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A full determination of the crystal structure of PbBi4Te7 has been carried out. The unit cell: a

= 4.50 2: 0.02 A, c = 17.6 2: 0.05 A, space group DiI - P3ml. The structure is referrable to a
nine-layer stacking, in which the Ph atoms are distributed statistically in four of the layers to-
gether with weights of 3/16 Pb and 13/16 Te. The unit cell contains 3/4 of a formula weight of

PbBi4Te7'

Currently, the properties and structure of a great
many two-component semiconducting compounds are
being studied, and still greater attention is being given
to three- and four-component phases, principally those
which correspond to pseudobinary compounds.

From this point of view, the systems SnTe- Sb2TeS
and PbTe-Bi2Tes are interesting. Their phase diagrams
were studied in [1].

The compound SnSb2Te4 is found in the first of
these systems. We have determined its structure by elec-
tron diffraction methods [2]. In the second system also,
according to [1], there exists only one compound, whose
composition however is PbBi4Te7 = PbTe' 2Bi2TeS' The
determination of its structure by electron diffraction We noted that cn"" 4cI' and cm"" 6cI' Formally, in
techniques is the subject of this paper. view of the differences in the unit cells, it would be

This compound corresponds in composition to an al- proper to regard these three structures as being three dif-
loy of 82.7'10 Bi2Tes and 17.3'10 PbTe. ferent phases of the compound PbB~Te7'

Measurements showed [1] that the ternary compound However, it was further determined that these three
PbBi,Te7 has an electrical conductivity of about 1700 phases can be considered as differently ordered forms of
ohm -1 cm -1 and a thermo-emf of 31 P.v / deg, and is one and the same phase; i. e., as superstructures of struc.
apparently a semiconducting compound. ture 1.

The x-ray phase analysis carried out in [1] con- Moreover, a confirmation of this latter view ap-
firmed the existence of a new phase whose composition peared in the electron diffraction photographs of these
may be expressed by the formula PbB~Te7' phases of PbBi,Te7; that is, their strongest reflections cor-

The structures of the "components" of this com- relate with those ten lines which are observed of x-ray
pound are known. PbTe possesses a structure of the NaCl- powder photographs of PbBi,Te7' In addition to the data
type with a cubic unit cell edge of a=6.34A [3]. Bi2TeS presented in [1], we obtained independently an x-ray
[4] has a rhombohedral structure of the tetradymite type photograph of the initial charge, using FeKa radiation,

(Bi2Te2S); the parameters of the hexagonal unit cell are thus confirming the correspondence.
a =4.38:1: 0.01, c = 30.4:1: 0.2 A. The present article is concerned with the results of

The samples for electron diffraction study were pre- the determination of structure I. The sample was ob-
pared by the sublimation in a vacuum of a ternary fusion tained by depositing powder on a substrate which was
of PbB4 Te7 onto a fresh surface of an NaCI crystal. The heated to 80-100.C, and following this, annealing the
composition of the resulting film matched the composi- whole at a temperature of f':J200.C for one hour.
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tion of the initial charge, because the fragment was vol-
atilized completely.

Depending upon the method of annealing the prod-
uct, the samples investigated gave electron diffraction
patterns of three forms which are similar in the position
and intensities of their strong reflections, but which dif-
fer in their weak reflections.

The unit cells determined from these photographs
all appear to be hexagonal; their parameters are

I
n
III

a=4.50:l: 0.02A,
a=4.44:1: 0.02A,
a=4.44:1: 0.02A,

c=17.6:1: 0.05 A,
c=71.7:1: 0.2 A,

c=107.4:1: 0.3 A.
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A characteristic electron diffraction pattern of the
substance is shown in Fig.!. Extinctions were observed
only on the zero layer line; only those reflections are
presen t which satisfy the condition h - k =3n.

The possible space groups here are: Dgd - P3ml,

~ - P321, C~i - P3, and C~v - P3m1. The strongest reflec-
tions are found on those layer lines with 1 =3n, and for
these reflections the rhombohedral condition h + k -1 =0

holds. From this it follows that the structure is character-
ized by a pseudoperiod c' = c/3 = 5.87 A, and within this
pseudoperiod the structure appears to be rhombohedral,
i. e., it consists of at least three layers; and therefore in
the whole true cell there are at least nine layers.

The thickness of a layer appears to be 17.6/9=1.95A.
This value agrees excellently with the results of struc-
tural studies of other layered semiconductors composed
of Te alld Bi, which have layer thickllesses of the order
of 1.95-2.00 A [5].

Accordingly, proceedillg from the cOllditiolls of a
Ilille-Iayer structure ill which any of the three successive
layers show a rhombohedral symmetry, i. e., implyillg
the presellce of cubic packillg, the formula of the struc-
ture may be symbolized as

I I
...ABCABCABCA...

I I
It must be emphasized that so far the discussioll has

beell cOllcerned ollly with the possible geometrical posi-
tiolls of atoms, irrespective of their chemical peculiari-
ties. Otherwise the pseudoperiod would be the true peri-
ad.

Further allalysis was carried out using F2_ alld F-se-
des.
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The illtensities of the reflectiolls ill the electroll dif-
fraction patterns obtailled from oblique texture photo-
graphs were determilled microphotometrically alld visu-
ally [2]. .

The tra1'1sformatioll of illtellsities to structural am-
plitudes was carded out accordillg to the formula [6]

(2)

(1)

where Ihk1 is the local illtellsity of the reflection, ~ is

the illterplallar spacillg, alld p is the periodicity factor.
III the first stage, the co~structioll of the F2-series.

we did IlOt illtroduce the dynamic correction, which is
considered to be principally ill the peak heights.

A uniform profile of the F2-series along OOz(Fig. 2)
gave a result which was already evidellt from the fore-
going examination. The peaks in that cross section are
situated at a distance of c/3 from each other, which con-
firms the cubic mode of superposition of adjoinillg layers
(1).

Thus, the initial data for the construction of a struc-
ture model appeared to be: the geometrical packillg for-
mula (I), the possible space groups, and the chemical
formula PbBi4Te7' It should be noted that the chemical
formula weight, which colltains 12 atoms, is foulld to be
in apparcllt cOlltradiction with a geometrical system of
nine layers. Indeed, if we wholly pack one of the layers
with Pb atoms, we will not have sufficient room for the
elevell remaining atoms. From this it follows that at least
some layers must be statistically packed with more than
one species of atom. In order to "squeeze" the twelve-
atom "formula" into nine layers,wemultiplyitbY%2=%'
which leads to the "composition" PbW4BisTesE and we

4

Fig. 1. An oblique texture electron diffraction pattern of PbBi4Te7'
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shall investigate the possible variants of this. The sim-

r lest of these is to pack three layers with Bi atoms, five
with Te atoms, and to dispose %Ph and 1/4Te statistically
in one layer. Also conceivable are variants with a statis-
tical joint disposition of % Ph and 1 % Te in two layers,
and other schemes such as that. Possible, but less probable,
is a statistical distribution of Ph together with Bi, because
here, for the complete packing of the layer we must also
include Te, i. e., to assume a statistical distribution of
three atom species, which is scarcely likely. Consequent-
ly, as a first approximation, it is possible to regard the

structure as having the composition Bi3Tes, disregarding
the fact that % Te in such a formula are actually re-
placed by Ph. At the same time, it is necessary to take
into consideration the fact that the contribution of Ph to
the structure factor in the analysis of intensities cannot
change them very greatly, since the scattering factor of
Bi is as great as that of Pb, and that of Te is not much
less.
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Fig. 2. Uniform profile of the F2_

series of A (OOz).

If we assume the natural requirement of an alterna-
tion of layers of Bi atoms with layers of Te, for Bi3Te6
the following variants of atomic distribution are possible:

I

11

I
CAB CAn CA
Birr Teu TClIl Tem Teu Bill Tel Bi[ (3)
TCl[ Bill TCrII TClIl Biu TCrr TCI BiI

J

These both satisfy the centrosymmetrical space group
3 -

D3d - P3m1; the second of these has a true period of c/3
and consequently does not satisfy the demands of a nine-
layer stratification.

Further analysis was carried out through the compari-
son of calculated and experimentally observed intensities.
The calculation of the intensities of a series of strong and
weak reflections showed that variant I produces satisfac-
tory agreement with the observed values, and as a first
approximation appears completely acceptable.

The intensities of 180 reflections in the electron dif-
fraction pattern of the structure were measured experi-
mentally. A complicating factor was introduced by the
fact that in the majority of cases reflections of the type
(hkl) and (hkl) are superimposed to some extent, and

their structure factors are not identical in absolute value.
Therefore, the relative contribution of each F from

such a pair of structure factors was determined in agree-
ment with their assumed theoretical relationship.

It should be noted that in consequence of this, in
later operations- the Fourier syntheses- experimental

Fhkl's were introduced again as totals. This procedure
did not, however, lessen the clarity of definition of the
results.

For the space group D~d- rom1, nine atoms
[% (Bi4Tes)] may be distributed in the following manner:

1 Bin
2 Ten
2 Tel

}
2 Bin
2 Tem

- in the position l(a) - ODD,
- in the position 2(c) - OOz, aDz;

-in the position 2(d) - %, %z,
%,%Z".

-c

Fig. 3. A combination of the three one-dimensional electron density sections CjO(OOz),
CjO(%%z) and CjO(%'i3z) (in relative units).
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The structure factor has the form
I(!>hkl= 1/2.IBi I -]- !Ten cas 2n 3

-L I [ " (k - h
-!

21 )]I Tel COS:TTl COsn ~- - 9

[ (h - k 4/ )]-1-IBirr .COSni cas n -3 + g-

[ (k - h 8/ )].j- he 1[[ cos;ti cas n :r- + 9 .

An analysis of the electron diffraction patterns indi-
cated that the intensities depart observably from the
cinematographic law of dispersion. Therefore we intro-
duced a dynamic correction according to the method used
in (7), taking the thickness of the crystals as 320 A.

After the introduction of the dynamic correction, the
divergence factor diminished from 40 to 270/0. At that
stage it became necessary to take into account the scat-
tering by the Pb atoms, which had been previously neg-
lected. The most natural approach seemed to be place

% of the Pb atoms together with the TeIIl atoms; this
separated four successive layers of Te atoms by two layers
consisting statistically of 1 % Te and % Pb atoms. In that
case, the scattering factor of Tem in (4) is replaced by

%(%fPb + 1 %iTe) = %fPb + %fTe. This hypothesis
improved the convergence, but ,as is seen below, did not
prove to be completely correct. Determining the signs of
the amplitudes, we constructed a one-dimensional sec-
tions of the three-dimensional series rp(OOz) and rp(1fs%z)
(Fig. 3). It is not difficult to see from (3) that in the first
of these atoms A: Bil and Tell are located, and in the
second, atoms B: Tel and TellP the section rp(% 1fsz)
places the C atoms, which are inversely equal to the B
atoms. The combination of all three sections is shown in
Fig. 3.

The peak heights in the sections of Fig. 3 at once in-
dicated to us the accuracy of the model which we had
postulated, but also revealed the inaccuracy of it in re-
gards to the disposition of the Pb atoms; the peaks for

Tell and TeIIl appeared to have equal height, both greater
than the peak for Tel. This indicates that %Pb is placed
together with the Te not only in position III, but in posi-
tion II as well.

Calculating the intensities for this arrangement in-
volves equating the scatteriQ.g factor for positions II and
III: %(3%fTe + %fPb) = 18~JTe + %dPb. Such a cal-
culation resulted in a reduction in the reliability coeffi-
dent to 23.60/0. The values of Fobs and Fcalc are given
in the table. Consequently, the Pb and Te atoms are dis-
tributed statistically in the layers with the weights men-
tioned. Since the signs of the structure factors did not
change, the synthesis of Fig. 3 appears to be final.

Therefore, formula (3) must be rewritten in the fol-
lowing form:

(4)

This packing of atoms is shown in Fig. 4.
The z coordinates of the peaks agree almost exactly

with the ideal positions %,%,%, . .. These coordinates
are as follows: zTel = 0.110, z Tell(pbt 0.333,zTeIIl(Pb)
=0.444, zBin = 0.778.

An estimate of the contrib ution of Ph to peaks nand
III could be accomplished as well on the basis of the peak
heights. In addition to this, in view of the possible influ-
ence of any inaccuracy in the dynamic correction to the
peak heights, we proceeded not from theoretical apprais-
als of these heights, but from the experimental observa-
tions.

The Fourier syntheses (Fig. 3) were constructed with-
out the zero term Fooo.Its contribution may be estimated
as being approximately equal to the mean negative value
of the potential in the syntheses [6,8]. Therefore we be-
gan by reading the heights of the peaks from the dashed
line in Fig. 3. Taking into consideration the fact that the
scattering factors of the Bi and Pb atoms are practically
identical, we took the mean of the heights of the Bil and

Bill maxima as the peak height for the Pb atom. The
height of the Tel peak is equivalent to the height of the
pure Te atom.

Proceeding from these heights and the heights of four
mean Ten(Pb) and Tem(Pb) peaks, it was readily possi-
ble to determine that they correspond to a content of
170/0Ph for example, which agrees satisfactorily with the
ideally calculated quantity of lead, 3/16= 18.70/0.

The close agreement of these values confirms the
conclusion that the atoms are distributed in accordance
with formula (5).

TelllPb)

Te,u(Pb)

TE)u'Pb)

T!1,lPb)

Fig.4. The packing of the
atoms in the unit cell of
PbBi4Te7.

(5)



A Comparison of the Calculated and Experimentally Observed. Structural Amplitudes

Ilkl <Dc I<DeI
II

',kl <Dc
I

I<DeI
II

Ilk1 <1) l<Delc

101 +3.34 1.97 20.11 +0.98 1.75
I

30.13 +1.23 2.36
101 -0.87 0.68 ~0.11 +1.73 2.12 30.11 +1.24 2.30
102 +3.36 1.92 20.12 +14.75 11. 67 30.18 +8.73 5.8/1

30.19 -~0.88 1.18102 + 1. 2L1 0.72 20.12 -0.22 0.22 220 .+H.22 12.54
103 .+-0.23 0.2:3 20.13 +2.41 3.30 224 +1.61 2.24
103 +36.9U I 28.8 20.13 -1.32 1.82 225 +0.64 0.97
10/1 1.1 20.15 -0.18

22\) -1-11.91 9.80-0.\18 I 0.18 22.10 ..,-1. 33 2.42104 +1.11 1.85 20.15 +12.45 10.24 22.13 +1.18 1.82
105 +1.01 1.00 20.16 +2.88 3.91 22.14 +1.10 1.88
105 o -.) 0,117 20.16 +1.35 1.12 I

22.15 -0.65 0.88- .IJ
J06 +29.65 29.4 20.17 +1.25 3.40

I

22.18 +8.20 6.4G
22.19 +0.83 1.20IOli -0.37 0.37 20.17 -2.11 2.36 311 -0.41 0.117

1117 +0.87 1.90 20.18 -0.67 1.111 Ii 131 +1.45 1.5G
1117 +2.32 3.09 20.18 -0.17 0.17 II

312 +0.33 0.9T
lO8 -0.61 0.81 20.19 -0.60 132 +1.38 1. 7G

0.81 ji 313 '-1-13.32 10.45tu8 +2.27 2.95 20.HI +1.17 1.63
II

133 -0.19 O.IH10.1() +2.00 3.06 211 +2.03 1.72 3111 +1.40 1.79
1'0.10 -0.54 0.48 121 -0.21 0.54 ! 134 -0.48

I
0.96

110 +28.80 30.40
212 +1. \13 1.64

I

315 -0.61 0.82
122 +0.53 0.97 135 +1.38 1.46111 +0.88 0.97 213 -0.25 0.25 316 -0.18 0.18

111 +2.27 2.G5 123 +18.59 16.2
I

136 +12.44 10.75
115 -1-2.26 2.5G 214 -1.13 1.57 317 -+-1.31 2.3!.
'IIG +0.17 0.24

124 +0.88 1.54 137 +1.35 1.86
215

+ 1. 88 2.54 :318 +1.31 2.31118 +0.73 1.04 125 -0.6Ll 0.89 ' 138 -0.81 0.71
1\ H +19.14 20.5 216 +17.06 15.561 31.lO -0.61 0.82

11.10 +1.65 2.90 126 -0. 2/1 0.24 I 13.10 ---f--1.25 1.67
11.1:\ +1.50 3.1Ll 217 +1.-'15 1.88 :31.11 TO.93 1.23

11. J '1 +1.-'16 2.51 127 +1. 72 3.36 13.11 +1.24 1.98
218 -0./12 0.58 31.12 +10.14 8.35

11.1:) -1.18 2.31 128 +1. 66 2.42 13.12 -0.16 O.lfi
11.18 +10.69 8.31 21U -0.22 0.95 31.13 +1.32 1.5G

201 -0.47 0.58 129 -0.22 0.22 13.13 -0.98 1.4;3

101 I.H5 21. 10 -0.81 0.89 31. 15 -0.13 0.13T2.51 12.10 +0.38 1.06 13.15 +8.96 7.6:3
~02 + 1. G8 1.'13 21.11 +1.45 1.93 31. 16 +1.90 1.711

202 +2.-'18 1.411 12.11 +0.38 LOG 13.1G +0.85 1.10
W:j +21.07 23.7 21.12 -0.19 0.19 1101 +1.31 1. 7:;
203 -0.34 0.31 12.12 +13.00 9.8 401 -0.89 0.5221.13 -1.09 1.86
2tH +1.67 1.65 12.13 +2.36 3.52 402 -1.31 2.26
20/1 -0.60 0.93 21.15 +11.14 9./16 402 +0.88 1.23
205 -0.48 0.66 12.15 -0.17 0.17 403 -0.18 0.18
205 +0.G8 1.20 21.1G +1. 32 2.04 403 +11.68 9.6512.1G +1. 25 2.70
2nG -0.31 0.31 21. 17 -0.9\1 0.72 404 -1.09 1.5\
21)(i +21.09 18.911 12.17 +1.18 2.38 4011 +2.33 2.8e
207 +2.21 3.71l. 21.18 -(1.<14 0.60 1106 +11.14 9.00
207 +1.G8 2.10 12.18 -0.14 O.ILl

I

406 -0.17 0.1721. 19 + 1. 04 2.13
208 +2.00 3.38 12.19 -0.70 0.95 Ll07 +0.98 1.28
208 -0.87 1.17 300 +16.84 14.24 407 +1.27 1.52
209 -0.86 1.42 304 -1-1.75 3.19 408 -0.80 0.98

~O9 -0.26 0.26 305 +1. 66 2.98 408 +1.24 1.85308 +0.40 1.02
20.10 -0.84 1.10 309 +13.6G 11.32 40.10 +2.42 3.70
20.10 +1.89 2.66 30.10 +1.59 2.40 40.10 -0.91 1.02

· Dynamic correction included.
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110.11 +1.03 JAil i I,J4 +1.10 1.34
I

513
I

-0.11 0.11

1,0.11 +0.88 1.12
I

415 +1.02 1.36 15:~ +7.1,2 5.84
40.12 -.0.13 0.13 418 +1.29 1.52 516 +7.30 5.94

40.12 7.57 I ~41\1 -1-7.73 5.85 156 --0.12 0.12
+9.27

,I
;,1.10 -1-0.86 1. ()II 517 -1-0.811 1.08

110.1:3 -1.47 2.20 1,1.13 +0.96 1.51 157 -1-0.99 '1.11
40.13 -)-0.86 1.9;'

II

I; J .11, +0.89 1.0\! 51.10 +1.82 1.5/1
'10.15 +8.29 (J.:)3 41.18 +5.74 1'.70 15.10 -.0.78 1.01
40.15 -0.13 0.13 503 -1.8.55 6.15 51. 11. +0.88 1.13
40.16 -1-2.0/1 2.30 503 -0.13 0.13 15.11 -1-0.92 1.21

40.16 +2.29 3.10 506 -.0.13 0.13 51.12 -0.11 0.11

110.17 -1.08 1.110 50G -f-8 . 29 6.35
15.12 +6.52 4.91

10.17 +2.85 3.53 I 507 +0.96 1.16
51.15 +5.97 4.41

II
15.15 -0.10 0.10

fIO.18 -0.98 1. H) 507 +0.96 1.16 51.16 +0.81 0.93Ii1,0.18 -0.12 0.12 I ;)U8 -:0.89 1.12 W.lo +1.60 2.;),,.
IIO.ln +0.89 1 .W

II

508 --0.98 1.21 (;UO -j-fi-8I1 5.25
1,0.1\) -.0.68 n.n5 50.10 -0.90 1. :)0 ()()!) -t-6.11 5.60

;321 +1.21 2.60 ,[ 50.10 +0.96 1.13 60.10 -1-0.87 1.09
2:)( _lO. 74 1.06 i 50.12 -+0.30 5.10 /131 +0.83 1.03
322 +1. 2/1 2.UI I 50.12 --0.12 0.12

341 -0. 38 0.59
232 +0.92 1.15 I 50.16 +0.88 1.18

1,3:3 --0. 11 0.11
32:) -0.16 O.W I 31,3 +6.52 5.12I +6.84233 +10.37 8.28 50.16 6.8/1 /136 +6.42 5.12
32/1 -0.60 O.n8 330 -+8.29 (j.68 31(\ -0.10 0.10
231 +0.92 1. J3 33/1 +0.96 1.15 /,37 +0.60 0.96
326 +8.82 7.92 3:35 +0.89 1.0/1 347 +1. 75 2.45
23G -0.14 0.111 339 +6.52 5.27 43.12 -0.09 0.09
327 +0.98 1.11

I

33.10 +0.24 0.85 3/1.12 +5.75 4.38
237 +1 17 1.52 421 --0.37 O.G8 43.15 +5.44 3.92
328 -0.6H 0.60 I 241 +0.96 1.14 34.15 -0.10 0.10
238 +1. 09 1.n7 423 -)-7.96 6.50 43.1G + 0.n8 1.73

32.10 +0.97 1.111 2/13 -0.12 0. J2 34.1G +0.89 1.62
23.10 -0.68 0.86 426 -0. 11 0.11 520 +6.52 5.63
32.11 -+0.97 1.12 246 -1-7.74 6.20 ;)2/1 +0.75 1.49
23.11 +0.87 1.03

I
427 +089 1.15 52n +/1.88 4.10

32.12 -0.12 0.12 247 +0.88 1.22 52.10 +0.81 1.45
23.12 +8.112 7.58

I

428 +0.82 1.01 52.1:3 + 1. 68 2.57
32.13 -1.06 1.6G 248 -0.97 0.89 613 +5.\]8 /1.73
23.13 +0.84 1. 00 42.10 -0.58 0.77 163 -0.10 0.10
32.15 +6.7/1 5.85 24.10 +0.89 1.18 616 -0.09 0.09
23.15 -0.11 O.H 1,2.11 -r 1. 73 2.G4 166 +5.75 4.l8
32.16 +0.89 1 09 24.11 +0.82 1.12 61.12 -1-5.12 5.12
23.1.6 -+0.82 1. Hi 42.12 +5.84 4.87 16.12 -0.08 0.08

410 +9.89 8.10 24.12 -0.12 0.12 61.15 -0.08 0.08
411 +0 . \)/1 1.11 42.15 -0.10 0.10 16.15 + II.88 3.28

I II 24.15 +5.43 4.90 I,MJ +5.G5 4.15
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TABLE (Continued)

I,kl <I'c 1<I'eI
II

IIkl

The shortest interatomic distances (between layers)

in the structure are as follows:

Bi[ -Tel = 3.24 A,

Bill - TCn (Pb) = 3.25 A,

TCI - Bill = 3.26 A,

Ten (Pb) - TCm (Pb) = 3.2/1 A.

The distances within a layer are equal to the ~period
of the unit cell. viz 4.50 A. Apparently. their proximity
is explained by the statistical packing of positions Ten
and Tem.

The structural analysis proved that there is no reason
for writing the chemical formula of the compound
RJB~ Te7 as PbTe' Bi2Tes. since in its structure there are
no domains of "initial~ structures as such; however. a
great many of their characteristic lines do persist in the
pattern of the compound.

.

The authors express their thanks to E. I. Elagina and
to Prof. N. Kh. Abrikosov. who provided samples of the
ternary compound for electron diffraction study.
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