Neutron Diffraction Study on the Structure
of Liquid Cs-Sb Alloys

P. Lamparter, W. Martin, and S. Steeb
Max-Planck-Institut fiir Metallforschung, Institut fiir Werkstoffwissenschaften, Stuttgart

W. Freyland
Institut fiir Physikalische Chemie der Universitat Marburg

Z. Naturforsch. 38 a, 329—335 (1983); received November 11, 1982

By neutron diffraction experiments the total structure factors and the total pair correlation
functions of liquid Cs-Sb alloys containing 85, 75, 65, and 50 at% Cs, respectively, were deter-
mined. The structural results confirm the non metallic properties of Cs-Sb melts.

The correspondence of the nearest neighbour atomic arrangement in liquid Cs;5Sb,s and in the
solid compound semiconductor Cs;Sb suggests a similar type of bonding, namely by valence
bonds and ionic forces simultaneously. The stability of this compound in the molten state leads
to a microsegregation tendency between compound forming regions and excess Cs in the concen-
tration range from pure Cs up to 25 at% Sb, which is established by a small angle scattering effect.

Proceeding from Cs75Sbys to CssoSbsy, a continuous change in the structure takes place.
Covalently bonded Sb chains are formed just as found in the corresponding solid compounds
ASb (A = alkali metal). An additional diffraction peak in front of the main peak of the structure
factors within this composition range implies the formation of rather large molecular clusters in
the alloys.

Introduction electronic properties it was concluded that liquid
Cs-Sb alloys are not essentially ionic, but that also
covalent bonding takes place [7, 11].

The aim of the present study was to obtain in-
formation on the type of bonding in liquid Cs-Sb
alloys by investigation of the atomic scale structure
by means of neutron diffraction experiments. Even
though from a diffraction experiment the nature of
the chemical bonding obviously cannot be seen
directly, this is closely related to the atomic struc-
ture of a liquid alloy.

A number of liquid alloy systems formed from
metallic constituents is known, which exhibit non
metallic properties near certain stoichiometric com-
positions. In liquid AusoCsso [1], LigoPby [2], and
Mg 7Bis33 [3] e.g. the electrical conductivity drops
by orders of magnitude compared to that of the
pure elements. This metal-non metal transition
clearly requires a change in the bonding character-
istics to occur in these concentration ranges. In the
last few years the nature of the chemical bonding in
such semiconducting alloys was the subject of vari-
ous experimental and theoretical studies (see e.g.  Basic equations
[4—6]), emphasizing the question whether it is ionic
due to charge transfer between the components or
whether it is covalent and thus forming molecular
units in the alloy.

For the case of the Au-Cs system evidence for
predominantly ionic bonding has been given by a
variety of investigations [1, 5, 7—10]. Concerning
the Cs-Sb system, however, which exhibits a steep

In the following, a summary of the relations used
in the present study will be given. For a comprehen-
sive review see e.g. [12]. According to the Faber
Ziman definition [13] the total structure factor
SFZ(Q) is obtained from the coherently scattered
intensity per atom /¢ (Q):
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<b> = CAbA+ (‘gbB,

(b?> = ca b3+ cpb},

Ca, cg = atomic concentrations of the components A
and B,

ba,bp = coherent neutron scattering lengths of A
and B.

From the structure factor the total pair correlation
function G (R) and the total pair density distribu-
tion function ¢ (R) are calculated by Fourier trans-
formation:

2 o0
G(R)=47TR[Q(R)—Qo]=—n—£Q[SFZ(Q)—1]
-sin(Q R) dQ, (2)

where

R = atomic pair distance,
Qo = mean atomic number density.

In a real experiment the integration range of (2) is
given by the accessible 2 @ range.

For the case of a binary system the total o(R)
function is a weighted sum of three partial pair
density distribution functions g; (R):

_ cabi cpbi
o(R) _—<b>2 0aa(R) +_<b>2 o8 (R)
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0;(R) represents the number of j type atoms per
unit volume at distance R from an / type atom. The
so called total coordination number in the n-th shell
around a reference atom is obtained according to
(4): R:

N'= {47 R*o(R)dR. 4)
R}

+ 0aB(R) . 3)

It should be noted that the physical meaning of N”
is restricted because the choice of the integration
limits which define the inner (R?) and the outer
(RG) limit of the n-th shell is not unique. Further-
more besides ¢; and g; (R) also the scattering lengths
b; enter into the value of N”", which therefore
depends on the kind of radiation used.

Inserting the partial pair density o;(R) into (4)
one obtains the partial coordination number Zj of j
type atoms in the n-th shell around an 7 type atom.

An alternative description of the structure of a
binary alloy is given by the correlations between
density- and concentration-fluctuations in terms of
the three partial Bhatia Thornton structure factors
SN (Q), Scc(Q). and Snc(Q) and their Fourier

transforms [14]. Hereby another definition of the
total structure factor than that given in (1) is con-
venient:

SBT(Q) = Ic(Q)/{b%) . (5)
SBT(Q) is related to the partials by (6):
b)? ba— bp)?
SET(Q) = z—bf; Sx(Q) + (—% Scc(0)
2{b)(ba— 0
+ —<Z<(b—;*>—3) Sxc(@). (6

Snn (Q) describes the correlations between number
density fluctuations, Scc(Q) those between concen-
tration fluctuations, and Sxc(Q) the cross correla-
tions which are present for the case of different
atomic sizes in the binary alloy.

It should be noticed that the second and the third
term in (6) vanish if both kinds of atoms have the
same scattering length. That means that concentra-
tion fluctuations Scc(Q) do not contribute explic-
itely to the total scattering, but only implicitely to
San(Q) via the cross correlations Sne(Q). This can
easily be seen from the thermodynamic limit of (6)
(Q=0), for by = bg—see e.g. [14] —:

SBT(0) = San(0) = 0o yrks T+ 8*Scc (0). (7)
where

y1 = isothermal compressibility,

kg = Boltzmann constant,

T = absolute temperature,

0 = (0Vm/0ca)/ Vi, = dilatation factor,
VM = molar volume.

Experimental procedure and data reduction

Four Cs-Sb specimens containing 15, 25, 35, and
50 at% Sb were prepared. The neutron diffraction
experiments were performed with the powder dif-
fractometer D4 at the high flux reactor of the Laue-
Langevin-Institute, Grenoble. The construction of
the vanadium sample-containers, the diffraction
runs, and the data correction for background, ab-
sorption, container contribution, and multiple scat-
tering were done in the same way as described in
previous papers [8, 15]. The normalization of the
corrected scattering intensity according to Krogh
Moe [16] yielded the coherently scattered intensity
per atom Ic(Q) and finally the total structure factor
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Table 1. Scattering- and absorption-parameters for neu-
trons: b = coherent scattering length, ¢'" = incoherent scat-
tering cross section, ¢ = absorption cross section.

b o'ne o® (A=0.692 A)
[107'2 cm] [barn] [barn]

Cs 0.546 [17] 022 [15]  10.89 [18]

Sb 0.564 [17] 0.17 [17] 2.05 [18]

SFZ(Q) using (1). The scattering- and the absorp-
tion-parameters used in the present study for Cs and
Sb are listed in Table 1. The densities of the Cs-Sb
melts were taken from Ref. [19] and are listed in
Table 2.

Results and discussion
Structure factors

The structure factors SF2(Q) of the four Cs-Sb
alloys are plotted in Fig. 1 together with that of
pure Cs, taken from [15], and that of pure Sb, taken
from [20]. They have been obtained by smoothing
the experimental data with a cubic spline fit meth-
od [21]. In Table 2 some characteristic figures of the
structure factors are compiled.

Proceeding from pure Cs to Css5Sbys in Fig. 1,
one observes a shift of the position of the main peak
which, however, from 25 at% Sb up to 50 at% Sb
does not change.

There are two very interesting features, namely:

1) With CsgsSb;s and also with Cs7sSbys a pro-
nounced rise of S (Q) versus small Q-values, i.e.,
a small angle scattering effect is observed, and

ii) an additional peak at Q*=0.95A~! in front of
the main maximum exists which increases going
from CS75Sb25 to CSSOSb50.
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Fig. 1. Total Faber Ziman structure factors S (Q).

The discussion of both scattering effects can be
done by means of (6) and (7): For the alloys con-
taining 15 at% Sb and 50 at% Sb, respectively, (6) is
written as:

SBT(Q)/ 154t 50 = 1.00 Snn (@) + 0.0016 Scc (Q)
+0.081 Sxc(0) (8)

SBT(Q)/50ansb=1.00 Sxn (Q) +0.0016 Scc(Q)
+0.080 Sxc (0) .

One can see that due to the very small difference of
the scattering lengths of Cs and Sb, the total struc-

Table 2. Structural parameters of liquid Cs-Sb alloys. S (Q") = height of the structure factor at the position of the main
peak Q'. Q" = position of the additional peak, R™™ = m-th subpeak of the n-th coordination shell, N! = coordination
number (*: the value N' = 5.6 in Ref. [20] was calculated using the tangent-method), R!, R} = integration limits for the

calculation of N\,

Sample Temperature Density I N(2)) a  RLIRL2Z RO RIL2 - RIL3 Nl R! R}
[°C] [g/cm’] [%_l] [%_l] [A] [A] [A] [A] [A] [A] [A] [A]
Cs 600 1.51 1.36 1.5 - 5.51 10.45 10.2 3.52 7.08
CsesSbys 700 213 111 131 = 415 52 =~ & omr o
CsreSbys 750 309 183 163 094 401 7.75 83 306 5.16
CsgsSbss 700 3.67 1.87 1.76 0.97 3.88 5.1 64 7.53 83 10.6 3.20 5.40
CsqSbsy 600 4.38 186 167 095 395 47 64 757 82 121 324 538
Sb 650 6.53 2.18 1.73 - 2.95 6.37 46* 244 340
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ture factor SBT(Q) is a direct measure of the corre-
lations between density fluctuations Syx (Q), where-
as the influence of Scc(Q) and Snc(Q) can be
neglected. That means that the small angle scatter-
ing effect as well as the additional peak in Fig. |
belong to the partial structure factor Syn(Q). The
small angle scattering with CsgsSb;s clearly shows
that the molten alloys up to 25at% Sb are not
homogeneous, but exhibit some segregation ten-
dency into two phases with pronounced difference
of the scattering length density. Equation (7) shows
how Scc(Q) contributes to Snn(Q) at small Q-
values with the weight factor 6> From the densities
of Cs-Sb alloys reported in [19] we calculated for
15at% Sb &>~ 10 which is in fact very large, and
thus explains that even for the case of equal
scattering lengths of both components the contribu-
tion of Scc(Q) to the small angle scattering in (7) is
considerable.

Keeping in mind that the scattering lengths of Cs
and Sb are almost equal, the occurrence of the
additional maximum in Fig. 1 for 0.25 = ¢g, = 0.50
is rather surprising. Metallic alloy systems investi-
gated up to now, which belong to the strong-com-
pound forming class like Au-Cs [8], Li-Pb [22], and
Mg-Bi [23], exhibit a so-called “prepeak” in their
structure factors which clearly could be attributed
to the partial structure factor Scc(Q) describing the
chemical short range ordering (CSRO). The addi-
tional peak displayed in Fig. 1, however, belongs to
the partial structure factor Syx(Q) which describes
the topological short range order (TSRO), and we
therefore cannot describe this peak as “prepeak”.

This observation is in contrast to simple chemical
ordering effects in the alloys mentioned above,
where ionic forces are supposed to cause a rather
extended alternating arrangement of both ionic
species. The occurrence of an additional peak at
Snn (Q), on the other hand, suggests rather a molec-
ular model for the short range order than a purely
ionic model.

Therefore we may conclude that in the Cs-Sb
melts containing 25 at% up to 50 at% Sb rather large
stable structural units exist, the distance correlation
between them being characterized by larger dis-
tances compared to the nearest neighbour distances
in pure metals und thus giving rise to a scattering
effect at smaller Q-values (Q%. In this respect it
must be noted that such a distance correlation be-
tween larger units only can be imagined if they are

defined by rather strong chemical bonding between
the atoms inside the single complexes. From the
peakposition at Q* the mean distance R* between
the molecular units can be estimated if one assumes
that the scattering contribution /2 of the distance
correlation at R? to the total structure factor can be
simply written as

I*(Q) ~ sin(Q R*)/Q R*,

which shows a first maximum at Q*R*=7.73 from
which follows: R*=7.73/0.95A ~ 8 A. From our
experience, distance correlations estimated in this
way agree within 5% with the corresponding correct
values.

In this connection we note that in principle
correlations at larger distances may either represent
intra- or intermolecular distances. For the case of
intramolecular distances the correlation does not
extend beyond the single molecules and the corre-
sponding scattering effect can be well described by
the expression for /% (Q) given above.

Intermolecular distance correlations on the other
hand may be rather extended. In this case the ex-
pression for I*(Q) represents only a rough estima-
tion of the value of R* but by no means a quanti-
tative description of the shape of the corresponding
scattering contribution. From the width, 4Q%*~
0.25 A7, of the peak at Q? the range & to which the
correlations extend is estimated as &% &~ 25 A using
the Scherrer formula

E=2n/4 0%

From the large value of ¢* we conclude that the
R*~ 8 A represents an intermolecular distance cor-
relation which is extended even beyond neighbour-
ing molecular units.

Thus we arrive to the conclusion that the struc-
ture of melts from the Cs-Sb system in the concen-
tration range 25 = csp = 0.50 can be described in an
analogous manner as the structure of molten RbsO
or of molten Li(ND3), (4 = x = 6) as was shown in
[24].

Pair correlation functions

From the structure factors the pair correlation
functions G (R) were calculated using (2) and are
plotted in Figure 2. The various interatomic dis-
tances and the coordination numbers extracted from
these functions are listed in Table 2. The positions
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Fig. 2. Total pair correlation functions G (R).
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of peaks displayed as a shoulder in the total G (R)
had to be estimated.

The shape of the G(R) curve for the CsgsSbys
alloy supports the view that within the concentra-
tion range 0 < csp < 25 at% a segregation tendency
is present in the alloys: The first maximum shows a
double peak structure with a maximum at the posi-
tion where the Cs75Sbys-curve has its main peak and
a shoulder at a larger R-value which approximately
corresponds to the nearest neighbour distance in
pure Cs. At higher R-values the CsgsSbjs-curve
exhibits nearly no structure. This fact is explained
by a phase shift between the contributions from
regions with small atomic distances and those from
regions with large atomic distances. From these ob-
servations we conclude that within the concentration
range below 25 at% Sb microsegregation between a
stable Cs75Sbys compound and excess Cs takes
place. From the Q-range up to 0.7A" in which the
small angle scattering effect occurs in Fig. 1, the ex-
tension of the inhomogeneities in the alloys can be
roughly estimated to be of the order of several 10 A.

The existence of strong nonmetallic bonding in
liquid Cs75Sbys is well established by the electronic
properties, especially by the drastic drop of the

electrical conductivity at this composition (see Ref.
[11]). In this respect comparison of the structural
results with those of the corresponding crystalline
phase is worthwhile. The intermetallic compound
Cs;Sb has the highest melting point (725 °C) in the
Cs-Sb system. It is well known to be an intrinsic
semiconductor and, based on a structural investiga-
tion [25], covalent-ionic mixture of bonding has been
suggested. The structure can be described by two
interpenetrating diamond lattices where both kinds of
atoms have 8 nearest neighbours at a distance of
3.96 A. This distance agrees well with the nearest
neighbour distance R'=4.01 A in liquid Cs75Sbys.
Concerning the coordination number N'= 8.3, the
following considerations are necessary: For the case
of equal scattering lengths (bcs = bsp) and using the
relationship ccs 0cssy = Csp Osbes (3) 1S written as:

0(R) = ccs0cs (R) + csposp (R) )
with

2cs (R) = 0cscs (R) + 2cssv (R)

0sb(R) = 0sbsb (R) + 0sbes (R) -

Comparison of the nearest neighbourhood in liquid
and solid Cs75Sb,ys makes only sense if we assume
the number of nearest neighbours of the Cs atoms
to be equal to that of the Sb atoms also in the liquid
alloy. This so-called Keating condition [26] requires
at least equal sizes of both atomic species. The shift
of the main peak of G (R) in Fig. 2 to a smaller R-
value, going from pure Cs to Css5Sbys, clearly
illustrates that in Cs75Sbys cesium cannot be present
in a metallic type state with its large atomic diam-
eter (5.51A), but with an appreciably smaller
diameter. Therefore the assumption that the sizes of
both components in this alloy are not very different
seems to be reasonable, keeping in mind that other-
wise the G (R) curve would show a splitting of the
main maximum or at least a rather large width. The
Keating condition is written as:

0(R) = 0cs(R) = 0sp (R) ,

where R hereby means the range of the first co-
ordination shell. Summarizing these considerations
we state that the value N'= 8.3 calculated with (4)
from o(R) represents a real coordination number
which is in good agreement with the corresponding
value in crystalline Cs;Sb.

In addition it is interesting to state that for a pre-
dominantly ionic bonding scheme with the forma-
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tion of Cs* and Sb*~ ions in the liquid compound
Cs3Sb a nearest neighbour distance of rcg- + rop- =
(1.67 +2.45) A=4.12 A would be expected. This"is
not consistent with the value observed here for R"'
which ranges from 3.9 to 4.0 A — see table 2.

In the following the results for CsgsSbss and
CssoSbsy will be discussed. From the fact that the
position of the main peak at R"' does not change
significantly compared to that of Cs;5Sbys one may
conclude that some structural properties of Cs75Sbss
are preserved when the Sb concentration is in-
creased. Nevertheless one observes a change of the
G (R) curves in Fig. 2 with increasing Sb content:
An additional peak at R°=2.83—2.84 A occurs
whose amplitude is larger for CssoSbsy than for
CsgsSbss. Furthermore these two alloys exhibit a
shoulder at the right hand side of their main peak
and detailed poorly resolved structure in the region
of the second maximum at R These features
reflect a rather complex structure of both alloys
which is clearly different from that of the so-called
“normal” liquid metallic alloys.

The atomic distance at R® is smaller than the
nearest neighbour distance in pure molten Sb
(2.99 A), but is in accordance with the diameter of
covalently bonded Sb. Therefore this peak is attrib-
uted to the partial pair distribution function gspsp (R).
Neglecting the contributions of the other partial
distribution functions in this R-range, the partial
coordination number Zgys, can be calculated from
this part of o(R) and we obtain Zgg, =2 for the
case of CssoSbsg. The width of the peak at R is ob-
tained as 4R/R®= 13%, after taking the broadening
due to the limited Q-range in the Fourier transfor-
mation into account. This very small peak width
shows that the bond length between a central Sb
atom and its two Sb neighbours is well defined.

Finally we should point out that the value of R°=
2.84 A is directly comparable with the covalently
bonded Sb-Sb-distance of 2.85 A [27] of the cor-
responding solid compound semiconductor CsSb.
The crystal structure of this compound [27] is ortho-
rhombic, isotypic with the NaP-structure and is

characterized by spiral Sb-chains parallel to the
b-axis. Thus we have to conclude based on the co-
ordination number Zgus, =2 and the agreement in
the bond length that in both solid and liquid CsSb
very similar chemical bonding exists, i.e. covalently
bonded Sb-chain units.

This covalent bonding obviously leads to the for-
mation of rather stable — see also [28] — large
structural units in the melt with long range spatial
correlations between them giving rise to the scatter-
ing peak in the structure factor at Q% The average
distance R*=~ 8 A between the molecular units
which was estimated from Q% above falls within the
range of the second maximum of G(R) and might
be identified with the subpeak R,

The shoulder at R™! corresponds to the position
of the second maximum of the G (R)-curve of pure
Sb at 6.37 A.

Detailed discussion, however, of the origin of the
subpeaks of the second maximum and the shoulder
on the right hand side of the main maximum would
require the knowledge of the three partial distribu-
tion functions. It should be mentioned, however,
that, due to the lack of suitable stable isotopes of Cs
and Sb, the experimental determination of partial
structure factors with the isotopic substitution
method is not feasible for the Cs-Sb-system.

Summarizing the results of the present study we
state that the atomic scale structure of liquid Cs-Sb
alloys deviates significantly from that of metallic
alloys. The accordance of structural features with
those of respective solid compounds Cs;Sb and
CsSb suggests similar characteristics of chemical
bonding in the solid and in the liquid state at
corresponding compositions. Therefore a predomi-
nantly ionic model can be excluded on the basis of
these results.
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