is 410
5 311 3
Z H .
212 42.2 920”'3 15,3“20 i !
12 312 sy, 20 810

14 %1
214 {8, B
15

4 702
[001] 102203405101 _ 302 201 __ 3QI, 401

Fig. 1. Stereographic projection in the reference triangle of all the
180° rotation axes defining a CSL and mentioned in Table 1 (the
corresponding axial ratios are not reproduced on the projection).
X =20, 1.5 < ¢/a < 1.7. Rotation axes and X are given. The
groups of points for which no Miller indices are given have
different indices for different c/a ratios; these are given in Table 1.
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APPENDIX
Possible values for the parameter «

It is not the purpose here to determine all the values,
but only possible values, for the parameter a, excluding
any other form for this parameter. In fact we shall
prove that a may be a = a;k, where a; = 1, 3,4 or 12
and k is any factor of the product uv.

Since a is a common factor of the nine elements r};
and the Z* expression (24), we shall treat the problem
looking at all possible divisors of the Z* which are
divisors of the rf; elements. We may first see that all the
r; are homogeneous expressions in m, n variables and
the same is obvious for the X expression, so that one
must have

(m,n) = 1. (41)

Let us consider first the case where the numbers 3um?,
dn? are relatively prime:

(Bum?, dn?) = 1. (42)

From the sum S* (S* = aS) of the diagonal elements
(25) and the Z* expression we have

a|3um? + dn*t since Z* = 3um? + dn* (A3)

(44)

from which one obtains necessarily a|12um? since Z*
+ S* = 12um?, and from (A1), (42), (43) (af3um?)t
one concludesa = 1, 2 or 4.

Let us examine the case a = 2. From (A43. 44). it is
obvious that a|3um? — dn? = §* — 6um? and from the
elements (25) we may easily deduce that if v = 0(mod
2) then k = 2, which is a factor of v. If vz 0(mod 2) we
shall show that a; # 2. If a; is an even number from the
elements r},, r¥, we may see that the conditions a,|r¥,
and a;|r¥, imply

u = 0(mod 2)

al9um? —dn®  since S* = 9um? — dn?,

v=0(mod2) and w= 1(mod 2).
(45)

Since a; may not divide one of the numbers (42), one
concludes that neither m nor n may be an even number.

Taking into account that the square of an odd
number is of the type 1(mod 8), the following con-
ditions may be deduced using (45):

r¥ — (u? — v?) vn? = 0(mod 4) - r¥, = 0(mod 4)

r¥ — (? — u?)vn? = 0(mod 4) - r¥, = 0(mod 4)

r¥ + vvn(wn + 3m) = 0(mod 4) - r§, = 0(mod 4)

r¥, — uvn(wn + 3m) = 0(mod 4) - r¥, = 0(mod 4),

and all the other elements (25) are obviously of the type

t plg means g = 0(mod p) and pfq means g # O(mod p).
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0(mod 4). On the other hand:
Z* = 3um? + dn®
=3u@Bp+1)+d@Bp+1)
=4[z + u(2p + 1) = 0(mod 4)

[where (8p + 1) means ‘a multiple of p plus one’],
which implies a; = 4.

Finally when the condition (42) is fulfilled, a; may be
1 or4.

Let us now consider the case where the numbers
3um? and dn? are not relatively prime. The existence of
a common factor may be obtained from one or more of
the following cases (a last case is excluded according to
the relation A1):

@ (3,d)=3 (iv) 3,m)=3

(i) (1, d) = ¢q V) (w,m)=p

(i) (m, d) =t 4Dyt 1.
We shall examine every condition (31) as an indepen-
dent one.

(i) (3,d) = 3. Since 3|d and 3 should divide r4; we
have 3|2w? un? which means 3|w, then we have

(47)

(48)

or 3|v. The last condition leads to the fact k = 3 and in
particular this k value is a factor of v. The condition
(48) implies 3|(u + v)? — 3uv from which we have u +
v = 0(mod 3). On the other hand, 2u — v + v + u = 3u
= 0(mod 3) which implies 2u — v = 0(mod 3) and also
2v — u = 0(mod 3), thus the r¥; elements are of the
form O(mod 3) which implies a; = 3. Taking into
account the case a; = 4 which is fulfilled for the
conditions # and v = O(mod2) and m and n =
1(mod 2) we have that a; may have the value 12.

3|u+ v —uv

557

(i) (u,d) = q. We shall prove that k may have the
value g which in particular is a factor of u. Since d =
0(mod ¢) and since uw? = 0(mod q) from (14) we have

1? + v* — uv = O(mod q), (A49)

taking into account the condition (13b). For (49), if
(u,v) = 1 then g may be only 3, and k = 3; in particular
3 is a factor of u. If ¥ and v are not relatively prime
then k = g if (u,v) =gq.

(iii) (m,d) = t. From the r¥; element we may see that
t|2w. The case ¢ = 2 implies 4 and v = 0(mod 2) (from
r¥, and r¥) but since d = O(mod ) we have w =
0(mod 2) which is improper, or £ = O(mod 2). The last
condition implies k = 2. The condition ¢|w together
with the condition d = 0(mod ¢) implies ¢|u? + v? — uv
or t|v. The first of these two conditions may be fulfilled
if t = 3 and (,0) = 1 a known value of a;. Any other
condition implies the improper relation (#,0,w) = ¢. The
case ¢|vimplies k = t as may be easily seen from (25).

(iv) The condition (3,n) = 3 implies a; = 3 since all
the matrix elements become of the form 0(mod 3).

(v) The condition (u,n) = p implies k = p since all
the r¥; elements become of the form O(mod p).
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Abstract

Previous calculations of the stack structure of TTF and
TCNQ by Govers [Acta Cryst. (1981), A37, 529-535] are
corrected for a program error.

New results

During our calculation of the three-dimensional crystalline
structure of TTF-TCNQ (Govers, 1982) we met a
venomous program error. This error proved important only
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