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Liquid tin has been studied by x-ray diffraction over the temperature range from 300 to 1700 °C.
The mechanism for the thermal expansion of the molten metal is primarily an increase in the free
volume of ““holes,” without an increase in interatomic distances. This mechanism is thus
fundamentally different from the familiar mechanism for the thermal expansion of crystalline

phases.

Diffraction methods have been used to study most lig-
uid metals near their melting point."-> It has been estab-
lished experimentally that the melting of typical metals with
closely packed atoms in the crystalline phase not only does
not increase the shortest interatomic distances but in fact
reduces them somewhat, with a simultaneous increase of 3—

5% in the specific volume. In the case of a semimetal or
semiconductor whose crystal lattice has a loose packing,
melting leads to increases in the shortest interatomic dis-
tances and also the coordination number. The specific vol-
ume may either increase (Bi, Sn) or decrease (Ga, Si) in the
process.’

As the temperature of a liquid metal is increased, there
is a further increase in the specific volume, amounting to
about 1% per 100° (Ref. 3). The information available on
the nature of the changes in the interatomic distances is not
completely unambiguous, and in some instances it is in fact
contradictory.?*%!! The reason for this situation apparent-
ly lies in the relatively narrow temperature intervals in
which the studies have been carried out, which have been
mandated by serious methodological difficulties in high-
temperature x-ray diffraction of molten materials. There has
accordingly been essentially no discussion of the mechanism
for the thermal expansion of liquid metals; only in Refs. 12
and 13 do we find some qualitative considerations.

In the present paper we report experiments in which
temperatures of 1700 °C were reached and in which liquid
tin was studied by x-ray diffraction in an atmosphere of pure
helium. The temperature range over which tin is in the liquid
phase is one of the widest among pure metals. The material
can be heated 1465° above the melting point in this case. This
study has become possible thanks to a refinement of the ex-
perimental apparatus of Ref. 14 and the use of reliable tech-
niques in the x-ray diffraction.'>'¢

Working from the experimental scattering functions,
we calculated the structure factors (interference functions)
i(s) =1I,,/f? by the standard methods, where I,, is the in-
tensity in electron units of the x radiation scattered by the
sample, f? is the independent (gas) scattering,
s = 474 ~!sin @ is the absolute value of the diffraction vec-
tor, A is the wavelength, and 20 is the scattering angle. We
used molybdenum radiation, rendered monochromatic with
a graphite monochromator in the primary beam, and an op-
timized detection arrangement. Numerical values of the
structure factors over the temperature range 400-1700 °C
were published in Ref. 17. From those factors we calculated
the radial atomic profiles 477°p(r) and the relative atomic
distribution g(7) = p(7)/p,, Where p, is the average atomic
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density.? The structure factors and radial atomic distribu-
tions found experimentally for some of the temperatures
studied are shown in Figs. 1 and 2.

The shape of these functions and the structural features
on them (the secondary maxima and bumps) agree well with
published results on liquid tin"*7-*'"® (the highest tem-
perature which has been achieved previously has been 1100~
1140 °C, Refs. 7 and 18). The scatter in the values reported
by different investigators for the position r, of the first maxi-
mum on the radial atomic distribution and for the coordina-
tion number Z lies within the usual limits.

First, our experimental data show that over a wide tem-
perature range (up to 1700 °C) the short-range spatial order
of the atoms remains the same, since diffraction effects are
seen clearly up to large scattering angles, and the radial
atomic distribution deviates from its mean value 477%p, over
distances greater than 0.8 nm.

The behavior of several of the structural characteristics
can be followed quite well over a wide temperature range.
Table I shows structural characteristics for two series of ex-
periments; the results of one series are marked with an aster-
isk. In each series of experiments it was possible to hold con-
stant maximum number of experimenal conditions (through
adjustment of the sample and the heating conditions). This
constancy improved the accuracy of the observation of rela-
tive changes in the characteristics with the temperature. As
the temperature is raised, the position (s,) of the first dif-
fraction maximum in the structure factor remains essential-
ly constant for the liquid tin. We do see a tendency of the
remote diffraction maxima to shift toward larger scattering
angles. This behavior stands in contrast with the shift of the
diffraction maxima toward smaller scattering angles which
is observed during the heating of the crystalline phase. The
height of the first diffraction maximum decreases signifi-
cantly (by ~30%), while its width increases [As,, is the
half-width, and As, is the width at i/(s) = 1]. For the remote
diffraction maxima the changes in height are weaker. For
example, the height of the second maximum, at s, =44
nm ™!, decreases from 1.29 to 1.16 (by ~ 10%). Beginning
at 1300 °C, i(s,) remains essentially constant. The third
maximum, i(s;), at 5, = 67 nm™, decreases by 3%, while
the fourth, at s, = 87 nm™', remains fixed, within the ex-
perimental errors. There is a substantial decrease in the over-
all coordination number Z, calculated as the area under the
first maximum on the radial atomic distribution, up to
r=10.39 nm.

Note in particular that the most probable distance
between neighboring atoms found from the position 7, of the
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first maximum on the radial atomic distribution and that on
the g(r) curve (r;) does not increase; in fact, it shows some
tendency to decrease. Whether this behavior is a conse-
quence of the significant asymmetry and complex shape of
the first maximum on the radial atomic distribution can be
tested by calculating the mean square values of the interato-
mic distances, 7, , within the first maximum on this distribu-
tion, from r, [4r (ry) = 0] to 7, = 0.39 nm.
Calculations of 7, from the expression
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FIG. 2. Radial atomic profiles of liquid tin. The dashed and dot-dashed
lines show decompositions of the first maximum by two techniques (ex-
plained in the text proper). The vertical bars show the coordination
spheres in the tetragonal crystal lattice of white tin.
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FIG. 1. Structure factors of liquid tin. The vertical bars mark
diffraction reflections of tetragonal crystalline white tin.
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show (Table I) that the change in the mean square interato-
mic distance with the temperature is similar to the behavior
of the most probable interatomic distance.

The first maximum on the radial atomic distribution
has a complex structure. We are actually seeing two princi-
palinteratomic distances, 7] and ry, which correspond to the
absolute maximum and a secondary maximum. The latter
becomes sharper in the temperature interval 1600-1700 °C,
in fact emerging as a distinct maximum (Fig. 2). We can
follow the changes in these principal distances with increas-
ing temperature through a symmetry decomposition of the
first maximum into two subpeaks, carried out by two tech-
niques. In the first technique, the first subpeak is constructed
for all temperatures under the assumption that its crest is at
r; =0.308 nm (its area is Z | ). The crest of the second sub-
peak appears at a distance 7y = 0.36 nm (its area is Z ).
This decomposition is the most obvious one for the situation
prevailing in the interval 1600-1700 °C. Even at other tem-
peratures, however, the position of the second subpeak is
close to that given above. The areas under the subpeaks, Z |
and Z 7, correspond to low coordination numbers (~4)
(columns 3, 4, and 5 in Table II).

The second technique for decomposing the first maxi-
mum on the radial atomic distribution can be outlined as
follows: The position of the first subpeak for each tempera-
ture is taken to be the distance r, listed in Table I. Its area,
Z, decreases from 6.4 to ~4. The second subpeak appears
at distances r; of about 0.37 nm; its area, Z 7, oscillates over
the range 3-3.5 (columns 6, 7, and 8 in Table II).

Analysis shows that the second principal interatomic
distance also fails to increase with the temperature, and the
subpeaks are characterized by low coordination numbers,
regardless of the technique used to separate them. These re-
sults are evidence that the interatomic interaction in liquid
tin is of a directed nature.

Returning to the structure factor, we note that the ex-
perimental fact that right-hand branch of the first maximum
remains highly asymmetric is clearly of interest (Fig. 1). At
low temperatures we see a secondary maximum, which be-
comes a bump at higher temperatures. While there is a gen-
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TABLE I. Structural characteristics of liquid tin.

‘107 ], . As,-107" | As,j0 1070 .10+ p 10t Fo10t! cm?®
T°, C "r'ng, i(s) | (s ! i Zmin r‘mlno n nlm am B
300 *} 2.25 25 | 106 0.75 0.66 9.4 317 | 312 3.30 17.10
400 | 224 | 23 (1.2 0.99 0.74 9.1 315 | 3.1 3.25 17.25
500 *{ 2.24 | 2.2 | 112 0.87 0.73 9.3 3145 | 3.1 3.30 17.42
600 | 2.25 22 | 1,25 1,02 0.90 8.9 3.16 | 312 3.22 17.58
700 *| 2,23 20 | 114 0.99 0.85 8.6 312 | 3.07 3.9 17.74
800 | 2.25 20 | 1.25 1.02 1.01 9.0 315 | 311 3.32 17.92
900 *[ 2,25 1.9 | 115 0.93 1.06 84 | 343 | 3.09 3.22 18.09
1000 | 2.24 20 | 112 1.03 1.06 8.5 316 | 3.5 3.38 18.27
1100 *| 2.23 1.9 | 1.21 0.99 1.09 8.1 341 | 3.07 3.27 18.42
1200 | 2.25 1.8 | 1.28 1.08 1.22 8.4 3141 | 3.06 3.23 18.63
1300 | 2.25 18 | 1,31 1.12 1.26 7.6 309 | 3.05 3.16 18.83
1400 | 2.27 1.8 | 1.30 1.10 1.28 8.1 316 | 3.42 3.19 19.01
1500 | 2.27 1.7 | 1.28 1.10 1.34 7.1 3141 | 3.08 3.22 19,20
1600 | 2.25 1.8 | 1.2¢ 1.11 1.26 7.8 309 { 3.05 3.23 19.42
1700 | 2.26 1.7 | 1,29 1.13 1.40 7.6 3.08 | 3,04 3.16 19,61
6,% |05 2 2 2 2 1 1 1 >1 3

eral decrease in the height of the first maximum, however,
the ordinate of this bump does not decrease. Table I shows
values of i(s') at s’ = 28 nm ™~ which illustrate this conclu-
sion. The nature of this bump has been discussed in the liter-
ature, and several opinions have been expressed. Furukawa
et al.'! have suggested that there are some atoms in the melt
for which the distance is smaller and corresponds to the first
coordination sphere of grey tin (# = 0.285 nm). That sug-
gestion is not supported by the present study. Orton'® con-
structed an explanation on the basis of a two-structure mod-
el for the short-range atomic order. There has been the
further suggestion that the existence of this bump might be
explained for several liquid metals in terms of a common
structure on the basis of energy considerations, if increasing
structural complexity, with a transition from a spherically
symmetric interaction to a directional interaction, were ac-
companied by a reduction in the distance from the first maxi-
mum in the structure factor to the zero of the pseudopoten-
tial form factor.?°

An idea common to these approaches is that this bump
is caused by the preservation of a certain fraction of directed
interatomic bonds in the liquid. The preservation of this
bump up to high temperatures which we have established in
the present study, on the one hand, and the values found for
the coordination numbers Z ' and Z " (Table I1), on the oth-

er, constitute unambiguous evidence that the interatomic in-
teraction in liquid tin is directional.

There is obviously the further question of the relation-
ship between the short-range atomic order in liquid tin and
the structure of its crystalline phases. Danilov' has shown
that near the melting point the statistical distribution of the
interatomic distances in liquid tin is similar to that of the
atoms in the tetragonal crystal structure of white tin, for
which the radii of the coordination spheres and the coordi-
nation numbers (given in parentheses) near the melting
point are 7, = 0.303 nm (4), r, =0.319 nm (2), r, =0.378
nm (4), and r, = 0.443 nm (8).

We know that when low-symmetry crystal structures
melt one observes a certain probability for an organization of
more-symmetric directional bonds.?! This tendency is mani-
fested in the formation of the well-defined first maxima on
the radial atomic distributions, with deep minima. These
maxima are evidence of a decrease in the spread of coordina-
tion spheres characteristic of the crystal lattice. One might
thus suggest that the secondary maximum (the second sub-
peak) on the right-hand branch of the radial atomic distribu-
tion of liquid tin (0.360 nm) forms as the results of a certain
restructuring in the first three coordination spheres and is a
superposition of the second and third coordination spheres
(in crystalline white tin, their average distance is 0.358 nm).

TABLE II. Coordination numbers found by the two techniques for decomposing the first maxi-

mum on the radial atomic profile.

1 11
No. T,°C
z¢ for r/=0,308 z” r”, nm [ Z for r, (7. 1) zy r”, nm
1 300 4.3 6.4 0,360 6.4 3.0 0.37
2 400 4.5 6.0 0.360 5.9 3.4 0.37
3 500 4.2 6.0 0.360 5.8 3.3 0.37
4 600 4.0 6.0 0.360 6.0 3.1 0.38
5 700 43 5.6 0.360 5.8 3.2 0.37
6 800 45 5.5 0.360 5.6 3.6 0.37
7 900 40 5.4 0.360 55 3.0 0.36
8 1000 40 5.2 0.360 5.0 3.5 0.35
9 1100 4.2 5.0 0.360 49 3.8 0.37
10 1200 40 4.9 0.360 49 3.3 0.37
11 1300 44 5.0 0.360 5.0 3.2 0.36
12 1400 40 4.8 0.360 49 3.3 0.37
13 1500 40 47 0.360 4.8 3.2 0.36
14 1600 4.2 4.8 0.360 4.8 3.1 0.36
15 1700 4.0 4.2 0,360 4.2 3.4 0.36
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We thus see that the temperature increase does not sub-
stantially disrupt the correlation between the positions of the
maxima on the radial atomic distribution of liquid tin and
the set of coordination spheres of crystalline white tin. Com-
parison with the set of coordination spheres and diffraction
reflections of other crystal structures—the fcc, bec, dia-
mond, etc., structures—shows that the most likely structure
for liquid tin over a wide temperature range is a short-range-
order structure of a single type, in which the distribution of
interatomic distances is basically similar to that of the tetra-
gonal structure of white tin. This conclusion agrees with re-
sults which were found in Refs. 1, 2, and 7 for narrower
temperature intervals and also with the results found by Or-
ton et al.,?* who used the method of extended x-ray absorp-
tion fine structure, which is sensitive to the nearest atomic
neighborhood. Orton et al. established that at a temperature
slightly above the melting point liquid tin contains inter-
atomic distances which correspond to the structure of white
tin.

Let us use the x-ray diffraction data to examine the
mechanism for the thermal expansion of liquid tin. Over the
temperature range studied, 300-1700 °C, the specific vol-
ume of liquid tin increases by 14.6% (Ref. 6). If we assume
that the mechanisms for the thermal expansion of the solid
and liquid phases are the same, we would expect an increase
of 4.7% in the interatomic distances in the melt. This figure
is well outside the error in the experimental determination of
these distances by diffraction methods. However, the data of
the present study show quite convincingly that this behavior
is not observed in the temperature dependence of the inter-
atomic distances. The meaning here is that the mechanism
for the thermal expansion of the liquid metal is not deter-
mined by an increase in the interatomic distances due to
anharmonicity in the potential energy of the interatomic in-
teraction.

If we were to invoke the ideas of Frenkel’** and suggest
that the cause of the thermal expansion of the liquid is an
increase in the free volume due to “holes,” without a change
in interatomic distances, we could describe the temperature
dependence of the molar volume of the melt by the exponen-
tial function

V—Ve=V,exp (—U/kT), 2)

where V,, is the “ideal” model volume of a mole of atoms
packed in the structure of the short-range order of the liquid
in the absence of a free volume, and U is the hole formation
energy. The isothermal compressibility would then be a con-
sequence of the free volume. According to the ideas of Fren-
kel’, the diffusion coefficient D, the viscosity 7, the isother-
mal compressibility 3, and the thermal expansion coefficient
a of the liquid are given by

D=(8%/67,)exp(—Up/kT), (3)
n=(TekT/676%) exp(U/kT), (4)
B=(1/V) (8V/dp)r=(V./NkT)exp(—U/kT), (5)
a=(1/V) (0V/3T) p=(U/kT?) exp(—U/kT), (6)

where & is the mean square displacement of the atoms of the
liquid, 7, is the duration of the “settled life”’ of an atom near
the melting point, U, and U, are the corresponding activa-

814 Sov. Phys. JETP 68 (4), April 1989

tion energies, N is Avogadro’s number, and 7 is the absolute

temperature. If we assume in a first approximation that the
mean square displacements of the atoms do not change,
since the experiments demonstrate that the interatomic dis-
tances do not change with the temperature, and if we also
assume that the activation energies in (2)—(5), which stem
from the common (hole) mechanism differ only negligibly,
then we find the following relations from (2)—(5):

V-V, (V=-V,) n V-V,
= '——T———=Bm BT =bs. (7)

Dy

These relations can be used to determine the ideal molar
volume from experimental data on diffusion, viscosity, and
isothermal compressibility. The values found for Bj, B,,
and By in this way should remain constant over a wide tem-
perature range if this understanding of the thermal expan-
sion of the liquid is correct. Indeed, the values calculated for
these properties from (7) and from experimental data on the
diffusion,?* viscosity,? and isothermal compressibility>> of
liquid tin turn out to remain constant over a wide tempera-
ture range, within 3.7% for By, within 0.9% for B,, and
within 1.8% for B, . The values calculated for the ideal mod-
el volume from these data agree well with each other: V2
= 16.62 cm*/mole, ¥J = 16.75 cm®/mole, and V5 = 16.52
cm’/mole. The mean value is ¥, = 16.63 cm®/mole. The
mean value of the ideal model volume is 2.8% greater than
V, = 16.16 cm®/mole, which is the value which we find by
extrapolating the temperature dependence of the molar vol-
ume of liquid tin to 0 K. The some extent, this circumstance
serves to illustrate the physical nature of the ideal model
volume.

From the value found for ¥, and from the packing coef-
ficient of 0.53, which characterizes a structure like that of
crystalline white tin, we can determine the distance between
neighboring atoms in the ideal model volume. Specifically,
we find 3.03 A, in good agreement with the shortest interato-
mic distance in white tin near the melting point. In accor-
dance with the arguments above, we can estimate the num-
ber of holes as a fraction of the total number of atoms at
various temperatures in liquid tin. Near the melting point
this quantity is about 3% and agrees well with the data in
Ref. 23; at 1700 °Citis 18%. This increase in the free volume
over the temperature range studied is accompanied by the
experimentally observed decrease of 19% in the average co-
ordination number.

These calculations show that the interpretation pro-
posed here agrees well with several facts which have been
established experimentally regarding liquid tin. This agree-
ment suggests that the mechanism for the thermal expansion
of the molten material is basically one of an increase in the
free volume of holes, without an increase in interatomic dis-
tances. This mechanism is fundamentally different from the
familiar mechanism for the thermal expansion of crystalline
phases. It is a consequence of the nature of the liquid, which
is characterized by a high mobility of atoms, while the densi-
ties are comparable to those of the solid phases.

Oneofus (V. G. B.) wishes to thank A. F. Andreev and
A. S. Borovik-Romanov for a discussion of this work.
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