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The electron diffraction method was used to perform a repeat determination of the at-
omic structure of the semiconductor compound Tl2S. The coordinates of the Tl atoms
were refined and the S atoms were localized. The nine-layer Tl2S structure is the
closest to the CdI2 type. The Tl atoms, strictly speaking, do not form dense packing;
one part of the atomic layers of the structure is corrugated.

Numerous compounds of the AIIL BVI type form

a group of semiconductors, which are interesting
from the crystallochemical point of view, and which
possess a number of valuable properties. From
among the works dealing with the structures of the
compounds of this class, such as Tl2Se [1], In2Se
[2], and Tl2S [3-6], the investigation [3] is attract-
ing special attention, since it contains an obvious
error in the allocation of the S atoms. The authors
describe the rhombohedral structure (a = 13.61 A,
O!

""
82°) of the phase Tl2S in the hexagonal aspect

with a = 12.20 :!: 0.07, c = 18.17 :!: 0.06 A, space
group C34 - R3, and Z = 27. The Tl atoms are al-
located in six general positions 9 (b), namely (000;
113%113; %%2/3) + x, y, z; J, x - y, z;y-x,x, z with
the parameters xI RJ x2 RJ x3 RJ 0.12 ;x4 RJ Xs RJ Xs RJ 0.23 ;

YI RJ Y2 RJ Y3 RJ 0.20; Y4RJ YsRJ Ys= 0.09; zl = z2-
1/3 = z3 - 213 = 0; Z4 = Zs - 1/3= Zs - % = 0.152 :!:
0.002. For the S atoms there were determined
three general positions 9 (b) with the parameters
x1 = 113,x2 = 2/3, x3 = 0; Y1= %, Y2= 0, Y3= %;
Z1 = Z2- %= Z3 _2/3 = 0.243 :!: 0.002. It can easily
be seen that the values for the coordinate param-
eters of the three basal S atoms as presented in [3]
are indeed associated with the group symmetry and
pertain to a single correct system of the 9 (b) points
(1/3; 0; 0.243). Thus, in [3], only 9 out of 27 atoms

of S were allocated. The error permitted by the
authors of [3] naturally poses a question concerning
a new structural determination of the phase Tl2S.

Fig. 1. Electron diffraction pattern of the oblique texture type ob-
tained from TlzS films. The angle of filming was _ 600.

We established the atomic structure of this com-
pound by the electron diffraction method.

The thin films to be used for the present in-
vestigation were prepared by fast sublimation in
vacuum of the alloy Tl2S onto a collodion substrate
at room temperature, with subsequent annealing at
T RJ 30-40°C for 30 min. A typical electron diffrac-
tion pattern as obtained from films prepared in
such a fashion is presented in Fig. 1. The electron
diffraction pattern is indexed on the basis of the
hexagonal lattice with a = 12.20 :!: 0.04 and c =
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18.17 :!: 0.06 A, and is characterized by the rhom-
bohedral extinction law for the - h + k + l

""

3n re-
flections, which corresponds to the data of [3].1
The coincidence of the translation groups and the
lattice parameters demonstrates that the composi-
tion of the phase studied by us is indeed close to
TI2S. The axis of the texture is the [0001] direc-
tion. Under these conditions it would be natural to
start the analysis by following [3] and taking the
noncentrosymmetric group C34 - R3 for TI2S. The
determination of the intensities of the reflections
of the hkO type was performed microphotometrical-
ly. These reflections of the zero layer line were
used as a mark of darkening during visual deter-
mination of the intensities of the reflections on
other layer lines. A verification of the il2ture of
the scattering by the method proposed in [7] showed
that the scattering has an intermediary character.
The transition from the intensities to the <1>2values
was worked out following the kinematic scattering
formula j <l>j2

= I/pdhkl dhkO, whereupon the cor-
rection was entered for dynamic scattering.

The symmetry group R3 of the compound Tl2S
pertains to the groups for which there is charac-
teristic the presence of systems of planes not re-
lated by symmetry and with equal interplanar spac-
ings. The investigation of the atomic structure
from electron diffraction patterns of the oblique
texture type is in this case made difficult, since the
experiment gives only the total intensity of the re-
flections from the planes with equal dl;1kl' For
brevity, we shall call the magnitudes I<l>hklI2, ob-

tained by the dividing of the total intensity into a
number of merging independent reflections, "aver-
aged" structural factors.

The indexing of the Tl2S structure was done
from Patterson projections P(x, y), P(x, z), and
from the three-dimensional potential series. The
fact that the reflections lying on the layer lines with
l = 3n are considerably stronger than the remaining
ones (the pseudo periodicity c' = c/3) pointed to the
lamellar nature of the structure. The projection
of the function of the interatomic vectors P(x, y)
showed that the x and y coordinates as proposed in
[3] for the TI atoms are acceptable. By the trial

and error method, the following positions were
chosen for the S atoms: S 1 at 3 (a) and 00 z 1; S2 at
3 (a) and 00z2; S3 at 3 (a) and 00z3; S4 at 9 (b) and x4 =
2/3, Y4= 2/3, z4; S5 at 9(b) and x5 = Y3, Y5= 2/3, z5' The
projection of the potential cp(x, y) confirmed the
correctness of the proposed model. The divergence
factor RbkO = 0.264.

The more accurate determination of the x, y
atoms from the projections of the potential cp(x, y)
and cp(x, z) and, in particular, the determination of
the z-coordinates of the atoms turned out to be a
rather complex task since, on the one hand, the
crystallographic ally independent atoms very ac-
curately overlap on the cp(x, y) projection, and on
the other hand, as has already been pointed out,
some nonequivalent reflections cannot be distin-
guished on the electron diffraction patterns.

For the space group R3 such merging reflec-
tions are the hkO and khO; hOl and hOl at h, l = 3n;
hhl and hhZ; hkZ, hkZ, khZ, and khZ, at Z = 3n.
By taking into consideration the indices for the sys-
tems of equal structural amplitudes for the space
group R3 as presented in [8], the indices of the in-
dependent reflections were determined, which were
merging into one spot, and also the number of such
reflections. The divergence factor, as calculated
by the use of the "averaged" structural factors,

*gave the value RhkO = 0.264, and after the separa-
tion of I~kO I~xp and j <l>khOj~xp in the ratio of
I<l>hkO16alc and I<IkhOI~alc its value decreased

to RhkO = 0.243.
In order to plot the Patterson projection P(x,

z) we made use of the reflections of the hOl and

hOl type at h, l = 3n, merging into one spot. Since
the contribution of each of such reflections to the
total intensity is not known, it turned out to be in
no way possible to interpret carefully the Patterson
projection P(x, z), as plotted by means of the aver-
aged structural factors. The averaged structural
factors j <l>hOzl2and I<I>kOzl2 are considerably strong-
er than j <l>hkO12and 1<1>khOl2, which were used for the
plotting of the projection P (x, z), which results in
a considerably greater distortion of the synthesis
of P(x, z) as compared to the projection P(x, y).

To find the z coordinates of the atoms, the
successive sorting method was employed. The
starting model for the lamellar structure was se-
lected under the proposition that the layers of the
atoms TIt> T12' T13; T14' T15' T16' and S are ar-
ranged strictly through c/3: Z1 = 0; Z2 = 113; z3 =
213; z4 = 0.133; z5 = 0.466; z6 = 0.800 for the TI
atoms, and z1 = 0.208, z2 = 0.541,and z3 = 0.874
for the S atoms. By keeping in mind the possible

1We should mention that in [3] the extinction law h - k + I.. 3n,
and, correspondingly. the (000; 1/32//13; 21/13 %) alignment,

were used. In the present work we llsed the alignment which is

shown in the International Tables; the changeover from it to the

aspect of [3] is accomplished by replacing the z coordinates by

the - z coordina les.
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TABLE 2. Shortest Interatomic Spacings in the T~S Structure
,

1'1 - S spacings in ATl - Tl spacings in A

~1'1,-1'1, 3.52 1'1,-83 2.78Q}

>- 1'1,-1'1. 405 1'1,-8, 2.92; 3.28
~1'h-TIs 3.90 1'h-S, 2.91(j)
1'1,-1'1. 3.70 Tl,-SI 3.14

-5 TI.-1'1s 4.00 1'I.-S. 3.28

"
Tb- Tb 3.84 TI.-S. 3.22(j)

(j) Tl. - Tl. 4.28 TIs-S2 2.78
3 TI.-Tis 3 73; 4,33 TIs-8. 308.,

.a TI,- TI, 3.63; 4,31 TIs-8.; 3.23

oS
1'1,-1'1.; 4.18 1'1.-81 2.66
Tb-TI, 4.35 1'1,-8, 2.67
TI,-Tl, 4.29 1'1.-8. 2.68

OJ Th-TI, 3.96; 4.1 ! 1'10-82 2.55
>- Th-Th 4.29 TIs-8, 2.5!

~Tl2-TIs 3.58; 3.62 1'15-8, 2.70(j)
1'1.-1'1, 3.76 1'1,-8.. 2.6!

-5 1'1,-1'], 3.64 Tlo-84 2.5!
~1'1,-1'1, 3.59; 366 1'1,-85 2.70
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l' ABLE 1. Coordinates of the Atoms in the Tl2S Structure

Atom
I

Position
I

xla
I

Yla
I

zle
II

Atom
I

Position! xla
I

ula
I

zle

interatomic spacings, we varied within reasonable
limits the coordinate z of the first atom (with the
spacing of 0.004c), by pinning thereby all the re-
maining ones, and we then calculated the value for

RhOl' Upon attaining the minimum RhOl value we
went on with the separation of the merging reflec-
tions and calculated the intrinsic RhOl value for
the given model. Thereupon we varied the coordi-
nate z of the following atom, again performed the
separation, and so on. Parallel to this, we plotted
the q; (X, z) projections, during the examination of
which it was significant that the peaks of the po-
tential be considered. Forthe final q; (x, z) projec-
tion, as plotted with thE? separation of the hOl and

hOl reflections, RhOl = 0.294.
Further refinement of the coordinates of the

atoms was performed from the three-dimensional
selection of the structural amplitudes, with the
separation of the merging reflections. The calcu-
lations were performed on a "BESM-4" machine
according to the programming complex "kristall."
For the separation of the averaged I<p1~xp in agree-

ment with I<PI ~alc and for the calculation of the
divergence factor, special programming was com-
piled by A. B. Tovbis.

Mter six stages of the refining of the param-
eters following the three-dimensional syntheses
the divergence factor of the structure Rhkl = 0.300.
The introduction of the dynamic correction [9], and
also the more accurate determination of the coef-
ficient by the reduction to the absolute scale2 and
the more accurate determination of the tempera-
ture factor by the least mean-square method (B =
0.84) decreased the value of the divergence factor
to Rhkl = 0.258. Unfortunately, existing programs
do not allow us to perform a more accurate deter-
mination of the coordinate parameters by the least
mean-square method during the requirement of
separating the merging reflections.

It must be mentioned that the employment of
the zero layer line, on which strong reflections are
located, as the mark for the blackening of the re-
flections does not provide the possibility to deter-
mine within the same accuracy the intensities of

the weak reflections of the layer lines with l
'"

3n,
containing the information as to the deviations from
pseudoperiodicity in the structure, which showed up
in the divergence factor value.

The final coordinates of the atoms and the in-
teratomic spacings are presented in Tables 1 and 2.
The accuracy in the determination of the coordi-
nates of the Tl atoms was 0.001, and that of the S
atoms was 0.003. The structure can be ascribed to
the CdI2 type (with a = 4.24, and c = 6,84 A). A
simple relationship exists between the unit cell pa-
rameters of these compounds, namely a T12S ""
3a CdI2 and cn S "" 3cCdI2' In the first approxima-
tion it can be amsidered that the Tl atoms occupy
the positions I, and the S atoms the positions Cd
("triple" layers). The layer of the S atoms is en-
closed between two layers of the Tl atoms forming
octahedra. The octahedra occupied by the S atoms
alternate in layers with vacant octahedra. The
octahedra themselves have common sides and are
stacked according to the CdI2-type. The coordi-
nation number of the Tl atoms is 3. However, if
the I atoms form in hexagonal closest packing, then

2The tables showing the atomic scattering functions for the elec-
trons were used in this work.
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0.720

Fig. 2. Profile of the three-dimensional series of the potential

<f'(x; y; 0.14).

~

0,720

Fig. 3. Profile of the three-dimensional series of the potential
",(x; y; 0.32).

the Tl atoms-strictly speaking-do not form such
packing. The hexagonal packing of the Tl atoms
differs from the ideal ball-packing in that it is ex-
tended in the flat (0001) layers ('1'1- Tl = 3.52-4.35
A). While the T14, T15, and T16 as a matter of fact

lie in a single layer (Fig. 2), the layer consisting
of T11, T12, and T13 atoms is like a corrugated one
(Fig. 3). The 8 atoms form analogous layers. The
octahedra of the Tl atoms making up the structure
are to a significant degree distorted, whereas the
8 atoms occupy positions which are not strictly in
the centers of the octahedra. This circumstance
makes for a rather considerable scatter in the in-
teratomic Tl - Tl and Tl - 8 spacings, Never-
theless, these spacings are in agreement with the
analogous spacings in the compound T18 ('1'1- 8 =
2,59; 3.33 A) [11] and TIAs82 ('1'1- 8 = 2.80; 2,99;
3.00; 3.12; 3,25 A) [12], It is obvious that the fun-
damental interaction in the T128 structure is ac-

complished inside the Tl - 8 - Tl layers. The sum
of the ionic radii T11+ and 82- (1.49 + 1.82 = 3.31)
is somewhat higher than that of the Tl- 8 spacings
observed in the structure. This interaction is ap-
parently stronger than the ionic one and has a cova-
lent component. The binding forces inside the men-
tioned triple Tl - 8 - Tl layers are considerably
higher than those between two such layers, as a
result of which there is observed in case of T128
an almost perfect cleavage parallel to the base. It
can be assumed that the characteristic lamellar
nature of the T128 crystals, manifesting itself in
the capability of giving oriented residues during
the condensation from the vapors, is also explained
by the difference in the interaction forces.

The author thanks Prof. Z. G. Pinsker and V.
I. 8imonov for their constant assistance and advice
in this work. The author thanks A. B. Tovbis, who
compiled the programming for the splitting apart
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Fig. 4. Projection of the TlzS structure onto the (0001) plane.

of the reflections, and also R. M. Imamov, who has
displayed great interest in the present work.
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