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Using isotopic substitution and X-ray scattering, different weighted structure factors were mea-
sured and combined in order to calculate partial structure factors. Although we got an overdeter-
mined system of equations, the solution of this problem was difficult due to the small value of the 
determinant. From the partial pair correlation functions and the radial concentration correlation 
function a splitting of the first coordination shell is obvious. The dip in SN i_G e and the corresponding 
peak in SN i_N i indicate some degree of charge transfer in the melt. 

Introduction 

Eutectic concentra t ions are very interesting points 
in phase diagrams. Dur ing the phase t ransi t ion liquid-
solid two processes seem to occur simultaneously: the 
segregation into the eutectic componen ts and their 
solidification. 

Fo r a better unders tanding of this process, detailed 
knowledge abou t the short - range order in the melt is 
needed. 

In this way we combined neut ron diffraction exper-
iments on molten eutectic N i 3 3 G e 6 7 , using isotopic 
substi tut ion, and an X-ray experiment in order to ex-
tract partial s t ructure factors. The phase d iagram of 
N i - G e [1] shows several phases and phase transit ions 
below the l iquidus line. Besides the eutectic N i 3 3 G e 6 7 

two addi t ional eutectic points are present at the Ni 
rich side of the phase diagram. 

Structural investigations, done by X-ray, reported 
segregation of Ge rich melts into Ge-clusters and clus-
ters having a s t ructure like N i 5 G e 3 [2] or N i G e 2 [3] 
(but N i G e 2 does not exist in the phase d iagram given 
in [1]). 

Reprint requests to Prof. W. Hoyer, FB Physik der Techni-
schen Universität, P F 964, 0-9010 Chemnitz. 

Experimental 

The X-ray diffraction experiment on molten 
N i 3 3 G e 6 7 and pure mol ten Ge were carried out on a 
0 - 0 - d i f f r a c t o m e t e r described in [4], The measured 
intensity was corrected for polar izat ion and Compton 
scattering and, after normal izat ion, the structure fac-
tor in the Faber -Ziman form [5] was calculated. 

The neutron scattering experiments, using samples 
with natural nickel *Ni (scattering length 6 = 1.03 
• 1 0 " 1 4 cm), a mixture of 6 0 N i and *Ni (b = 0 . 5 
• 1 0 " 1 4 cm) and 5 8 N i (b = 1.44 • 1 0 " 1 4 cm), were done 
at the diffractometer 7C2 of the labora tory "Leon 
Brillouin" (Saclay). 

A third experiment with 6 2 Ni , 6 0 N i and *Ni mixed 
in such a way that bNi = 0 (Ni-"zero"-alloy) was per-
formed at the diffractometer L A D on the ISIS pulsed 
neutron source. 

In case of the neu t ron experiments, the total sample 
scattering intensities were extracted, using the formal-
ism of Paa lman and Pings [6] for the transmission 
correction. Then the total sample scattering intensities 
were corrected for incoherent scattering, multiple 
scattering [7] and inelastic scattering [8], and finally 
the structure factors were calculated, using again the 
Faber -Ziman formalism. 

It should be pointed out that the statistical error of 
the structure factors measured in Saclay was smaller 

0932-0784 / 93 / 0100-464 $ 01.30/0. - Please order a reprint rather than making your own copy. 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



Th. Halm et al. • Determination of Partial Structure Factors of Molten Eutectic Ni, ,Ge f 453 

4.0 

3.0 

2.0 

S(Q) 

1.0 

-
I N i - " z e r o " - a l l o y 

1 K . 6 0 N i 

LJl A X " r a y 

// 
1 * N i 

- J \ 
1 \ / 

7 A _ _ " » 

I - R R N 1 i 1 1 1 1 1 I I 1 1 1 1 I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Q-
Fig. 1. Different weighted total s t ruc ture factors of liquid 
N i 3 3 G e 6 7 at 1000°C (the labels have the fol lowing meanings : 
5 8 N i - sample with bN> = 1.44 • 1 0 " 1 4 cm, *Ni - sample with 
bNi = 1.03 • 1 0 " 1 4 c m , 6 Ö Ni - sample with bNi = 0.5 • 1 0 " 1 4 c m , 
Ni-"zero"-alloy - sample with = 0). 

than 1% (caused by the high count ing rate), while in 
the other cases it was not higher than 2 % . 

Except the Ni-"zero"-alloy, which has been investi-
gated at 1000°C only, all experiments were performed 
at 780 °C, 900 °C and 1000°C. 

Compar ing the s tructure factors at different tem-
peratures, only weak tempera ture dependent changes 
are to be seen. 

Figure 1 shows the s tructure factors f rom the differ-
ent experiments. 

With decreasing scattering power of Ni, the shoul-
der at the low Q-side of the s t ructure factor 's main 
peak growths, and in the case of the 6 0 N i enriched 
sample a prepeak appears . 

The structure factor of the Ni-"zero"-alloy gives 
directly the par t due to the G e - G e correlat ion. It is 
very similar to the s t ructure factor of the pure G e melt. 
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Fig. 2. Different weighted total pair correlat ion funct ions of 
liquid N i 3 3 G e 6 7 at 1000°C. 

Table 1. Weighted distances of the first coord ina t ion shell. 

r1 [Ä] 

780 °C 900 °C 1000°C 

X-ray 
* N i 3 3 G e 6 7 
t ° N i 3 3 G e 6 7 
5 8 Ni G e 

33 67 
Ni-"zero"-alloy 

2.52 
2.45 
2.49 
2.45 

2.53 
2.45 
2.49 
2.45 

2.54 
2.45 
2.50 
2.45 
2.70 

F o r the calculation of the pair correlat ion funct ions 
the structure factors were interpolated to the esti-
mated value of 5(0) [9]. 

With decreasing scattering power of Ni the main 
peak of the pair correlat ion funct ions becomes 
broader and more asymmetrical while the following 
peaks become weaker (Figure 2). In the case of the 
Ni-"zero"-alloy the peaks behind the first one are very 
low. 
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Fig. 3. Partial structure factors of liquid N i 3 3 G e 6 7 at 1000 °C. Fig. 4. Partial pair correlation functions of liquid N i 3 3 G e 6 7 
at 1000°C. 

G e - G e 

p u r e Ge 

N i - G e 

Ni-Ni 

Table 1 shows the neut ron and X-ray weighted dis-
tance of nearest neighbours r1 at the different temper-
atures. The tempera ture dependent changes of rl are 
very small, however r1 tends to a smaller value if the 
scattering power of Ni increases. 

Partial Structure Factors and Correlation Functions 

The Faber -Z iman structure factor is the weighted 
sum of the partial one's according to 

(1) 

2 2 ccb b-
S(Q)= I I , L i ' h\z sij(Q)> 

.• = 1 J = 1 (Cibi + CjbjY 

c, = concentra t ion of the a tom-type i, 
bt = scattering length of the a tom-type i, 
Q = m o m e n t u m transfer. 

Three different weighted total s t ructure factors are 
in principle sufficiant for the determinat ion of the par-
tial s t ructure factors. In our case, at 1000 °C five differ-

ent weighted total s t ructure factors are available, the 
different combina t ions of them delivering 10 sets of 
equations, so that a good determinat ion of the part ial 
s tructure factors should be possible. However , the 
amount of the de te rminant of the system matr ix in all 
cases was very small (between 0.05 and 0.0057), and 
only the results of those sets of equat ions, which in-
clude the Ni-"zero"-alloy, were usable. 

Figure 3 shows the derived part ial s t ructure factors, 
which are averaged values of those calculated one's 
which were accepted to have "physically reasonable 
behaviour". 

In the S N i _ G c a dip before the first peak can be seen; 
at the same posit ion S N i _ N i possesses a maximum. 
This behaviour indicates, according to Enderby [10], 
some degree of charge transfer between the con-
stituents. 

The partial pair correlat ion funct ions (Fig. 4) show 
strong oscillations in the case of g N i _ N i over the whole 
presented r-range, while in g N i _ G e the oscillations be-
hind the second peak nearly disappear . 
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Fig. 5. Partial structure factor SNN of liquid Ni3 3Ge6 7 at 
1000°C. 

Q 
Fig. 6. Partial structure factors SNC and Scc of liquid 
Ni33Ge67 at 1000 °C. 

Table 2. Partial distances and coordination numbers of the 
first shell (iVMjn and NSym obtained from integration up to the 
first minimum and from the first shell assumed to be sym-
metrical). 

r' [Ä] »Sym 

Ni-Ni 2.44 2.6 2.7 
N i -Ge 2.48 5.9 5.2 
Ge-Ni 2.9 2.5 
Ge-Ge 2.76 4.6 6.1 
pure Ge (960 °C) 2.70 6.1 4.9 
pure Ni [13] 2.47 12.6 9.1 

gGe-Ge shows an asymmetr ic first peak, broader 
than in the case of pure mol ten Ge. The higher oscilla-
tions are very weak. 

The shortest distances of N i - N i pairs (2.44 Ä) and 
N i - G e pairs (2.48 Ä) are nearly the same, while the 
shortest G e - G e distance of 2.76 Ä is even greater 
than in pure Ge melt (2.70 Ä). The shortest distance of 
N i - G e pairs is shorter than the value of 2.58 Ä cal-
culated f rom the shortest distances in the pure melts 
of the const i tuents (Table 2), assuming simple hard 
spheres. The coordina t ion numbers are also given in 
Table 2. 

Additionally, the part ial s t ructure factors, using the 
Bha t ia -Thorn ton F o r m [11], were estimated (Figs. 5 
and 6) and the radial concent ra t ion correlat ion func-

Fig. 7. Radial concentration correlation function of liquid 
Ni33Ge67 at 1000°C. 
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tion 4nr2 gcc(r) (Figure 7), in t roduced by Ruppers-
berg [12], was calculated by integrat ion of S c c . It 
shows a s t rong min imum in the same r-range where 
0Ni-Ni a n d ÖNi-Ge have their first peak. This behaviour 
indicates a preferred interaction between Ni and Ge 
a toms in the first coordina t ion shell. 

Finally, the short - range order parameter a was cal-
culated, using the equat ion 

f 4 7i r 2 o r r (r) dr 
= J K C C W — ( 2 ) 

S 4 n r 2 Q N N ( r ) d r , 

where 4 n r2 (r) results f rom Four ier t ransforma-
tion of S N N . The integration over the first coordina-
t ion shell gives a = — 0.15. This again indicates a pre-
ferred correlat ion of unlike a toms in the first shell. The 
degree of chemical short-range order is 

«max - 0 . 5 0 

Conclusion 

The distance of N i - G e pairs, shorter than in the 
case of simple hard spheres, the s t rong min imum in 
47rr2 e c c ( r ) in the region of the first coordina t ion shell 
and the value of the short-range order parameter indi-
cate chemical short-range ordering. The qualitative 
behaviour of the part ial funct ions SGe_Ge and gGe-Ge 

emphasizes a structural order of the Ge a toms which 
is similar to that of the pure Ge melt. 

Therefore, it is assumed that in the eutectic melt two 
types of structural order occur: At first, an ar range-
ment of Ge and Ni a toms with preferred interact ion 
between them and surprisingly showing charge t rans-
fer and, secondly, an arrangement of the remaining G e 
a toms similar to that in the pure Ge melt. 
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