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By neutron d i f f rac t ion experiments the total structure factors and the total pai r correlat ion 
functions of liquid Cs-Sb alloys containing 85, 75, 65, and 50 at% Cs, respectively, were deter-
mined. The structural results confi rm the non metallic proper t ies of Cs-Sb melts. 

The correspondence of the nearest ne ighbour a tomic a r rangement in l iquid Cs75Sb25 and in the 
solid compound semiconductor Cs 3Sb suggests a similar type of bonding, namely by valence 
bonds and ionic forces simultaneously. T h e 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 f rom Cs7 5Sb2 5 to Cs5oSb5o, a continuous change in the structure takes place. 
Covalently bonded Sb chains are fo rmed just as found in the corresponding solid compounds 
ASb (A = alkali metal) . An addi t ional d i f f rac t ion peak in f ront of the main peak of the s tructure 
factors within this composi t ion range implies the format ion of rather large molecular clusters in 
the alloys. 

Introduction 

A number of liquid alloy systems formed from 
metallic constituents is known, which exhibit non 
metallic properties near certain stoichiometric com-
positions. In liquid Au5oCs5o [1], Li80Pb2o [2], and 
Mg667Bi33 3 [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. 
[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 - 1 0 ] . Concerning 
the Cs-Sb system, however, which exhibits a steep 
metal-non metal transition at the stoichiometric 
composition Cs3Sb, from recent investigations of the 
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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. 

Basic equations 

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 ob ta ined f r o m the coheren t ly sca t tered 
intensity per atom /<;(£?): 

/ c ( 0 - [ < * 2 > - < * > 2 ] 
<b>2 (1) 

where 

Q 
20 

= (4 7r s in 0)//., 
= scattering angle, 
- wavelength, 
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(b) = cAbA+cBb B, 
(b2) =cAbi+cBbi, 
cA, cB = atomic concentrations of the components A 

and B, 
b A* ^B = 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 G(R) are calculated by Fourier trans-
formation: i00 

•sin (QR) dQ, (2) 
where 

R = a tomic pair distance, 
go = mean atomic number density. 

In a real experiment the integration range of (2) is 
given by the accessible 2 0 range. 

For the case of a binary system the total Q(R) 
function is a weighted sum of three partial pair 
density distribution functions (?,> (/?): 

cAbl Cnbl 

(b> 
2cAbAbB 

+ 
(by 

( b ) 2 

G A B (R) • (3) 

Qij(R) represents the number of /' type atoms per 
unit volume at distance R f rom an /' type atom. The 
so called total coordinat ion number in the n-th shell 
around a reference atom is obtained according to 

(4) NN= j 4T:R2Q(R) DR . 
R" 

It should be noted that the physical meaning of N" 
is restricted because the choice of the integration 
limits which define the inner (/?") and the outer 
{R"O) limit of the f?-th shell is not unique. Further-
more besides c\ and Qjj(R) also the scattering lengths 
bx enter into the value of N w h i c h therefore 
depends on the kind of radiat ion used. 

Inserting the partial pair density Qi/(R) into (4) 
one obtains the partial coordinat ion number Z" of j 
type atoms in the »-th shell around an / type atom. 

An alternative description of the structure of a 
binary alloy is given by the correlations between 
density- and concentrat ion-fluctuations in terms of 
the three partial Bhatia Thornton structure factors 
S N N ( 0 , SQC(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)/(b2). 

SBT{Q) is related to the partials by (6): 

(5) 

S B T ( 0 = ^ W 0 + (C?) 

2(b){bA-bB) 
+ 

(b2) 
5 N C ( Ö ) . (6) 

•SNN(0 describes the correlations between number 
density fluctuations, S c c ^ ) those between concen-
tration fluctuations, and S N C ( 0 the cross correla-
tions which are present for the case of di f ferent 
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 do not contribute explic-
i t l y to the total scattering, but only implicitely to 
S N N ( 0 v i a the cross correlations S ,

N C ( 0 . This can 
easily be seen f rom the the rmodynamic limit of (6) 
(Q - 0), for bA = bB- see e.g. [14] - : 

S B T ( 0 ) = W O ) - Q o X i k B T + <52Scc(0), (7) 

where 

XJ = isothermal compressibili ty, 
kB = Boltzmann constant, 
T = absolute temperature , 
D = (0 F M / 0CA) / F M = d i l a t a t i o n f a c t o r , 
Fm = molar volume. 

Experimental procedure and data reduction 

Four Cs-Sb specimens containing 15, 25, 35, and 
50 at% Sb were prepared. The neutron diffract ion 
experiments were per formed with the powder dif-
fractometer D4 at the high flux reactor of the Laue-
Langevin-Institute, Grenoble. T h e construction of 
the vanadium sample-containers, the diffract ion 
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 normalizat ion of the 
corrected scattering intensity according to Krogh 
Moe [16] yielded the coherently scattered intensity 
per atom IQ(Q) and finally the total structure factor 
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Table 1. Scattering- and absorpt ion-parameters for neu-
trons: b = coherent scattering length, <rinc = incoherent scat-
tering cross section, a'd = absorption cross section. 

b CTinc <ja (/. = 0.692 A) 
[10-12 cm] [barn] [barn] 

Cs 0.546 [17] 0.22 [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 f rom Ref. [19] and are listed in 
Table 2. 

Results and discussion 

Structure factors 

The structure factors SFZ(Q) of the four Cs-Sb 
alloys are plotted in Fig. 1 together with that of 
pure Cs, taken f rom [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 characterist ic f igures of the 
structure factors are compiled. 

Proceeding f rom pure Cs to Cs75Sb25 in Fig. 1, 
one observes a shift of the position of the main peak 
which, however, f rom 25 at% Sb up to 50 at% Sb 
does not change. 

There are two very interesting features, namely: 

i) With Cs85Sb|5 and also with Cs7 5Sb2 5 a pro-
nounced rise of S(Q) versus small ^ -va lues , i.e., 
a small angle scattering effect is observed, and 

ii) an additional peak at ( 9 a = 0 . 9 5 A - 1 in f ront of 
the main m a x i m u m exists which increases going 
f rom Cs75Sb25 to Cs5oSb5o. 

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: 

S B T ( 0 / 1 5 a , % s b = 1.00 W 0 + 0.0016 S c c ( < 2 ) 
+ 0.081 S N C ( Ö ) , 

(8) 

S B T ( Ö ) / 5 0 A , % S B = 1 0 0 S N N ( 0 + 0 . 0 0 1 6 Scc(Q) 
+ 0.080 S N C ( 0 . 

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

Table 2. Structural parameters of liquid Cs-Sb alloys. 5 ( 0 ' ) = height of the structure factor at the position of the main 
peak Ql. QA = position of the additional peak, R"M = m-th subpeak of the «-th coordination shell, Nl = coordination 
number (*: the value Nl = 5.6 in Ref. [20] was calculated using the tangent-method), R\,RQ = integration limits for the 
calculation of NK 

Sample Temperature Density Ql S(Ql) Qa RLJ R12 R111 R11'2 R113 Nl R\ Rl 
[°C] [g/cm3] [V 1 ] [V 1 ] [A] [A] [A] [A] [A] [A] [A] [A] 

Cs 600 1.51 1.36 1.59 — 5.51 10.45 10.2 3.52 7.08 
Csx5Sb,5 700 2.13 1.71 1.31 - 4.15 5.2 — - — -

Cs75Sb->5 750 3.09 1.83 1.63 0.94 4.01 7.75 8.3 3.06 5.16 
Cs65Sb,5 700 3.67 1.87 1.76 0.97 3.88 5.1 6.4 7.53 8.3 10.6 3.20 5.40 
CsjoSbso 600 4.38 1.86 1.67 0.95 3.95 4.7 6.4 7.57 8.2 12.1 3.24 5.38 
Sb 650 6.53 2.18 1.73 - 2.95 6.37 4.6* 2.44 3.40 
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ture factor S B T ( 0 is a direct measure of the corre-
lations between density fluctuations .SNN((2). where-
as the influence of SCc(Q) and 5 N C ( 0 can be 
neglected. That means that the small angle scatter-
ing effect as well as the additional peak in Fig. 1 
belong to the partial structure factor S N N ( 0 - The 
small angle scattering with Cs85Sbi5 clearly shows 
that the molten alloys up to 25 at% 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 . S c c ( 0 contributes to S N N ( 0 at small Q-
values with the weight factor <52. From the densities 
of Cs-Sb alloys reported in [19] we calculated for 
15at% Sb (52 ~ 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 S c c ( 0 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 ^ csb = 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 5 C C ( 0 ) describing the 
chemical short range ordering (CSRO). The addi-
tional peak displayed in Fig. 1, however, belongs to 
the partial structure factor S N N ( 0 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 ( 0 , 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 ^-values (Qd). 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 Qd the mean distance Rd between 
the molecular units can be estimated if one assumes 
that the scattering contribution / a of the distance 
correlation at Rd to the total structure factor can be 
simply written as 

/ a ( 0 ~ s i n ( 0 Rd)/Q Rd, 

which shows a first maximum at Q*R* = 7.73 f rom 
which follows: Rd

 = 7 . 7 3 / 0 . 9 5 A ^ 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 / a ( 0 given above. 

Intermolecular distance correlations on the other 
hand may be rather extended. In this case the ex-
pression for / a ( 0 represents only a rough estima-
tion of the value of Rd but by no means a quanti-
tative description of the shape of the corresponding 
scattering contribution. From the width, A Q d m 
0.25 A - 1 , of the peak at Qd the range CA to which the 
correlations extend is estimated as <FA ~ 25 A using 
the Scherrer formula 

£ a = 2 n/A Qd. 

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

Fhus we arrive to the conclusion that the struc-
ture of melts from the Cs-Sb system in the concen-
tration range 25 ^ C$B = 0.50 can be described in an 
analogous manner as the structure of molten R b 6 0 
or of molten Li(ND3)Y (4 ^ .v ^ 6) as was shown in 
[ 2 4 ] , 

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). 

of peaks displayed as a shoulder in the total G ( R ) 
had to be es t imated. 

The shape of the G(R) curve for the Cs85Sbi5 
alloy supports the view that within the concentra-
tion range 0 < cSb < 25 at% a segregation tendency 
is present in the alloys: The first m a x i m u m shows a 
double peak structure with a m a x i m u m at the posi-
tion where the Cs75Sb25-curve has its main peak and 
a shoulder at a larger R-Value which approximate ly 
corresponds to the nearest ne ighbour distance in 
pure Cs. At h igher ^ -va lues the Cs85Sbi5-curve 
exhibits nearly no structure. This fact is explained 
by a phase shif t between the contributions f rom 
regions with small a tomic distances and those f rom 
regions with large atomic distances. F rom these ob-
servations we conclude that within the concentration 
range below 25 at% Sb microsegregation between a 
stable Cs75Sb25 compound and excess Cs takes 
place. F rom the (9-range up to 0.7 A - 1 in which the 
small angle scattering effect occurs in Fig. 1, the ex-
tension of the inhomogenei t ies in the alloys can be 
roughly es t imated to be of the order of several 10 A. 

The existence of strong nonmetal l ic bonding in 
liquid Cs75Sb25 is well established by the electronic 
properties, especially by the drastic drop of the 

electrical conductivity at this composi t ion (see Ref. 
[11]). In this respect compar i son of the structural 
results with those of the corresponding crystalline 
phase is worthwhile. The intermetal l ic compound 
Cs3Sb has the highest melt ing 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 
interpenetrat ing d iamond lattices where both kinds of 
atoms have 8 nearest ne ighbours at a distance of 
3.96 A. This distance agrees well with the nearest 
neighbour distance /?I = 4 . 0 l A in l iquid Cs75Sb25. 
Concerning the coordinat ion n u m b e r N1 = 8.3, the 
following considerat ions are necessary: Fo r the case 
of equal scattering lengths (bCs — ^sb) a n d using the 
relat ionship cCsQcsSb = csbPsbCs ( 3 ) i s written as: 

Q(R) = cCsQcs(R) + cShQSh(R), (9) 

with 

QCS(R) — QCSCS(R) + 0CSSB(^) > 

QSb(R) = esbSb(tf) + QSbCs(R) • 

Compar ison of the nearest ne ighbourhood in l iquid 
and solid Cs75Sb25 makes only sense if we assume 
the number of nearest ne ighbours of the Cs a toms 
to be equal to that of the Sb a toms also in the l iquid 
alloy. This so-called Keating condi t ion [26] requires 
at least equal sizes of both a tomic species. The shift 
of the main peak of G (R) in Fig. 2 to a smaller R-
value, going f rom pure Cs to Cs75Sb25, clearly 
illustrates that in Cs75Sb25 cesium cannot be present 
in a metall ic type state with its large a tomic d i am-
eter (5.51 A), but with an appreciably smaller 
diameter. There fore the assumpt ion that the sizes of 
both components in this alloy are not very di f ferent 
seems to be reasonable, keeping in mind that other-
wise the G ( R ) curve would show a splitting of the 
main m a x i m u m or at least a ra ther large width. T h e 
Keating condi t ion is wri t ten as: 

Q(R) = 6cs(R) = Qsb(R), 

where R hereby means the range of the first co-
ordinat ion shell. Summar iz ing these considerat ions 
we state that the value A1 = 8.3 calculated with (4) 
f rom Q(R) represents a real coordinat ion n u m b e r 
which is in good agreement with the corresponding 
value in crystalline Cs3Sb. 

In addi t ion it is interesting to state that for a pre-
dominant ly ionic bonding scheme with the fo rma-
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tion of Cs+ and Sb3" ions in the liquid compound 
Cs3Sb a nearest ne ighbour distance of rCs+ + = 
(1.67 + 2.45) A = 4.12 A would be expected. This*is 
not consistent with the value observed here for RL] 

which ranges f rom 3.9 to 4.0 A — see table 2. 
In the following the results for Cs65Sb35 and 

Cs50Sb50 will be discussed. F rom the fact that the 
position of the main peak at R 1 1 does not change 
significantly compared to that of Cs75Sb25 one may 
conclude that some structural propert ies of Cs75Sb25 
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 RC = 2.83 - 2.84 A occurs 
whose ampli tude is larger for Cs50Sb50 than for 
Cs65Sb35. Fur thermore 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 m a x i m u m at These features 
reflect a rather complex structure of both alloys 
which is clearly different f rom that of the so-called 
"normal" liquid metallic alloys. 

Fhe atomic distance at RC is smaller than the 
nearest neighbour distance in pure molten Sb 
(2.99 A), but is in accordance with the d iameter of 
covalently bonded Sb. Therefore this peak is attr ib-
uted to the partial pair distribution function gSbSb (R)-
Neglecting the contributions of the other part ial 
distribution functions in this /?-range, the part ial 
coordination number ZSbsb can be calculated f rom 
this part of Q(R) and we obtain ZSbsb = 2 for the 
case of Cs5oSb50. The width of the peak at RC is ob-
tained as AR C /R C = 13%, af ter taking the broadening 
due to the limited (2-range Fourier t ransfor-
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 RC = 
2.84 A is directly comparab le with the covalently 
bonded Sb-Sb-distance of 2.85 A [27] of the cor-
responding solid compound semiconductor CsSb. 
Fhe crystal structure of this compound [27] is or tho-
rhombic, isotypic with the NaP-st ructure and is 

characterized by spiral Sb-chains parallel to the 
b-axis. Thus we have to conclude based on the co-
ordination number Zsbsb = 2 and the agreement in 
the bond length that in both solid and l iquid 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 Qd. The average 
distance RD ~ 8 A between the molecular units 
which was estimated f rom Qd above falls within the 
range of the second max imum of G(R) and might 
be identified with the subpeak /?11,3. 

The shoulder at /?"•' corresponds to the posit ion 
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 max imum would 
require the knowledge of the three partial dis t r ibu-
tion functions. It should be mentioned, however , 
that, due to the lack of suitable stable isotopes of Cs 
and Sb, the experimental determinat ion of part ial 
structure factors with the isotopic subst i tut ion 
method is not feasible for the Cs-Sb-system. 

Summarizing the results of the present s tudy we 
state that the atomic scale structure of l iquid Cs-Sb 
alloys deviates significantly from that of metal l ic 
alloys. The accordance of structural features with 
those of respective solid compounds Cs3Sb and 
CsSb suggests similar characteristics of chemical 
bonding in the solid and in the liquid state at 
corresponding compositions. Therefore a p redomi-
nantly ionic model can be excluded on the basis of 
these results. 
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