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X-ray diffraction patterns have been obtained from molten Te at 470, 520 and 570 °C. The
heights of the peak maxima in the structure factor were much the same in contrast with those of

typical molten metals such as sodium.

Molten TI-Te alloys have been studied by X-ray diffraction for the alloy compositions 25, 33.3,
50, 60 and 75 at% Te at 500 °C and at about 20 °C above the liquidus. The total structure factors
for the 25 and 33.3 at% Te alloys were almost the same as that of pure Tl. This implies that the
atomic arrangement of these molten alloys is very close to that of pure Tl. Although a drastic
change is not found in the general form of the structure factor, the parameter of the range of
local atomic order abruptly increases on passing from T1,Te to more Te-rich alloys. The three
partial structures were also evaluated from the observed X-ray intensities assuming that each
partial structure is independent of the relative abundance of the constituent elements in the alloys.

1. Introduction

Recently, various properties of liquid semiconduc-
tors have been discussed ! 2. These results suggested
that the structure of liquid semiconductors is dif-
ferent from that of typical molten metals such as
sodium. But comparatively little work of the struc-
tural information has been reported on these liquid
semiconductors.

The main purpose of this paper is to determine
the atomic distribution of molten TI-Te alloys by
X-ray diffraction, because this alloy system is one
of the familiar liquid semiconductors, whose elec-
tronic transport properties in the liquid state show a
drastic change at Tl,Te composition.

2. Experimental Procedures

The experimental arrangement and operating pro-
cedures for the X-ray intensity measurements on
high temperature melts were almost identical with
those described in our previous works ® *. The purity
of the metal samples used in this work is 99.99% TI
and 99.999% Te, respectively.

3. Analysis of Intensity Patterns

The method of analyzing the measured X-ray
intensity was also the same as that described pre-
viously 5. For convenience of discussion, the essen-
tial features are given below. Assuming the dis-
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ordered materials, amorphous solids and liquids, to
have a continuous distribution of atoms, the inten-
sity of the coherent X-ray scattering per atom
1M (Q) which is directly obtained experimentally
from more than one species of atoms, can be written

as

IS (Q) = () + </>‘-’f4nrf[e<r> 6

sin(Qr) d
r

(1)
where (f?) =Z¢;f? (f) =Zcifi; ci and f; are the

concentration and atomic scattering factor of the
atomic species i, 0(r) is the radial density function
and g, is the average number density of atoms. The
so-called total structure factor S(Q) for multi-com-
ponent systems is defined in the form

SQ) =R (Q) — ((PY=(HDVH2. ()
In the case of one component systems, the structure
factor is reduced to the following simple form,

S(Q) =I"Q) /1. (3)
From these equations, the atomic radial distribution
function 47r20(r) is evaluated by the Fourier
transform of the structure factor:

daro(r) :4-:zr‘-’,k;0+2;rf‘ZPQ[S(Q) —1]sin(Q r)dQ.

(4)
The pair distribution function g(r) =o0(r) /o, is also
frequently used to discuss the structure of amorphous
solids and liquids.
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4. Structure of Molten Te

Figure 1 shows the structure factor S(Q) for
molten Te at 470, 520 and 570 °C calculated from
measured X-ray intensities together with those by
other authors 9. Although the measuring tempera-
tures were slightly different, there is adequate agree-
ment as shown in Figure 1. The pair distribution
function ¢(r) calculated from Eq. (4) with the
density measured by Lucas and Urbain!® and the
curves obtained by other authors®® are shown in
Figure 2. Tourand and Breuil ® reported that there
are three resolved peaks at 2.96, 3.80 and 4.49 A at
675 °C in the pair distribution function. This is also
found in the results of Hoyer, Thomas and Wobst ?
and of this work. Only Harker, Howe and Enderby 8
did not report the existence of a peak near the
distance of 3.80 A. As shown in Fig. 1, the general
form of the structure factor for molten Te is dif-
ferent from that of typical molten metals such as Na.
For comparison the structure factor of molten Na at
105 °C ! is also plotted in Figure 1. The heights of
the peak maxima in the structure factor for molten
Te are much the same in contrast to those of molten
Na. These peak maxima are relatively temperature
insensitive within the observed temperature range.
The oscillation in the structure factor for molten
metals such as Na is damped more rapidly in the
high Q region than that of molten Te. This implies
that considerable atomic arrangement related to
covalent-like bonding remains in the liquid state,
because if species with definite bond lengths and
angles exist, the oscillation in the structure factor
should persist in the high Q region!2. This be-
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haviour was also found in the case of molten Se?,
although there are differences in detail.

The peak positions and coordination number of
atoms evaluated from the atomic radial distribution
function 4172 0(r) are listed in Table 1 together
with those of other authors. It is assumed for the
derivation of the coordination number of the re-
spective neighbours that the shape of the peak maxi-
mum is Gaussian 3. The interatomic distances for
the trigonal structure of Te in the solid state are
summarized in Table 2 (see p. 1658).

The first three neighbour distances in molten Te
observed in this work correspond to those of the
crystalline trigonal structure. But the following
points should be noted: The first nearest neighbour
distance is larger by 4.1% than the covalent bond
distance of 2.835 A and the coordination number of
this correlation area is approximately three as shown
in Table 1. In contrast to this the coordination num-
ber of nearest neighbour atoms for solid and liquid
Se is two?* and the second and third neighbour
distances shift inward. This is one of the differences
in the structures of molten Te and Se. X-ray diffrac-
tion experiments in this work show that the atomic
arrangement of Te changes on melting. This is con-
sistent with the physical properties such as the elec-
trical conductivity * 2. Therefore it seems that, con-
trary to molten Se?, the atomic arrangement of
molten Te is not composed of minute trigonal crys-
tals.

The atomic arrangement of trigonal type struc-
tures is not as close packed as that of typical metallic
elements. As the melting of Te is accompanied by a
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Fig. 1. Structure factor of molten Te at 470, 520 and Fig. 2. Pair distribution function of molten
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Te at 470, 520 and 570 °C.
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Table 1. Summary of diffraction results from liquid tellurium.
radiation temp.  structure factor [A—1] pair distribution coordination n
[°C] 1st Ist 2nd 2nd function [A] number (atoms)
max min max min Ty Ty T3 ny ny ng
Tourand 675 2.1 2.65 3.2 3.7 296 3.80 4.49 3.18 325 7.06 13.5
Breuil Neutron 900 — = == — 301 3.82 4.52 336 3.12 6.84 133
1971)* 1100 — = = - 301 3.80 4.52 3.72 281 1715 137
Howker 500
Hgv‘ze Neutron 300 (2.1)** (2.8) (3.2) (3.8) (2.95) (4.2) (6.4) — — - -
Enderby
1973)
Hoyer 480 2.10 270 3.35 3.75 295 3.55 4.45 298 2.8 635 122
Thomas X-ray 550 2.15 270 3.25 3.75 2.95 3.55 4.25 298 279 6.36 12.1
Wobst 620 2.15 270 3.25 3.75 295 355 4.25 3.01 2.82 648 123
(1975)
This Xra 470 2.10 2.75 320 3.85 295 3.67 4.32 3.03 285 643 123
work i 520 210  2.80 3.20 3.90 295 3.65 4.28 312 2.83 647 124
570 2.10 2.80 3.20 3.90 296 3.67 4.28 314 279 645 124

* This work was carried out at temperatures between 575 and 1700 °C But both structure factor and distribution func-

tion were reported at 675, 900 and 1100 °C.

n=n;+n,+ng.

** The parentheses denote the estimated values from the original figures by the present authors. The values previously re-
ported in the work of Enderby and Hawker (J. Non-cryst. Solids 8 —10, 687 [1972]) are not necessarily in agreement

with those of figures.

density change of about 5%, the local atomic ar-
rangement evidently changes to an antimony-like
arrangement on melting. This is plausible because
the electronic properties of molten Te rather show a
metallic character ! corresponding to the large electri-
cal resistivity of molten Sb, which is more than three
times that of typical molten metals. In the antimony-
like arrangement of atoms, each atom has three
nearest neighbours (n;) at the distance r; with three
other (n,) slightly farther away near the distance of
rs=1.16r,. The third nearest neighbours are six
atoms (n3) near the distance of r3=1.48 r, . Accord-
ing to these arrangements, r,, ry and ry are 2.95 A,
3.42 A and 4.37 A, respectively. As shown in
Table 1, the experimental results obtained in this
work support this interpretation. It is also supported
by the fact that the average number of atoms (n)
in the short range order, defined as n=n; +n,+ny,
observed exprimentally and listed in the last column
of Table 1 is nearly equal to the value 12 of the
antimony-like arrangement of atoms. On the other
hand, the value of n is 14 in the case of a trigonal
type structure. These facts are also found in the
work of Hoyer, Thomas and Wobst °.

5. Structure of Molten Tl-Te Alloys

For convenience of the discussion a few additional
details on the analysis of intensity patterns are given

below. It is well-known that the structure of multi-
component disordered systems is characterized by
the partial distribution functions 9;;(r). In general,
0;;(r) means the number of j-type atoms per unit
volume at the distance r from an i-type atom. The
partial distribution function ;;(r) is connected with
the partial structure factor S;;(Q) by the equa-
tion 14 15

[eS]

Si(Q) =1+ fzmr? [Qiic(”') _90]

0

sin(Qr)
Or dr.

(5)
The partial pair distribution function g;;(r) = 0;;(r)/
(cj0p) is frequently used. The total structure factor
S5(Q) directly obtained by experiments is then the
weighted sum of the partial structure factors S;;(Q).
In the case of a binary alloy, we can write

S(Q) = iZ.ij,-j Si(Q) = wii Su(Q)

+;;5;i(Q) +2w; Si(Q),  (6)
where w;; is the weighting factor defined by
wij=cic; fifif ()*. (7

A) Total Structure Factors

The total structure factors of molten T1-Te alloys,
measured isothermally at 500 °C, are shown in
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s Table 2. Interatomic distances
Te  470% for trigonal structure of Te in
the solid stale.
75°%%Te  500°C (¢ 300°C)
interatomic  coordination
60%Te  500°C (x 300°C) distance number
e [A] (atoms)
_50%Te  500C  (+ 400°C)
- 2.835 2
33%Te  500C 3.50 4
4.44 } 3
25°%6Te  560°C 4.46
X 4.89 4
hi 500°C 5.28 4
5.93 2
6.02 2
0 " :
0 2 4 6 8 10 12 14 16 Fig. 3. Total structure factors of

Q =4xsin8/A (A"

Figure 3. The measurements were performed at
560 °C in the case of the 25 at % Te alloy. The
measurements were also carried out at temperatures
about 20 “C above the liquidus for the 50, 60 and
75 at % Te alloys and the results obtained are also
plotted in Figure 3. The effect of temperature on the
total structure factors of molten TI-Te alloys consists
in the fact, that the height of the peak maxima is
reduced and that they are broadened. These ten-
dencies are generally found in most molten alloy
systems. The discussion in this work is limited to the
data measured isothermally at 500 °C. The error
bars in these measurements are of the order of
+0.09 over the first peak, £ 0.04 near the value of
Q=4.0A"1"and £0.02 beyond Q =6.0 A" 1.

The total structure factors of molten the 25 and
33.3 at-% Te alloys are almost the same as that of
pure Tl and the first peak position decreases gradual-
ly from 2.26 A= for the 33.3at-% Te alloy to
2.10 A~ ! for pure Te. The general form of the total
structure factor for molten TIl-Te alloys is relatively
insensitive to the Te concentration as shown in
Figure 3. This is caused by the larger scattering
power of the Tl atoms in the weighting factors w;;
of Equation (0). The total structure factor S(Q) for
molten alloys beyond the Te concentration of TI,Te
toward the Te rich side is asymmetric, in that the
low angle side of the first peak maximum is less
sleep than the high angle side. This behaviour was
also confirmed by measurements with Cu radiation.
In this analysis, the separation of the scattered
intensity from the primary beam in the small angle
region (Q < 2.0A°1), the correction for air scat-
tering and absorption and the elimination of the

molten T1-Te alloys.

Laue monolonic scattering ((f?) — (/)?) to evaluate
the total structure factor S((Q)) by means of Equa-
tion (2) were carefully taken account of. The asym-
metry of the first peak, mentioned earlier, must be
related to the covalent-like character of molten Te.
The information on the atomic arrangement in
real space given by Eq. (4) seems to be suitable for
the discussion of the structure in molten alloys.
Figure 4 shows the total pair distribution function

2N s

470°C

g (r)

333%Te

25%Te  560C
- 5%
\//\ T 500
053> 4 5 R (|

o
Fig. 4. Total pair distribution functions of molten TI-Te
alloys.

for the molten TI-Te alloys. All the curves of g(r)
oscillate around unity. Although an apparent change
is not observed in the total structure factor, the
effect of Te concentration on the structure is easily
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found in the total pair distribution function. A sub-
sidiary peak on the larger distance side of the first
peak is observed in the case of the 33.3at-% Te
alloy. But the general form of g(r) for this alloy is
similar to that of pure Tl as well as the 25 at-% Te
alloy. Beyond the Te concentration 50 at-7, a new
peak appears near 3.65 A. This position corresponds
to that of the second nearest neighbour in pure Te.
The decay of the amplitude in the oscillation and
the distortion of the wave pattern are also found
with increasing Te concentration.

The coordination number of atoms is one of the
useful parameters to discuss the structure of dis-
ordered systems. But, as shown in Fig. 4, the Gaus-
sian curves to estimate the coordination number of
the respective neighbours are not easily drawn in
the case of the 33.3, 50 and 60 at-% Te alloys. For
this reason, the structure of molten Tl-Te alloys is
discussed in the following way in this work. The pair
distribution function g(r) can be used to estimate
the range of local atomic order. In this work we
introduce the assumption that this range is limited
by a radius r, beyond which g(r) =140.02. The
value of =0.02 is considered to be a reasonable
choice for the errors in g(r) at larger r. This ap-
proach was also used in the work on metallic glas-
ses 16, The value of r, estimated for the molten TI-Te
alloys are listed in Table 3. We also introduce a

Table 3. Values of peak positions in the pair distribution
function and the parameter of local order atomic arrange-

ment.
nd) A A @) @)

TI-Oat% Te 324  — - 615  13.0
25 322 — — 6.24 130
33.3 320 sub.  — 626  13.0
50 314 362  — 6.25 135
60 3.08 365  — 624 135
75 3.06 366 — 6.35 134
100 295 3.67 432 625 128
TI-T1 320 — — 610 130
T1-Te 313 370 502 640 130
Te-Te 296  3.65 434 630 125

dimensionless parameter { =r/r, as the measure of
the range of local atomic order, where r; is the
nearest neighbour distance. As shown in Fig. 5, the
parameter { changes abruptly near the composition
of T1,Te from about 4.0 to about 4.4 times.

The results on the total structure factor, the total
pair distribution function and the parameter of the
local atomic order imply that the atomic arrangement

46
_44- /—-'—-\'
£ ’
<42 / 1
v P_’.,/
40} ;
B 20 40 60 80 100
Tl Te at% Te

Fig. 5. Concentration dependence of the parameter of the
range of local atomic order { for molten TI-Te alloys.

of the Tl rich alloys is very close to that in pure TI,
whereas that of alloys containing more Te than
T1,Te is similar to that in pure Te. This may sug-
gest that the matrix arrangement of atoms in molten
TI-Te alloys changes from the arrangement as ob-
served in Tl melts to that observed in Te melts near
the composition of T1,Te. This statement is consistent
with the fact that the electronic transport properties
of these alloys in the liquid state show a drastic
change at T1,Te composition 1+ 2,

B) Partial Structure Factors

As easily found in Eq. (6), Stim1(Q), Stete (Q)
and Sty.1¢(Q) can be calculated from the total struc-
ture factors S(Q) of the alloys, assuming that each
partial structure factor is independent of the relative
abundance of the constituent elements in the alloys.
This approach was already discussed in detail and
frequently gave some information on the structure
of a binary alloy.

The calculation was performed to derive the
partial structure factors from the data on the 50, 60
and 75 at-% Te alloys and then the best fit values of
St (Q), Stete (Q) and Sty1e (Q) were determined
by a least square analysis of five total structure
factors with different Te concentrations. Figures 6
and 7 show the partial structure factors S;;(Q) and
the partial pair distribution functions g¢;;(r), re-
spectively. The peak positions in Fig. 7 and the
parameters of local atomic arrangement calculated
from Fig. 7 are summarized in the lower part of
Table 3. The method of evaluating these quantities is
the same as above. As shown in Figs. 6 and 7, the
partial structures of like atom pairs (TI-T] and
Te-Te) are close to those of the pure elements. This
seems to indicate that the partial structures are
independent of the compostion of the molten Tl-Te
alloys. However, it should be kept in mind that the
partial structures estimated in this work are rather
applicable for the Te rich alloys beyond the Te
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Fig. 6. Partial structure factors of molten TI-Te alloys.

concentration of Tl,Te, which show the same order
of r; and { (see Table 3). Although the covalent-
like character of pure Te partially disappears as Tl
is added to molten Tl-Te alloys, the partial struc-
tures estimated are consistent with a more or less
random mixture of Tl and Te atoms. If strong com-
pound formation or ordering (i.e. T1,Te molecules)
as evidenced by a premaximum below the first peak
maximum in S(Q) or S;;(Q) occurs in a binary
alloy system, the partial structures cannot be assum-
ed to be independent of composition. Such behaviour
has been observed in molten Mg-based "> 18 and
Li-based alloys 1. However, it is apparent that the
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structure of molten TI-Te alloys does not indicate
any premaxima and is represented by the combina-
tion of three partial structures of atom pairs (TI-TI,

Te-Te and TI-Te).
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