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I I. Neutron Diffraction with Molten Gold-Cesium-alloys 
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Max- Planck-lnstitut fur Metallforschung, lnstitut fur Werkstoffwissenscha ften, 
Stuttgart, West Germany. 

(Rewired Fehruary 18, I980) 

INTRODUCTION 

Recently with Au-Cs-melts measurements of some physical properties were 
done such as electrical conductivity,' thermoelectric power,' electromigra- 
tioq2 and magnetic s~sceptibility.~ According to these results appreciable 
changes in binding must occur during the transition from the pure metal 
melts to the AuCs-melt. It was assumed that the AuCs-melt is ionic, i.e. con- 
sists of Cs+- and A ~ - - i o n s . ~  The difference in Paulings's electronegativi- 
ties' of Cs and Au supported this assumption. This fact led us to the in- 
vestigation of the structure and the density of Au-Cs-melts. 

In the present second part the diffraction experiments performed with 
fast neutrons on Au-Cs-melts will be presented. 

THEORETICAL BACKGROUND 

From the differential cross section per atom (t/N)/da/dQI,,, for coherent 
neutron diffraction the Faber-Ziman total structure factor S(q)6 follows 
according to Eq. (1): 

(1/N)dddQI,Oh - ( (b2>  - @>*) 
(b>? S(q)  = 

t Institut fur physikaiische Chemie der Universitat Marburg. 
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62 S. STEEB et al. 

with 

N = number of irradiated atoms 
q = 4n(sin O)/A 

26 = scattering angle 
A = wavelength 

( b 2 )  = clb: + c2b; 
( b )  = clbl + ~2 b2 

( b 2 )  - (b)’ = clcz(bl - b,)’ = monotonic Laue scattering 
el, c2 = atomic fractions of element 1, 2 
b l ,  b, = coherent scattering length of element 1, 2 

The total pair correlation function g ( r )  = p(r) /p , ,  can be calculated from the 
total structure factor by Fourier transform according to Eq. ( 2 ) :  

with 

p( r )  = local number density in the distance r from a reference atom 

From g ( r )  we obtain the radial distribution function RDF(r) according to 
Eq. (3): 

po = mean number density 

RDF(r) = 4nr2p,g(r) (3) 

The distance r1 of nearest neighbours is given by the position of the main 
maximum of the pair correlation function g(r).  The experimental coordina- 
tion number N’ is obtained from the area below the first maximum of the 
RDF. For the discussion of short range order phenomena in molten binaries 
the Bhatia-Thornton partial structure factor SNN, Scc, and SNC are of 
special interest. SNN means the contribution of number density fluctuations, 
Scc the contribution of concentration fluctuations, and SNC the contribution 
of the correlation of density-with concentration fluctuations. 

A link between the total structure factor S(q)  according to Faber-Ziman 
and the partial structure factors according to Bhatia and Thornton is given 
by Eq. (4): 
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STRUCTURE A N D  DENSITY OF GOLD-CESIUM-MELTS 63 

CORRECTION PROCEDURE AND NORMALIZATION 

To obtain the total intensity I,,,, scattered by the specimen alone, the total 
measured intensity must be corrected for furnace- and container-scattering 
as well as for selfabsorption in the specimen and absorption in the container. 
The method is similar to that in Ref. 8 but the total scattering cross section 
CT, and the atomic weight M are now mean values weighted according to the 
atomic concentrations. 

The structure factor S(0) needed for the normalization procedure as 
described in Ref. 8 is unknown in the case of Au-Cs-melts. Therefore this 
procedure is replaced by the so called vanadium-calibration. This calibration 
method yields a normalization constant [j for the transformation of cross 
sections given in absolute units into measured pulse rates 1. The calculated 
sum of the incoherent scattering-, the multiple scattering-, and the monotonic 
Laue scattering-cross sections yields after normalization with p the mono- 
tonic contribution to the corrected intensity Ice,,, which we call background 
scattering l b .  

1 
471 

oinc + ~ crms + ( b 2 )  - (h)"] 

with 
crinc = incoherent scattering cross section of the alloy 
amq = cross section for multiple scattering 
crms is calculated as described in Ref. 9. The ratio of single to double scattering 
needed is tabulated in Ref. 10. N' means the number of those atoms in the 
specimen which are irradiated by the neutron beam. The normalization 
constant is determined from the intensity scattered in the q-region from 
3.5 A- to 1 1 A -  by a vanadium-standard with the same dimensions as 
the specimen to be investigated. For this reference-measurement neither 
furnace nor container was used, thus the intensity had to be corrected only 
for self-absorption. Analogous to E< ( 5 )  we obtain for I , :  

471 ,I I" = B N V [  ~- a:,, + ~ ams 
1 

471 

Equations (5) and (6) yield 1, from which the total structure factor S(q)  can 
be calculated according to Ref. 8. Equation (7), which is valid for 4 + so yields 
a possibility to check the vanadium-calibration: 

The value of ( h ) 2  calculated according to Eq. (7) deviates for all specimens 
by less than 3% compared to the corresponding value calculated with the 
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64 S. STEEB ef al. 

tabulated scattering lengths. Also this check yields the proof for the correct- 
ness of & = 0.22 barn which was evaluated in Ref. 8 and which enters 
into the present calculation by Eq. (5). 

EXPERIMENTAL BACKGROUND A N D  RESULTS 

The neutron diffraction experiments were done as described in Ref. 8. The 
Au-Cs-melts were contained in electron beam welded cylinders (7 mm 
diameter; 0.1 mm wall thickness) made from Vanadium-foil. The cylinders 
were filled within a glovebox in Argon-atmosphere. The sealed containers 
were annealed at 60O0C/8 h. The investigations had to be restricted to the 
concentration range between zero and 50 at % Au, since it was not possible 
to obtain homogeneous specimens with larger Au-content. (An annealing 
treatment at 640°C/24 h with an alloy containing 55 at % Au was unsuccess- 
ful, for example.) It should be mentioned that during the present investiga- 
tions large deviations from the phase diagram reported in Ref. 11 could be 
found between 10 and 50 at % Au. For example, an alloy containing 25 at % 
Au showed crystalline reflexes at temperatures up to 90°C above the melting 
point given in Ref. 11. 

The concentrations of the molten alloys were 50, 53, 55, 60, 70, 75, and 
80 at % Cs, the temperatures were just 10 to 50°C above the corresponding 
melting temperature. In addition the melts containing 70 and 75 at % Au 
were measured at 600°C. 

The total structure factors are given for the different melts in Figure 1. 
These runs were obtained according to the method of cubic spline fit to the 
measured data in the region 0.2 I q I 9 A-*.  Some characteristic data of 
these functions are given together with the measuring temperature and the 
linear coefficients of attenuation in Table I. 

TABLE I 

Au-Cs-melts: Total structure factor data 

P 91' hb Cs-concentration T 
[at %I I"C1 [cm-ll L - 9  K'I S(q1) 

80 420 0.228 1.85 3.67 1.13 
75 450 0.277 1.87 3.85 1.18 
70 500 0.319 1.90 3.88 1.31 
60 600 0.449 1.95 3.83 1.47 
55 640 0.546 1.97 3.88 1.46 
53 640 0.596 1.99 3.90 1.46 
50 640 0.653 2.00 3.90 1.44 

a q l ,  q2 = position of the first, second main maximum. 
S(q,) = height of the first main maximum. 
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STRUCTURE AND DENSITY OF GOLD-CESIUM-MELTS 65 

75 at % Cs 450OC 

55 at%Cs 64OoC 

53 at%Cs 64OOC 

50at%Cs 64OOC 

2 4 6 8 
q Cdl-’I-- 

FIGURE 1 Au-Cs melts: Total structure factors. 
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FIGURE 2 Au-Cs melts Totdl pair correldtion functions 
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STRUCTURE A N D  DENSITY OF GOLD-CESIUM-MELTS 

TABLE I1 

Au-Cs-melts: Typical data of the total pair correlation 
functions 

67 

Cs-concentration Temperature r1 r" rd 
[at %I ["CI [A1 [A1 [A1 

80 420 3.63 9.25 5.12 
75 450 3.63 7.70 5.10 
70 500 3.62 7.35 5.10 
60 600 3.60 7.30 - 

55 640 3.59 1.28 - 

53 640 3.59 7.15 - 

50 640 3.58 6.95 - 

r', rl' = Radii of the first and second coordination sphere. 
ra = Position of the additional maximum between the first 

and second main maximum. 

The total pair correlation functions g(r) are plotted in Figure 2 versus r .  
The oscillations below r = 2 A  caused by the finite integration length are 
already eliminated and replaced by g(r)  = 0. 

Table IT contains the radii r* and r" of the first and second coordination 
sphere as well as the position re of the additional maximum which can be 
observed in Figure 2 for the Cs-rich alloys containing more than 70 at % Cs 
between the first and second main maximum. 

DISCUSSION OF THE RESULTS 

From Figure 1 and Table I a shift of the first main maximum of do/dQIcoh(q) 
to larger q-values due to decreasing Cs-concentration can be deduced. At 
the same time the height of the main maximum increases. The position of 
the second main maximum remains almost unchanged. The effect of small 
angle scattering of the melts with 60 to 80 at % Cs will be treated in Ref. 12. 
Further addition of Au decreases the height of the structure factor at q = 
0.2 kl. Thus the small angle scattering is only weak for the melts con- 
taining 55 and 53 at % Cs and it vanishes completely for the stoichiometric 
composition. The structure factors of these melts show a premaximum at 
q = 1.2 A-  which has a maximum height for the concentration of 50at % Cs. 

As far as we know, up to now no melt composed of metallic components 
was investigated which showed the effect of small angle scattering (which 
means segregation tendency) as well as the effect of a premaximum (which 
means a tendency for compound formation). 

The atomic distances in Table I1 show first only a very small concentration 
dependence of the distance of nearest neighbours in the whole concentration 
region. 
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68 S. STEEB et al. 

Starting from a specimen containing 50 at % Cs which shows no special 
features around the first main maximum, alloying of additional Cs causes 
additional oscillations between the first and second main maximum of the 
g(r)-function. This leads finally to the additional maximum at ra = 5.1 A 
which rises for the melts with 70,75, and 80 at % Cs whereas at the same time 
the first main maximum decreases. Caused by this additional maximum the 
calculation of a coordination number for all melts except that with 50 at % Cs 
becomes too uncertain. If we use only the symmetric part of the first main 
maximum we obtain N' = 8 atoms for the AuCs-melt containing 50 at % 
cs .  

It should be mentioned that the total pair correlation functions show 
special features in the same concentration region, in which the total structure 
factors show the effect of small angle scattering. 

STRUCTURE OF THE AuCS-MELT 

The structure faclor of the AuCs-melt cannot be described with the hard 
sphere model givea by Ashcroft and Langreth for the statistical distribution 
of the atoms of both kinds.I3 According to Ref. 14 such deviations from the 
statistical distribution of the atoms of both kinds should lead to negative 
deviations from the value for statistical distribution in the run of Y' and 
N' versus the concentration. For statistical distribution the following 
equations are valid :' ' 

with 

AT! = coordination number of the first coordination sphere of the element i 

With the figures from Ref. 8 we obtain 

rr = radius of the first coordination sphere of the element i 

rat = 3.92A and Nit  = 10 1 1 atoms 

Since the experimentally obtained figures always were smaller, the AuCs- 
melt indeed shows compound forming tendency. 

a) 

As already mentioned in the introduction, the results of the investigations 
of specific conductivity, electromigration, thermopower and magnetic 
susceptibility can only be explained by the assumption that the AuCs- 

Radius of the first coordination sphere 
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STRUCTURE AND DENSITY OF GOLD-CESIUM-MELTS 69 

melt consists of Cs+- and Au--ions. Therefore a comparison of the structural 
data of the AuCs-melt with those of molten salts will be performed. 

In numerous papers neutron- and X-ray-diffraction-experiments with 
molten alkali halides were described (see Refs. 16, 17). By the application 
of the method of isotopic substitution to the neutron diffraction method the 
partial structure factors could be determined for KCl and CsCl’* as well as 
for RbCl.I9 The following facts can be deduced from these papers for ionic 
melts: 

a) The ions are arranged within the melt in such a way, that an ion with 
positive charge prefers neighbouring ions with negative charge and vice 
versa. 

b) The position of the first maximum in the total pair correlation func- 
tion can be identified in good approximation with the equilibrium anion- 
cation distance. 

c) The sum of ionic radii according to Pauling*’ is only by 3 %  larger 
than the distance of nearest neighbours in the molten state. 

If we use the assumption that the observed compound formation in the 
AuCs-melt corresponds to a charge transfer from Cs to Au and thus to the 
formation of an ionic compound Cs’Au-, a radius for the negative Au-ion 
can be calculated. In a first approximation we obtain from the radius of the 
first coordination sphere (3.57 A) and the Pauling-radius of a Cs-ion” 
(1.67 A) the radius of the negative Au--ion as 1.90 A. This must be compared 
with riu = 2.0 A which was assumed in Ref. 3 for the theoretical calculation 
of the magnetic susceptibility of Au-Cs-melts. In addition a comparison 
will be done with the interatomic distance in the solid state: The AuCs- 
phase crystallizes in the Cs-C1-structure and is ionic.” The interatomic 
distance amounts to 3.69 A and therefore is by 0.12 A larger than the corres- 
ponding distance in the melt. Such a decrease in the interatomic distance 
was also obseived during the melting of alkali halides.” 

However, the coordination number of molten alkali halides is typically of 
the order of 6 to 7 (see Refs. 23, 24). The coordination number 8 obtained 
during the present work for molten AuCs will be discussed in the following 
section. 

b) Coordination number 

Abramo et aLZ2 performed model calculations using the mean spherical 
model for binary molten salts consisting of hard spheres with different ionic 
radii. The authors defined a packing density q :  
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70 S .  STEEB el al. 

and a so-called plasma parameter: 

with r', r -  = ionic radii. 
By means of this model the influence of the ratio of radii r + / r -  on the 

number of nearest neighbours. N + -  was investigated. N + -  means the 
number of negative ions around a positive ion. Figure 3 shows the results 
of these calculations for two different packing densities and r = 45.4. As 
deduced above, r + / r -  equals 0.88 for the ionic AuCs-melt. For the plasma 
parameter we obtain with rA; = 1.9 A r = 48. The functions plotted in 
Figure 3 are r-independent in the region 20 < r < SO as shown in Ref. 22. 

O k O '  ' ' 0.5 ' ' I ' ' c 
r+/r- 

FIGURE 3 Number of nearest neighbours versus r'jr-  according to Reference 22 

According to Eq. (10) the packing density of the molten compound AuCs 
amounts to lit = 0.53. Since according to Figure 3 an increase in packing 
density yields a larger coordination number we can deduce for molten 
AuCs (r' /r-  = 0.88 N + -  in any case to be larger than 6 ions. Taking 
furthermore into account the uncertainties during the evaluation of the 
experimental coordination number, we can conclude that the measured 
coordination number N' = 8 is not in contradiction with the assumption of 
the AuCs-melt to be similar to a molten salt. 
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STRUCTURE AND DENSITY OF GOLD-CESIUM-MELTS 71 

c) Discussion of the premaxium 

In this section we will discuss the diffuse maximum on the lower q-side of 
the first main maximum in the structure factor of molten AuCs. According 
to Refs. 23,24 molten salts yield sNc(q) = 0. If we assume this also for molten 
AuCs, from Eq. (1) we obtain: 

To evaluate the two partial functions S" and Scc two experiments would 
be sufficient. Since no stable isotopes from Au and Cs are known, no further 
neutron diffraction experiment is possible. An X-ray diffraction experiment 
cannot be performed at this time since the experimental difficulties are too 
large. Thus, for the interpretation of the premaximum we assume besides 
SNc(q) = 0 also that it is caused by concentration fluctuations (see, for 
example, Ref.), i.e. SCc(q). 

FIGURE 4 
polated run in the region of the premaximum. 

Molten AuCs: Total structure factor, __ Experimental run, . . . . . . Inter- 

In Figure 4 the S(q)  to be expected without premaximum is drawn as 
dotted lie. According to our assumption this run is determined mainly 
by &(q) for 0.5 A-' 5 q I 1.5 A-'. From Figure 4 we obtain the 
height of the premaximum AS = S - SNN and from Eq. (12) SCC(qmax)/clcZ 
which is tabulated in Table I11 together with the corresponding figures 
obtained with different molten salts and semiconductors. 
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12 S. STEEB et ai. 

TABLE 111 

Molten 
semiconductors Molten salts 
LiPb Mg,Bi, CsCl RbCl KCI Melt model AuCs 

Ref. 26 25 23 24 23 28 present paper 
Scch max)/cIC2 1.7 2.7 3.2 3.7 4.8 3.4 4.1 
SNN(ql) 2.2 1.76 1.47 1.49 1.33 1.25 1.44 
AZ 0.8 0.6 2.3 2.2 2.2 - 1.7 

a Scc(q,,, )/c1c2 : Normalized height of the first maximum in Scc(q) (premaximum) according 
to Eq. (12). 

SNN(q): Height of the first maximum in SNN(q) (main maximum of S(q)). 
' AZ: Difference of electronegativities. 

Table I11 furthermore contains the height of the first maximum of S"(q) 
which is nearly the same as the height of the first maximum of S(q).  Further- 
more the difference of electronegativities is tabulated. The comparison of 
the group of molten salts with that of molten LiPb and molten Mg,,,Bio.3 
(for the stoichiometric composition Mg,Bi, no data are available) which both 
are classified as molten semiconductors in literature shows that Scc(qmax)/ 
c1c2 is larger for molten salts and that it decreases with increasing radius of 
the alkali-ion. From this point of view Mg3Bi2 is to be placed just between 
LiPb and molten salts. This conclusion concerning Mg,Bi, is also valid for 
S"(q1). In this case, however, the figures for molten semiconductors are 
larger than those for molten salts. Concerning the difference A 2  of electro- 
negativities, molten AuCs resembles more to molten saIts than to molten 
semiconductors. This feature also is valid for the partial structure factors 
SCC(qmax)/c1cZ and S"(q1) which for the AuCs-melt are indeed as typical for 
salts. Regarding the simplifying assumption which we made and also the 
large inaccuracy during the separation of the premaximum, the accordance 
is very good. A further argument for the salt-like structure of molten AuCs 
can be derived from its ratio qmax/ql = 0.6 which is very similar to the ratio 
0.57 typical for ideal ionic melts.28 

According to measurements of the electrical conductivity with molten 
A u R ~ ~ ~  a similarity with molten AuCs can be recognized, too. Since the 
ionic radii of Cs' and Rb' are nearly the same and also the differences of 
the electronegativity between Au and Cs on the one hand and Au and Rb on 
the other hand are nearly equal, similar structures can be expected for molten 
AuRb and molten AuCs. Since furthermore the neutron scattering lengths 
of Rb and Au are equal, a neutron diffraction experiment to be performed 
with molten AuRb should show no premaximum. This would be an indirect 
proof for the assumption made in the present paper, namely that the pre- 
maximum can be attributed to Scc only. 
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STRUCTURE OF THE MELTS CONTAINING MORE THAN 
50 a t %  Cs 

73 

According to the pair correlation function in Figure 2 the radius of the first 
coordination sphere of the Cs-rich alloys is nearly the same as for the molten 
AuCs-compound. From the decreasing height of the first main maximum 
in g ( r )  with increasing Cs-content we learn that the probability of the occur- 
rence of this distance in the melt depends on the concentration of Cs and 
becomes smaller. Parallel to the increasing Cs-content an additional maxi- 
mum at ra = 5.12 A is formed which is 0.2 A smaller than the atomic distance 
in molten Cs. 

Thus we conclude that the Cs-rich melts consist in the average of time of 
ionic AuCs-regions and of atomic Cs-regions which are microscopically 
segregated as follows from the evaluation of the small angle scattering 
experiments (see Ref. 12). In the following we will compare the differential 
coherent scattering cross sections of Cs-rich melts with cross sections which 
follow from a model. According to this model, the melt consists of a macro- 
scopically segregated melt of atomic Cs and ionic AuCs. 

The concentrations aAuCs and acs are defined as follows: 

UAuCs = 2cAu 

acs = 1 - 2cAu 

This model calculation is independent of temperature. We introduce into 
Eq. (13) the differential coherent scattering cross sections of molten AuCs 
(640°C) and of molten Cs (600°C) and compare the cross section thus ob- 
tained in Figure 5 with those obtained experimentally from Au-Cs-melts 
with 60,70, and 75 at % Cs (600°C). This model describes the experimental 
curves for q > 1 A-’, i.e., the discussion is restricted to the high-angle 
region. 

The difference between the distances of nearest neighbours (Tiucs = 3.57 
A; rkS = 5.43 A) is large. Therefore the segregation model yields a distinct 
splitting of the main maximum. This splitting becomes enforced with grow- 
ing Cs-concentration. The experimental curves do not show this feature, 
whereas the position and breadth of the first main maximum is approached 
rather good by the model calculations. This means the macroscopic segre- 
gation to be replaced by the microscopic segregation in atomic dimensions 
in the real melt. The existence of “mixed distances” in the regions between 
the volumes containing Cs-atoms and those containing agglomerates from 
Cs+- and Au--ions yields the smearing out of the splitting. 
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0.5r 

FIGU 
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RE 5 AuCs-Cs-melts Coherent differential scattering cross section per atom, 
- Experimental run, Model of total segregation 
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STRUCTURE AND DENSITY OF GOLD-CESIUM-MELTS 75 

With increasing Cs-concentration the high q-side of the first main maxi- 
mum becomes more flat. This feature is very well reproduced by the model 
calculation and is due to the influence of the the second maximum in 
(l/N)dR which is appreciable in this region. The accordance for q larger 
than 3.0 A- is excellent. From this fact one can conclude, that the run of 
the curve above q = 3.0 A-' is by far determined by 

= j*uc: coh 

since the Cs-curve in this region can be nearly neglected. 
Finally it should be pointed out that the existence of two phases with the 

composition AuCs and Cs can be used in an excellent way to understand the 
experimental run' of the specific electrical conductivity in this concentration 
region. 

SUMMARY 

Diffraction experiments with hot neutrons (0.692 A) were performed with 
molten Au-Cs-alloys containing 50, 53, 55, 60, 70, 75, and 80 at % Cs, which 
yielded total structure factors and total pair correlation functions. 

The total structure factor obtained experimentally from an AuCs-melt can- 
not be explained by a statistical model. A further evidence for a nonstatistical 
structure is formed by the diffuse additional maximum in the lower q- 
region of the main maximum. The distance of nearest neighbours as well as 
the number of atoms of the first coordination sphere can be explained by the 
existence of an ionic AuCs-compound with a radius of Au- equal to 1.9 A. 
The compound formation in the AuCs-melt is based on a charge transfer 
and thus the additional maximum is determined by concentration fluctua- 
tions. 

Adding Cs to the AuCs-melt, beside the distance characteristic for AuCs 
an additional distance can be observed which corresponds to the radius of 
the first coordination sphere of molten Cs. In addition a model based on 
macroscopic segregation enforces the assumption of the existence of Cs 
besides AuCs. By means of this model the experimental run of the coherent 
differential scattering cross section per atom within the melts containing 
60, YO, and 75 at % Cs can be well explained for q > 1 A- l. 
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