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Abstract

The layer units appropriate to the analysis of titanium
sulfide with stacking faults are considered. The layer
units composed of one sulfur layer and one titanium
layer are adopted for the structures whose stacking
sequences are relatively simple. The layer units com-
posed of two sulfur layers, one fully occupied titanium
layer, half of a partly occupied titanium layer and half
of another partly occupied titanium layer are adopted
in the case of the more complex stacking sequences.
The general method for obtaining the diffraction
intensity distribution by matrices is modified so as to
be suitable for the analysis based on these layer units,
and examples of the calculated intensity curves are
illustrated.

Introduction

It is often observed that selective broadening and
weakening occurs for reflexions with 7 — k # 3n (hkl;
indices on the hexagonal cell of the close-packing layers
of sulfur) in the X-ray diffraction pattern of non-
stoichiometric titanium sulfide. This broadening and
weakening suggests the occurrence of stacking faults.
For the analysis of structures with stacking faults, the
theoretical intensity distribution formulas were derived
by Wilson (1942), Hendricks & Teller (1942), Jagod-
zinski (1949a,b), Paterson (1952), Kakinoki &
Komura (1952, 1954qa,b, 1965) and Kakinoki (1965,
1966, 1967). The scattering powers are not the same
for all the layers in the case of nonstoichiometric
titanium sulfide, so the derivation of the expression
available for this system is required.

In this paper we consider the layer units appropriate
to the titanium—sulfur system and propose a modified
procedure to calculate the intensity distribution by
using the matrix method given by Kakinoki & Komura.
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The structures of titanium sulfides

In the range TiS-TiS,, several phases such as TiS,
TigS,, Ti,Ss, Ti,S,, Ti,S;, Ti;S; and TiS, have been
found (Jeannin, 1962; Wiegers & Jellinek, 1970; Tronc
& Huber, 1973). The structures of these phases are all
based on close-packing layers of sulfur; hexagonal
close packing for TiS or TiS,, and more complex
stacking sequences of h-packed sulfur layers and c-
packed sulfur layers for the intermediate phases.
Titanium atoms always occupy octahedral holes in the
close-packing structure of sulfur. These sites are fully
and partly occupied in the alternating titanium layers in
the composition range TiS,, to TiS,, which corres-
ponds to the existence range of the phases Ti,S,, Ti S,
and TiS,. We will discuss such a range, then three kinds
of layers are considered; that is sulfur layers, fully
occupied titanium layers and partly occupied titanium
layers. They are represented by S, Ti and Ti’,
respectively. The common feature of stacking is
represented by ...STiSTi’STiSTi’S... as shown in
Fig. 1. We assume that this common feature of
stacking is maintained throughout the faulted structure

0000000
0000000

X X X X x x X

OOOOOOO

x Ti layer{partly occpd.)

OOOOOOO S layer

x x x x x x x Tilayer(fully occpd.)

OOOOOOO S layer
OOOOOOO

X X X x X Xx
0000000
Fig. 1. Schematic drawing of the common stacking features in the
range TiS, , to TiS,.
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of the composition range TiS, , to TiS,. In the present
work the distances between the adjacent layers are
taken as equal because the diffracton intensities
observed for faultless Ti,S; agree with those calculated
by assuming equal interlayer distances.

Layer unit composed of one sulfur layer and one
titanium layer

The general intensity equation for X-ray diffraction by
a one-dimensionally disordered crystal was derived by
Hendricks & Teller (1942) and rearranged by Kakinoki
& Komura (1952, 1954a,b, 1965) as

N—-1
I=Nspur VF + Y (N — m)spur VFP"

(1

The notation is the same as used in the works of
Kakinoki & Komura. We consider first the model in
which random substitution of the cubic-packing sulfur
layer is introduced into the hexagonal close-packing
structure such as a nonstoichiometric TiS, phase. If we
adopt each of the sulfur layer, fully occupied titanium
layer or partly occupied titanium layer as a layer unit,
there are nine kinds of layer and the layer form factors
are

x exp (—i2zm{) + conjugate.

V,=Vs, Vy=Vse*, Ve=Vs¢
Vo=V Vy=Vr €% Ve=Vné& ¢
Va, = V-ﬁ;, Vbl = YTy 8*, VC’ = V'ril &

where the letters such as 4, B and C denote the three
possible positions of the close-packed layers, and ¢ =
expli2n(h — k)/3] and &* = &2 Titanium atoms are
assumed to occupy the octahedral sites regardless of
stacking faults. For example, the titanium sites sand-
wiched between the sulfur layers, C and A, are
necessarily b or b'. As the titanium sites are occupied
fully and partly in the alternating titanium layers,
possible sequences which lead to the position 4, a or a’
are given in Fig. 2. In this case the order of the con-

a'\ A“"C'\
b"c b\A C—a'/B\a
C'\B / B-a' _ /
ar © A--b'/C
a\ A"C\
C—-b
b~ \A C-a” Nor
C. W/ E;"E,~\ 7
a” B-c A—b/c

Fig. 2. Sequences which lead to a position 4, a or a’ for a faulted
TiS, structure. Analogous figures can be drawn for a position B,
b or b’ and a position C, c or ¢'.
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tinuing probability matrix is so large that the cal-
culation needs much effort. In order to reduce the order
of the matrix we adopt four kinds of layer unit (14, 24,
34 and 44) composed of one sulfur layer and one
titanium layer which is fully or partly occupied, as
illustrated in Fig. 3. Then there are twelve kinds of
layers as follows:

Via=Vy, Vig=V,e Vie=V &
Vau=Va Vig=Vy &% V=V, 3)
Via=Vs Vig=V;e5 Vie=V;e
Vaa=Vs V=V, Vie=V,e

14, composed of Ti and S, must be followed by 2C or
4C, composed of Ti’ and S, according to the common
feature of the stacking. Then the continuing prob-
abilities for the faulted TiS, structure are given by the
matrix P as shown in Table 1.

ABCABCA

ABCABCA

!

(|

5

Fig. 3. Imaginary stacking model for illustrating layer units
composed of one sulfur layer and one titanium layer. O sulfur
site; @ fully occupied titanium site; @ partly occupied titanium
site.

Table 1. P table for the model of the faulted TiS,
structure (see text)
1A 2A 3A 4A 1B 2B 3B 4B 1c 2C 3C 4C

1A ! | a 1-a
! |
2A | | a 1-a
| I
3A | l-a LI
4A Il-a a !
e -
1B o 1-a ! !
| |
2B [+4 l-a 1 |
| I
3B | | 1-a [+
4B ! : l-a o
|
1C : a l-a :
2c I o l-a t
| I
3C l-a o [
4c |1-a a : :
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We express the layer form factors for V', V,, V5 and
V,as

V,=LY(E Sy + S € exp GOl
V, = LV2E N fy + W € exp (ind)];
Vy=LYAELSs + fri s expind)ly
V,=LVAE ) fs + 3w £exp (1)

(C))

where L(&, 7) is the Laue function involving a* and b*,
Jf, and fy; are the atomic scattering factors for the S and
Ti ions, respectively, y is the occupany factor of the
partly occupied titanium layer and the composition is
represented by Ti,,,S,. { is the coordinate along c*,
where c¢* is equal to the reciprocal of the thickness of a
layer unit.

The matrix P can be rewritten as

0 P, P
P= Pz 0 Pl (5)
P, P, 0

and the matrix F of existence probabilities of the layer
is

w, 0 0 .. 0

. 0 w, 0 ... 0
withW={ b

lW00
F=—-10 W 0 |
0 0 W : )
0 0 . .. w
(6)

where the orders of the matrices P,, P, and W are all /,
(=4 in the present case), one third of the order of P,
and 2!, w; = 1. Then the general method of solution
proposed by Kakinoki (1967) can be applied to our
case. But as the scattering powers are not the same for
all the layer units, minor modification is necessary. The
modified procedure is as follows:
Step 1. Equation (1) is rewritten as

N—-1

I= X

m=—[N—1]
J,, = spur VFP™

and P, and P, are set from the correct P.
Step 2. By solving the equation

(N — Im)J,, exp(—i2nm{), @)

Wi W,y W)
. W Wy W,
HP,+P,)=H withH={ ' | (&

W W, . W,

the existence probability, w;, is expressed in terms of
elements of the matrix P.

NONSTOICHIOMETRIC TITANIUM SULFIDE

Step 3. Jy, J1s Jps ... and J;_, are calculated by the

equation
J = spur vW (eP, + £* P,)", )
where
v g*v  ev
V={ e&v v &fv
e*v  ev v
VrV, VYV, Viv,
and v = Vive Viv ViV
VAV, VEV, .. VR,

Step 4. a,, a,, a,, ... and g, are obtained from the
characteristic equation F(x),

F(x)=det(x1— &P, — £*P,)
!

anxl""_—_-o, (10)

n=0

where 1 is a unit matrix of order /.
Step 5. J,, and a, are substituted into the formula
for the diffuse intensity term:

D) =I/[L(&nN]

-1

= H > a,_, Jp/L(é,n)]
v=0 p=0

1

X exp (—i27rv§)] [ > a,exp (—iZHVC)]

»=0

+conj — J /L(&n). (11)

The principles of the steps are comprehensible in a
similar manner to that described by Kakinoki &
Komura (1965) and Kakinoki (1966, 1967). Following
these procedures the diffuse intensity curve of the
model of a P table shown in Table 1 was calculated. We
obtained

and w, = w, = w; = w, = 0-25. J,, and a, were
calculated and substituted into (11) using a computer
(FACOM 230-35). The atomic scattering factors, s
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and f};, which are contained in the expression of the
layer form factor, equation (4), were approximated by
the quadratic function of { by assuming the cell
constants of Ti,S; and the wavelength of Cu Ka. The
intensity curves along the 10.{ reciprocal-lattice line
calculated for a fault probability a varying from 0-1 to
0-9 stepwise are illustrated in Fig. 4 for y = 0-33.

Layer unit composed of two sulfur layers, one fully

occupied titanium layer, half of a partly occupied

titanium layer and half of another partly occupied
titanium layer

Next we consider the structure which has a larger
stacking period such as Ti;S,, which was called 12R by
Tronc & Huber (1973) by analogy with the polytype of
CdI,. It is convenient to adopt layer units which are
easily related to the customary expression of the
stacking sequence such as hhcchhce.... We imagine
that a partly occupied titanium layer has been cut in
two perpendicularly to the ¢ axis, and then we try to
adopt layer units composed of two sulfur layers, one
fully occupied titanium layer, half of a partly occupied
titanium layer and half of another partly occupied
titanium layer, as illustrated in Fig. 5. There are 24
kinds of layers: 14, 1B, 1C, 24, 2B, 2C, ..., 84, 8B
and 8C. The layer form factors are expressed by

Via=Ve V=V, e Vie=V, &

Vo=V, Viog=V,e* V,.=V,e¢
24 ] 2 2B . 2 2C . 2 (12)

Vea=Vy, Veg=Vye* Vic=Vye

y=033
(Tir0.0383)

00 01 08 09 10 11

02 03 04 05 06 07
4

Fig. 4. Intensity curves along the 10.( line calculated for the model
of Table 1.

137

The layer form factors of V|, V,, ..
by

. and V; are given

V=L EM{0f /DI + exp (—i2al)]
+ fseexp (—inl/2) + fr;exp (—ind)
+ fs € exp (—i3n/2)}
Vo= LY EMI0fn/2)[e* + exp(—i2nl)]
+ fyexp(—inl/2) + fy e exp(—in)
+ [, €* exp (—i3ny/2)}
Vy=LY2(Em{0f/2) e + exp (—i2nd)]
+ fiexp (—inl/2) + fy; eexp (—ind)
+ fs e* exp (—i3n/2)}
V=L (EMO0fri/ 2)[e* + exp (—i270)]
+ fye exp(—in{/2) + fy; exp(—inl)
+ fs € exp(—i3n{/2)}
V=LY (Em{(Ofyi/2)le + exp (—i2nl)]
+ fy e*exp(—inl/2) + fr;exp(—ind)
+ fs eexp (—i3ng/2)}
Ve =LY (&m0 m/2)e* + exp (—i2n()]
+ fs exp(—inl/2) + fy; €* exp(—inl)
+ f5 eexp(—i3nt/2)}
Vy=LYH(EMi0S/2) e + exp (—i2n)]
+ fyexp(—inl/2) + f; €* exp (—inl)
+ f, € exp(—i3nl/2)}
Vo= L E0fr/DI1 + exp(—270)
+ fs €* exp(—inl/2) + fr; exp(—inl)
+ f5 € exp(—i3ng/2)}.

ABCABCABCA

(13)

ABCABCABCA

Fig. 5. Imaginary stacking model for illustrating layer units contain-
ing two sulfur layers. O sulfur site; @ fully occupied titanium
site; @ partly occupied titanium site.
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The constitutions of the layer units, 14, 24, 34, ... and
84, are respectively represented by at(h — h)a*, b*(c
+ oat, ¢c(h + ¢at, b=(c — ha*, ¢ct(c + ha,
b*(h — ¢)a-, ¢c(¢c — ¢)a” and a(h + h)a—. h and
¢ represent the packing character of a sulfur layer, that
is a layer is denoted by #4 if the two neighboring sulfur
layers are in the same position (e.g. both 4) or by ¢ if
they are in different positions (e.g. 4 and C). Sand-
wiched + or — represents the fully occupied titanium
layer situated between the positive or negative pair of
sulfur layers, where the terms positive and negative are
used as in Patterson & Kasper (1967). at, b* and c*
represent the site of half of the partly occupied titanium
layer inserted between the positive pair of the sulfur
layers, and a-, b~ and ¢~ represent that inserted
between the negative pair. The representations for nB
and nC result from those fornd (n=1, 2, ..., 7, 8) with
the cyclic permutationa - b - ¢, b >c —»aandc > a
- b.

As an example, a P table based on a model, in which,
for example, 14 is followed only by 2C or 5B, is shown
in Table 2. In common with the P table based on the
layer units described above, the values of the elements
except those enclosed with thin lines in Table 2 are all
zero because, for example, a* must be followed by a*
in order to compose a complete layer. P is no longer
rewritten in the form of (5) but as

P, P, P,
p=|{p, P, P} (14)
P, P, P,

Then the general method of solution should be further
modified. The following equations should be substituted
for (8), (9) and (10), respectively:

H(P, + P, + P,) =H; (15)
J,, = spur vW(P, + €P, + &* P,)™; (16)
F(x)=det(x] — P, — ¢P, — e* P,)
!
a7

=3 a,x""=0.
n=0

Table 2. P table based on the layer units illustrated in
Fig. 5

TA2A 34 4A 5A6A 74 8A 1B 2B 3B 4B 5B 4B 7B 8B iC 2C 3C 4C 5C6C 7C 8C
o*(h-hia* 1A R a Bz
b ceclat 2Aq ) ! o
c:(hgat 3A - E ' @
*(cshlas 5A ' - : a
*(h-c)o- 6A -0l a H
“le-clo 7A Q) o H
"(hha- 8A|. SO e SR b AR ¥ JRR RS U ]
: E
\

C

b

C

a’( [, -

b'(h-hib! 18 [ f- ™

St 3 ol

a(hec; o -

c-(c-hb' 4B| Ll :

a'( '

ctl 1
{ 1
(
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In the case of Table 2, the matrices (P, + P, + P,)
and (P, + &P, + &*P,) are set as shown in Table 3 from
the P table. The existence probabilities are obtained as

W, =w,=w; =wg = (1 —a)/4,
1 2 7 8 (18)
Wy =W, = W; = Wg =a/4,
by solving (15). We calculated the diffuse intensity
curves as shown in Fig. 6 according to the modified
general method of solution by using (13). When the

Table 3. (a) (P, + P, + P,) table and (b) (P, + P, +
&* P,) table set from the P table shown in Table 2

(@) 1 2 3 4 5 6 7 8
1 l-a [
2 -a [
3 -a a
4 l-a a
5 a 1-c
6 a 1-
7 a 1-
8 o 1-a

®

1 2 3 ] 5 6 7 8
1 ex{l-a) EQ
2 1-a €*a
3 1-a e*a
4 e*(l-a) €a
5 £*a €(1-a)
6 €a l-a
7 €a l-a
8 £*a €(l-a)
y =025
(Tire0.2582)

01

00 02 04 06 08 10 12 14 16 18 20 22
4
Fig. 6. Intensity curves along the 10. ¢ line calculated for the model
of Table 2.
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value of a is close to zero, the stacking sequences are
such as at(h — h)a*(c + c)et(h — h)ct(c + ob*(h —
hbt(c + o)t .., in a concise representation
hhcchhee..., that is the Ti S, structure. When the value
of a is close to unity, the stacking sequences are such as
at(c + h)b=(c — h)a*(c + h)b~(c — h)a* ..., in a con-
cise representation chch..., that is the Ti,S, structure.
For the intermediate value of a, the intensity dis-
tribution of the faulted Ti S, structure where the (¢ + ¢)
layer is replaced by the (¢ + h) layer at the probability
of a and so forth is displayed among the reciprocal-
lattice line 10.¢ in Fig. 6. The value of { is twice as
large as that shown in Fig. 4, because c* is taken as
equal to the reciprocal of the thickness of a layer unit.

The contents of the P table based on the
layer units described above are easily related
to the stacking sequences which are usually expressed
by ¢ and A. If y in Ti,, S, approaches zero, the
partly occupied titanium layer corresponds to the
van der Waals’ gap between sulfur—titanium—sulfur
sandwiches. In addition, these layer units can be
effectively applied to depict the polytype-like
phenomena observed by Tronc & Huber (1973). Then
the layer units shown in Fig. 5 are convenient for con-
sidering the stacking problem in the titanium—sulfur
system.
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Abstract

In polarized-neutron diffractometry, one often observes
a variation of the polarization ratio over the rocking
curve. This paper outlines a simple method which uses
this interesting feature to estimate quantitatively the
secondary-extinction parameter in the specimen
crystal.

Introduction

In polarized-neutron diffractometry, where the aim is to
obtain magnetic form factors or spin-density distri-
butions in magnetic crystals, one has to measure with

0567-7394/80/010139-04%01.00

considerable precision the magnetic structure factor,
M. In these experiments, M is arranged to interfere
either constructively or destructively with the nuclear
structure factor N (see, for example, Nathans &
Pickart, 1963). Thus, for the two states of incident
neutron polarization, the peak Bragg intensities are I+
oc (N + M)?* and I~ oc (N — M)?, respectively. The
measurement of the ratio of these two peak inten-
sities, called the polarization ratio R, leads to a deter-
mination of M/N. Provided one knows accurately the
nuclear structure factor, the magnetic structure factor
can be directly obtained from the measurement of R.
However, in the presence of extinction, the true polariz-
ation ratio R, will differ from the observed one R, as
follows. R, = R,y*/y~, where y* are the extinction

© 1980 International Union of Crystallography



