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periodicity of about 1300 A is present (Fig. 8a). The
1300 A unit is shown enlarged in Fig. 8(b). This super-
block itself consists of an irregular sequence of smaller
units Eiving rise to lattice spacings of 10, 12:6, 15-1 and
17-6 A corresponding to the 4H, 15R, 6H and 21R
polytypes respectively. Another example shown in
Fig. 9, having a 1242 A periodicity (corresponding to
494 close-packed layers) is found to consist of 37
spacings of 6H, 32 of 15R, 10 of 21R and 8 of 4H. The
frequency of occurrence of the polytypes constituting
the super-blocks is such that 6H>15R>21R>4H.
Within such long-period supercells it is easy of course
to introduce stacking faults or even to break down the
periodicity over a limited distance. The presence of
such faults will cause a supplementary streaking on the
diffraction pattern. If more faults are present the
streaking will become more pronounced and this will
affect the intensities especially for X-ray diffraction
where an average is taken over a larger area. Such a
fault is indicated in Fig. 8(a). If too many faults occur,
the periodicity is lost and we have a completely long-
range disordered crystal. During the present investiga-
tion using the lattice-imaging technique, crystals were
found to be completely disordered over ranges of more
than 5000 A, ie. no smaller repeat unit could be
detected.

3. Conclusion

X-ray diffraction studies of single crystals of SiC have
shown that the presence of diffuse streaks along k0.l
rows cannot necessarily be attributed to complete dis-
order. Careful analysis sometimes reveals discrete
spots, suggesting the presence of long-period poly-
types. When the periodicity becomes too large con-
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ventional X-ray diffraction becomes very difficult and
therefore the lattice-imaging technique by electron
microscopy has been applied to determine the stacking
of such extremely large polytypes. The different
polytypes having periodicities of more than 1000 A
are built up of units of the 6H, 15R, 4H and 21R
polytypes of SiC.

We are very grateful to Professor T. R. Ananthara-
man and Dr Suryanarayana for providing the electron
microscope facility. One of us (MD) is grateful to CSIR
for financial help during this period.
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The 598 classes of nontrivial spin point groups are derived and tabulated. The relationship between classes
of nontrivial spin point groups and the 32 classes of trivial magnetic point groups and the 58 classes of

nontrivial magnetic point groups is also given.

1. Introduction

The theory of spin groups, generalized magnetic groups
defined to describe the symmetry of spin arrangements
in crystals, has been given by Litvin & Opechowski

(1974). The theory of spin groups has been applied in
the analysis of neutron diffraction data to determine
spin arrangements in crystals. The so-called nontrivial
spin translation groups and the possible magnetic
reflexions of unpolarized neutrons elastically scattered
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from a single crystal whose spin arrangement is
invariant under a nontrivial spin translation group
have been tabulated (Litvin, 1973). The symmetry of
the spin density Patterson function due to the spin
group symmetry of a spin arrangement has also been
derived (Litvin, 1974).

In this paper we derive and tabulate the so called
nontrivial spin point groups. We briefly review, in § 2,
the theory of spin groups. In § 3 we review a method of
deriving and then tabulate the 598 classes of nontrivial
spin point groups. We also discuss the relationship
between the classes of nontrivial spin point groups and
the 32 classes of trivial magnetic point groups and the
58 classes of nontrivial magnetic point groups.

2. Spin groups

A group of elements [R,||R,|v] is called a spin group
if it is the symmetry group of some spin arrangement.
In an element [R,||R;|v] of a spin group, R; and R,
are proper or improper rotation matrices, and v is a
column matrix. When applying an element of a spin
group to a spin arrangement, the rotation R, to the left
of the double verticle bar is defined to act only in
spin space, on the components of the spins, while the
rotation and translation (R,|v) to the right is defined to
act only in physical space, on the coordinates of the
atoms. Applying a spin group element [R,||R,|v] to a
spin arrangement S(r) therefore means replacing
S(r) by the spin arrangement denoted by [R,||R{v]S(r)
and defined by (Litvin & Opechowski, 1974)*

3
[R1”R2|V]Si(l'): .Zl (Rl)ijsj[(Rzlv)ﬁ ll‘] > (1)
j=

where i=1, 2, 3. A spin arrangement is said to be
invariant under a spin element [R,||R,|v] if

[R1[IRIV]S(r)=S(r)

and the group of all such elements is called the spin
symmetry group of the spin arrangement S(r).

A spin group has been shown to be a direct product
of a so-called spin-only group consisting of elements of
the form [R||E|0] and a second group called a non-
trivial spin group (Litvin & Opechowski, 1974). A non-
trivial spin group contains elements of the form
[R;|IR,|v] but no elements of the form [R||E|0] with
R#E. A nontrivial spin point group is a nontrivial spin
group consisting of elements of the form [R,||R;[0].

Since only nontrivial spin point groups will be
considered in the remainder of this paper we will drop
the adjective ‘nontrivial’. Thus, in the remainder of this
paper ‘spin point group’ will mean ‘nontrivial spin
point group’. We will also denote an element of a spin

* Tt should be pointed out that definition (1) is somewhat different
to that introduced by Litvin (1973). This modification does not
require any changes in Tables 1 and 2 of Litvin (1973) except re-
placing primes by horizontal bars, i.e. Q' is replaced by Q.
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point group by [R,||R,] instead of the longer notation
[R1[IR,|0].

3. Spin point groups

A spin point group, denoted by R; is said to belong to
the family of B and R if the left-hand components of the
elements [R;[|R,] of R constitute the group B, and
the right-hand components the group R. Both B and
R are point groups belonging to one of the 32 classes
of point groups. A spin point group contains a normal
subgroup consisting of all elements of R, of the form
[E|IR]. The right-hand components of elements of this
normal subgroup constitute a normal subgroup r
of R, and is such that R/rxB, i.e. the factor group
R/r is isomorphic with B.

To derive all spin point groups one proceeds as
follows (Litvin & Opechowski, 1974). For a specific
group R one finds all normal subgroups r of R and then
those groups B which are isomorphic with R/r. Each
pair of groups B and r, and each isomorphism between
B and R/r determines a spin point group belonging to
the family of B and R. One writes R as a coset decom-
position with respect to r

R=r+R,or+...+R,¥
and B as
B=E+B2+...+B",

where the cosets R;r and elements B; are mapped on
each other by the isomorphism R/r=B. To construct
the spin point group one then pairs the element B; of
B with each element of the ith coset of R. The spin
point group so derived is

R,=[E|lr]+[B2lIR:] [Ellr]+... +[B./IR.] [Ellr],

where [E|lr] denotes the normal subgroup of R;
consisting of all elements of R, of the form [E||R]. By
taking in turn a point group R from each of the 32
classes of point groups, one finds all spin point groups.

For the purpose of classifying spin point groups we
denote by & the linear group GL(3) in spin space, and
by &/ the affine group GIL(3) in physical space. Spin
point groups are subgroups of # x ./, and are
classified into classes of conjugate subgroups of #~ x &/
(Litvin & Opechowski, 1974). That is, two spin point
groups are said to belong to the same ‘class of spin
point groups’ if they are conjugate subgroups of
A x /. In Table 1 we list the 598 classes of spin point
groups.*

In the first three columns of Table 1 trios of point
groups R, r, and B are listed where R/r is isomorphic
with B. These point groups are given in the ‘short’
international notation except in the case of two cubic
point groups which are given in ‘full’ international

* The number of classes of spin point groups quoted by Litvin &
Opechowski (1974) and based on the work of Litvin (1971) is not
correct.



D.B.LITVIN

Table 1. Classes of spin point groups
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Point groups R, r, and B are listed in the first three columns. In column four, a representative spin point group from eagh of .the classes of spin
point groups determined by isomorphisms between R/r and B is listed. In column five, the 32 classes of trivial magnetic point groups and 58
classes of nontrivial magnetic point groups are listed alongside the classes of spin point groups to which they belong.
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Table 1 (cont.)

T %
Yi/ta

2

% /ln

Tl»/1|n

24/2\11

"4/"n

TB/Tm

llo/ zm

Loy

lb /Tm

44/%n 4/m
Z,‘ /2 4'/m
rta

Tosln

2242y

22y

B4/ 22

X4 /™

24 /Tm

%/

T2

T‘»/mm

n4/2m

ml»/Tm

[‘lo/mm 4/m"
1’4/Tm

'4'4 /% 4tm
Yl
141212
1,2,2,
1ymy%y
1,11,
malzmz
T‘1272
2x42y5225
22,mxy7,
By 2257y,

21‘12\1:2

‘“AI222

4242xy2xy, 422
424%™y 4212
Bz 20577, 4'22°
111,

1 62m2m

151.
152,
153,
154.
155.
156..
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171,
172,
173.
174,

175.

180.
181.
182.
183,
184,
185.
186.
187.
188.
189.
190.
191.
192.
193.
194,
195.

196.

198.
199,

200.

G2m

4/mam

&1

222

4mm

4/m

=1

222

mm2

2/w

222

nm2

2/n

x4 2y22,
224y
%, 2242y
2 Almmm

1 ‘2mmm

w2l
4oy 2 2aye
Az

2‘2 &m"mz"ym

223,22,
227%9
2227
Pgy2 2y
2Z l'llm

2. myl

=
o et
~
N~ 3
)

2

=l

Iy

El

w7251,
ml,2,
427292y,
423%™y,

4az2xg™eyy

302 2%y
4 / Lolnin

24 /%00l n

B /M

Yortalaln

]

Y/ 20t ntn
L/Pnta'n

L/ talntn

24/ uln?n

B/ n s
Yptalalm

1& /lmzmzm

YN
lb / Lololn
L4/

L4/ P

4um
4m'm"

4'm'm



201.
202.
203.
204,
205.
206.
207.
208.
209.
210,
211.
212.
213.
214,
21s.
216.
217.
218.
219.
220.
221.
222.
223,
224,

225.

226.
227.
228.
229.
230.
231.
232.
233.
234,
235.
236.
237.
238.
239.
240.
241.
262,
243,
244,
245,
246,
247.
248,
249.

250.

=1

2/m

mm2

222

~

=i

222

2/m

222

2/w

222

2/m

222

mm2

2/m

2/m

422
4om
W2
422

1, TmeTm
224220 X0
224 /220" xym
x4 /P 2™
% / Zmemm
I1¢/Tmzmmm

%% mmzm.im

L4 /2xn?ynlyn
L4 /22
L /mrnlznlen
L4 /ey n™n
Loy zmeIm

1l‘/ 2Pl

L4/ n?nln

L Lol

lla/mmzmzm
L /P nln
224 o0 Vm
224/ a"xgm
mxlo/]'mzzmm)'m
24/ ot

L/ o

"/ n’n'n
224/ %tnln?zn

224 /m"mlmzzm

x4/ 22t aMn
™4 /™ o

zl;llmlmzm

z‘b/mﬂ’llmzm

Y4 /%ntaln
L /Palnln
% /2l

B/l

224 2 xy
224 PPy
T
4 /Y ym 2
2T T,
2, /mmmmim

4/ %0

A /“u"a’n

m, /zmzmI
ml;/Tmezm

424/ Y xn v
“24 /Py
g Laxgorg
424722 X0 xym
42422 g yy
By 2egPrrn

Bz, /memxmlym

D.B.LITVIN
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Table 1 (cont.)
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notation (International Tuables for X-ray Crystallog-
raphy, 1952). We have chosen the notation as such so
as to have the most concise international notation
which contains symbols representing a set of generators
of the point group. In the fourth column of Table 1 we
have listed a representative spin point group from each
class of spin point groups R defined by isomorphisms
between R/r and B. The notation used to denote a
spin point group R, belonging to the family of B and
R is a modified international notation of the point
group R. Each symbol in the international notation of
a point group R represents an element R of R. This
element of R appears in a spin point group belonging
to the family of B and R paired with one element of B,
i.e. in the spin point group element [B||R] of R,. The
notation used for the spin group R, is constructed from
the international notation for the point group R by
replacing the symbol R for each element in the inter-
national notation for R by the symbol 2R, where 2R
represents the element [B||R] of R,. For example,
consider the class of spin point groups # 103 where
R=4/m, r=2/m, and B=2. The spin point group
defined by the isomorphism between R/r and B is:

R=[1]12/m] + [2[14] [1]2/m].

Since R= 4/m and [21l4] and [1|jm] are elements of
R, this spin point group is denoted by *4/'m

In a spin point group belonging to a family of B and
R, the elements of R are defined with respect to a
coordinate system x, y,z in physical space, and elements
of B with respect to a coordinate system X,7,Z in spin
space. The two coordinate systems are arbitrarily
mutually orientated. The positions of the symbols of
the various rotations in the international notation of
point groups imply the mutual orientation of the axes
of rotation of the corresponding rotations. Conse-
quently, in the modified international notation used
for spin point groups, the symbols representing ele-
ments of R do not need subindices to denote the
orientation of the axes of rotation. However, to avoid
ambiguities we have in many cases attached sub-
indices to elements of the point group B. For example,
consider the spin point group #64 of Table 1 where
R =mmm, r=2,and B=222. The notation for this group
with all subindices included is 2zm,%zm,*m, but
following the ‘international’ conventions, "the sub-
indices on elements of R can be left out, and it is listed
as 22m*zm%m (In Table 1 for typographical simplicity,
the bars on the spin space coordinates have been
deleted). The remaining indices cannot be deleted
without causing amblgumes e.g. compare with spin
point group # 80, 2*m?ym*z m However, no subindices

AC 33A-3

287

are necessary in the spin point group # 61, 2m*m?m,
since in this case B=2.*

Elements of magnetic point groups have been
denoted by [R, A(R)] where A(R) is an element of the
time-inversion group consisting of the identity E and
time inversion E’ (Litvin & Opechowski, 1974). In the
notation used for spin point groups, an element of a
magnetic group is written as [J,r0zR|IR] where
5R—detR 5A(R)—‘+1 if A( ) E and 5A(R)'__1 if
A(R)=E'. Magnetic point groups are special cases of
spin point groups, and in column five of Table 1 we
have indicated, by giving the international notation
for the corresponding magnetic point groups
(Opechowski & Guccione, 1965), to which class of
spin point groups belongs each of the 32 classes of
trivial magnetic point groups and 58 classes of non-
trivial magnetic point groups.

The author would like to thank Dr S. Dembinski
for translating into English the preprints by Koptsik &
Kotsev (1974). This work was supported by a grant
from the National Research Council of Canada.

* After this work was completed we have received a preprint of a
Communication of the Joint Institute of Nuclear Research, Dubna
(Koptsik & Kotsev, 1974a) where generalizations of point groups,
mathematically similar to those discussed here, are described. How-
ever, their work deals with generalizations where the group denoted
here by B is a group of permutations. A referee of this paper has also
pointed out the recent work by Harker (1976) where again, as in
Koptsik & Kotsev (1974a), generalizations of point groups are
described where the group B is a group of permutations. We have
also received, from a second referee, a second preprint of a Com-
munication of the Joint Institute of Nuclear Research, Dubna
(Koptsik & Kotsev, 1974b) where groups identical to the groups
tabulated in this paper have been derived.
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