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The amorphous alloys Ti 6 7 Si 3 3 , V 6 7Si 3 3 , and Cr , 7 Si 3 3 were produced by sputtering. Their 
structure was investigated by X-ray and neutron diffraction. X-ray diffraction showed that the 
structure of the three metallic glasses is not isomorphous. Neutron diffraction showed that S i -S i 
atomic pairs occur preferentially with distances distinctly larger than the atomic diameter of the Si 
atoms. For T 6 7 Si 3 3 partial pair correlation functions could be evaluated from combination of the 
X-ray and the neutron data. 

The structural results are compared with the structure of amorphous M n 7 4 S i 2 3 P 3 . 

1. Introduction 2. Theoretical 

A m o r p h o u s t ransi t ion metal-metalloid alloys have 
been investigated extensively in the past [1]. Mos t of 
them were p roduced at eutectic composi t ions by rapid 
quenching of the melt. The silicides M 5 S i 3 (M = Ti, V, 
Cr) have very high melting temperatures. Therefore, in 
the present work rf-sputtering was applied to produce 
the a m o r p h o u s samples. 

F o r the evaluat ion of partial s tructure factors and 
part ia l pair correla t ion functions f rom measured total 
funct ions different contrast variat ion techniques can 
be applied. O n e of them is the i somorphous substi tu-
t ion technique, where an element in an alloy is sub-
st i tuted by a chemically related one, which does not 
cause a change of the structure, but which has a differ-
ent scattering length. The metals Ti, V, and Cr seemed 
to be suitable for this purpose because they are neigh-
bours in the periodic table and their neutron scatter-
ing lengths are very different (negative for Ti, close to 
zero for V, and positive for Cr). A fur ther technique is 
the combina t ion of X-ray and neut ron diffraction 
which provides very strong contrast in those cases 
where elements with a negative or zero neut ron scat-
tering length are involved. In the present study both 
me thods were applied with the aim to derive the par-
tial pair correla t ion functions of amorphous M 5 S i 3 . 

St ructural d a t a for amorphous M n 7 4 S i 2 3 P 3 f rom a 
previous study [2] are included for comparison. 

Reprint requests to Dr. P. Lamparter, Max-Planck-Institut 
für Metallforschung, Institut für Werkstoffwissenschaft, See-
straße 92, 70174 Stuttgart, FRG. 

In this section a brief summary of the symbols and 
relations as used in the present work is given. F o r a 
more detailed description see e.g. [1]. 

F r o m the coherently scattered intensity per a tom 
IC(Q) the total structure factor S(Q) is obtained accord-
ing to the Fabe r -Z iman no ta t ion [3]: 

S ( ß ) = 
/ c ( < 2 ) - K f r 2 > - < f r > 2 ] 

<b>2 0) 

For a binary alloy it is a sum of three weighted part ial 
s t ructure factors SU{Q): 

S(Q) = 
c\b\ „ _ . c\b\ 

<by 
S n ( Ö ) + S22(Q) 

+ 2 

{by 
cic2blb2 

{by 
S12(ö), (2) 

where the symbols in (1) and (2) are: 

471 
Q = — sin 0 = modu lus of the scattering vector, 

A 
20 = scattering angle, 
X = wavelength of the radiat ion, 
<fc> = c 1 ö 1 + c 2 ö 2 , 
(b2y = cibi + c2b2

2, 
bt = scattering length of componen t i, depending 

on Q for X-rays, 
ct = a tomic fract ion of componen t i. 

Four ie r t rans format ion of S ( 0 yields the associ-
ated pair correlat ion funct ion G(R) and the pair distri-
but ion funct ion g{R), which bo th conta in the same 
physical informat ion in a somewhat different presen-
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ta t ion: 

G(R) = 4nRQo[g(R)~\] 

2 00 

= - f ß [ S ( ß ) - l ] s i n ( ß K ) d ß , (3) 
n o 

where R = a tomic distance, g 0 = mean a tomic number 
density. 

Within the R-range below the distances of nearest 
neighbours g(R) = 0 and G(R)= — 4nRg0. The total 
functions in R-space are composed of the correspond-
ing part ial funct ions G ^ R ) and g ^ R ) , respectively, 
with the same weighting factors Wu as given in (2) for 
the s t ructure factors. 

Qij(R) = CjQogijiR) represents the n u m b e r of j- type 
a toms per unit volume at distance R f rom a central 
i-type a tom. The corresponding part ia l coord ina t ion 
number Ntj is obtained f rom 

= j 4 7 t i ? 2 ^ J - ( K ) d K , (4) 

where the integration is performed over the main 
max imum of the f?y(R) function. F o r the necessary 
separat ion of the main m a x i m u m f rom the part ly 
overlapping second peak Gauss ian fitting is a useful 
method, which in the present study was applied to the 
distribution functions g{R). 

3. Experimental and Data Reduction 

3.1. Specimen Preparation 

The amorphous specimens were prepared by rf-sput-
tering. The sputtering targets were produced f rom the 
arc melted alloys with nominal composi t ion M 5 S i 3 

(M = Ti, V, Cr). Alumin ium foil was used as sub-
strate, which was dissolved by caustic soda solution 
after the sputtering process to obta in free s tanding 
a m o r p h o u s foils. The deposi t ion rate was abou t 
0.2 grams per day. Chemical analysis of the amor -
phous specimens yielded the final composi t ion 
M 6 7 S i 3 3 . 

3.2. X-ray Diffraction 

The X-ray diffract ion experiments were per formed 
with a Siemens D 500 d i f f rac tometer in t ransmission 
mode using M o - K a radia t ion. The ins t rument was 
equipped with a pr imary m o n o c h r o m a t o r , a vacuum 
sample chamber , and a posit ion sensitive detector . 
The measured intensities were corrected for back-
ground scattering, absorp t ion , polar izat ion, and for 

C o m p t o n scattering. After conversion into absolute 
scattering units according to the Gingrich m e t h o d [4], 
the s t ructure factors were calculated f r o m (1). The 
scattering lengths were taken f rom [5], F o r smooth ing 
of the experimental da ta a cubic splinefit a lgor i thm 
was applied. Due to the lack of experimental d a t a the 
densities were interpolated f rom those of the pure 
consti tuents. These values usually are somewhat 
smaller than the real values for metallic glasses. 

3.3. Neutron Diffraction 

The neut ron diffract ion experiments were per-
formed at the Saphir reactor, PSI Villigen, Switzer-
land, using the D M C powder d i f f rac tometer . A b o u t 
3 grams of the shredded a m o r p h o u s material was put 
into a cylindrical vanadium container with 8 m m di-
ameter, 4.5 cm height, and 13 pm wall thickness. Wi th 
the wavelength A = 1.086 Ä a ß - r a n g e f r o m 0.5 Ä " 1 

up to 10.7 Ä - 1 could be covered. 
The measured intensities were corrected fo r back-

ground scattering, for the contr ibut ion of the con-
tainer, and for absorpt ion using the Paa lman-Pings 
method [6]. The correction for multiple scattering was 
done according to Sears [7], and that for inelastic 
scattering according to Placzek [8]. The conversion of 
the corrected intensities into absolute scattering units 
was carried out with the K r o g h - M o e method [9]. The 
scattering lengths and absorpt ion cross sections were 
taken f rom [10]. The experimental data were smoothed 
by cubic splinefit. 

The scattering pat terns of the T i - S i and the V - S i 
samples revealed that these alloys contained hydrogen 
impurit ies: an incoherent scattering cont r ibu t ion of 
hydrogen, which is continuously decaying with in-
creasing ß , was superimposed on the oscillating signal 
f rom the a m o r p h o u s sample. The separat ion of this 
contribution was done by the Fourier filtering method. 
In the Four ier t ransform g(R) of the intensity IC(Q) 
the hydrogen contr ibut ion occurs as a peak at l v a l -
ues well below the a tomc distances. Replacement of 
this peak by the theoretical value g (R) = 0 an d back-
t rans format ion into ß - space yielded the corrected 

/ c ( ß ) [HI-

4. Results and Discussion 

4.1. Structure Factors 

Figure 1 shows the total s tructure factors S x ( ß ) as 
obtained with X-rays, and Fig. 2 the S„(ß) as obta ined 
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Fig. 1. Amorphous M6 7Si3 3 (M = Ti, V, Cr) and Mn7 4Si2 3P3 ; 
X-ray diffraction: total structure factors SX(Q). 
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Fig. 2. Amorphous M6 7Si3 3 (M =Ti, V, Cr) and Mn7 4Si2 3P3 ; 
neutron diffraction: total structure factors S„(Q). 

with neutrons. The curves for M n 7 4 S i 2 3 P 3 f r o m [2], 
after renormal iza t ion according to the Fabe r -Z iman 
definition, are also shown for compar ison. In Table 1 
the weighting factors Wtj of the partial s t ruc ture 
factors and of the part ia l pair correlat ion funct ions 
according to (2) are listed. 

Table 1. Amorphous M - S i alloys (M = Ti, V, Cr, Mn): 
Weighting factors WTJ of the partial structure factors and 
correlation functions as given in (2). 

-
M̂M ^MSi 

_ Ti67Si33 X 

n 

0.580 
6.09 

0.057 
2.16 

0.363 
-7 .25 

- - ^67^33 X 

n 

0.592 
0.05 

0.053 
1.51 

0.355 
-0 .56 

Cr67Si33 X 

n 

0.603 
0.410 

0.050 
0.130 

0.347 
0.461 

-
Mn7 4Si2 3P3 X 

n 

0.697 
2.79 

0.027 
0.45 

0.276 
-2 .24 

In the case of X-ray diffraction the weighting factors 
are a lmost the same for the three binary alloys. Thus , 
the total X-ray s tructure factors are expected to be the 
same if the three metallic glasses had the same struc-
ture, i.e. if the mutua l subst i tut ion of the metal a toms 
Ti, V, and Cr were i somorphous . In fact, the general 
features of the total S*«)) in Fig. 1 are quite similar for 
the three alloys: We observe a p ronounced first maxi-
m u m at Q\ a second maximum, which shows a split-
ting up into two subpeaks, and fur ther decaying oscil-
lations. These general features are observed with most 
metallic glasses. However, there are also differences in 
the S x ( ö ) of the three alloys which reveal that we 
cannot treat them using the concept of i somorphous 
subst i tut ion between Ti, V, and Cr. First, the oscilla-
tions are shifted to larger (Rvalues i n the series T i - S i , 
V - S i , C r - S i . This corresponds to the decrease of the 
Goldschmidt-diameter of the metal a t o m in the series 
dTi = 2.94 Ä, dy = 2.72 Ä, dCl = 2.56 Ä [12], O n e 
might think of retaining the concept of i somorphous 
substi tut ion, taking account of this size effect by 
rescaling the ß-scale in S-^Q), and accordingly the 
K-scale in Gx(i?), for the V - S i and the C r - S i alloys to 
match the position of the first m a x i m u m of the T i - S i 
alloy. However, a fur ther substantial difference is ob-
served in the range of the split second maximum. The 
rat io of the ampli tudes of the two subpeaks becomes 
reversed in the series going f rom Ti via V to Cr. This 
implies that the deviation f rom i somorphous be-
haviour is more complicated than a simple size effect, 
but ra ther involves a difference in the a tomic ordering 
effects. The M n 7 4 S i 2 3 P 3 glass fits well in to the series. 
Like C r 6 7 S i 3 3 it shows the indication of a subpeak at 
Qp in f ront of the main max imum at Ql. The splitting 
up of the second max imum where the first subpeak is 
the higher one is strongest for the M n - S i - P glass. 
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The total neut ron s t ructure factors S „ ( 0 in Fig. 2 
show large differences a m o n g each other, which are 
due to the fact that the weighting factors of the partial 
funct ions in Table 1 are very different. With the C r - S i 
glass the W^ are comparab le to those for X-rays, and 
accordingly the neu t ron and X-ray S(Q) are much 
alike, displaying the main maximum near Q1 = 3.0 Ä -

With T i - S i , V - S i , and M n - S i - P this peak is 
strongly reduced, and the largest max imum occurs 
now at a distinctly smaller Q-value near Qp = 2 Ä - 1 . 
F r o m the weighting factors W^ we conclude that this 
max imum is due to the S i - S i correlation. The posi-
tion of Qp, well below Q\ implies that this correlation 
is characterized by S i - S i distances distinctly larger 
than the M - M as well as the M - Si nearest neighbour 
distances, i.e., the small Si a toms avoid to be in close 
contact in the a m o r p h o u s structure. This structural 
behaviour has been found in all t ransi t ion metal-
metalloid glasses investigated up to now [1]. 

4.2. Pair Correlation Functions 

Figure 3 shows the pai r correlation functions GX{R) 
f rom X-ray diffraction. The radii of the first coordina-
tion shell R]

x and the total coordinat ion numbers iVj, 
calculated f rom gx(R) = Q0gx(R) according to (4), are 
listed in Table 2. The W t j in Table 1 show that the 
GX{R) are composed mainly of GMM(R) and GMSi(R), 
whereas the cont r ibut ion of GSlSi{R) is negligible. Thus 
the apparen t radius R]

x of the first coordinat ion shell 
lies in between the M - M and the M - S i atomic dis-
tances. The shift of R]c to smaller values going f rom 
T i - S i via V - S i to C r - S i corresponds to the decrease 
of the Goldschmidt -d iameter of the respective metal 
a tom. 

The non- i somorphous behaviour of the glasses, as 
stated before, is also displayed by the G x (£)- funct ions: 
within the series ( T i - V - C r ) 6 7 S i 3 3 the first maximum 
becomes higher and sharper , which is explained by 
the decreasing difference between the M - M and the 
M - S i a tomic distances. However, the total coordina-
tion number Nl

x is the same within the experimental 
accuracy. The largest difference is found in the range 
of the split second maximum. The second subpeak 
occurs as a small b u m p for Ti, as a shoulder for V, and 
as a distinct subpeak for Cr, and it is shifted towards 
smaller K-values. The M n 7 4 S i 2 3 P 3 alloy fits well into 
the series in Figure 3. 

The pair correlat ion funct ions Gn(R) derived from 
neut ron diffraction are plot ted in Figure 4. Their dis-
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Fig. 3. Amorphous M67 Si 33 (M = Ti, V, Cr) and Mn7 4Si2 3P3 ; 
X-ray diffraction: total pair correlation functions GX(R). 

Table 2. Amorphous M - S i alloys (M = Ti, V, Cr, Mn): 
Structural parameters. R'x and Nx: radius and coordination 
number of first coordination shell from X-ray diffraction; 
Rij-. atomic distance of i-j pairs; AR^/R^: distribution 
width; coordination number of ./'-type atoms around 
i-type atoms; rjsm: short range order parameter. 

Ti67Si33 V67Si33 Cr6 7Si3 3 Mn7 4Si2 3P3 

2.60 2.54 2.58 
12.2 12.1 12.1 

2.66 
0.17 
8.8 
2.44 
0.14 
3.6 

10.2 
3.1, 3.8 
1.5, 6.0 

0.20-0.26 

cussion in the following is based on the weighting 
factors W{j in Table 1 and on the compar i son with the 
GX(R) functions. 

Due to the opposi te signs of the scattering lengths 
of Ti (bTi = —0.344 • 1 0 " 1 2 cm) and Si (bSi = 0.415 

Rl [A] 2.68 
Nl 12.5 
*MM [Ä] 3.02 
AKMM/̂ MM 0.25 
JVMM 8.6 
«MSi [Ä] 2.62 
A^MSi/«MSi 0.18 
^MSi 3.8 

7.7 
KSiSi [Ä] 2.1 
NsiSi 1 
ŜiM 0.19 
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Fig. 4. Amorphous M6 7Si3 3 (M = Ti, V, Cr) and Mn7 4Si2 3P3; 
neutron diffraction: total pair correlation functions Gn(R). 
( ) -47rR<?0. 

• 1 0 " 1 2 cm) the part ia l T i - S i correlation contributes 
with negative sign to the total G„(R) and is displayed 
in Fig. 4 as a s t rong negative peak. Then follows the 
T i - T i correlat ion as a positive peak. 

In the case of neu t ron diffraction the contr ibut ion 
of the S i - S i correlat ion is not negligible. The small 
peak at R = 2.1 Ä suggests some direct S i - S i neigh-
bours . Fi t t ing a Gauss ian to this peak yields the coor-
dinat ion number NSiSi ss 1, which has to be considered 
as an est imation because of the influence of the part ly 
over lapping negative T i - S i contr ibution. As already 
ment ioned, the S i - S i pairs are found preferably at 
larger distances. We at t r ibute the peak at R = 3.84 Ä 
to the S i - S i correlat ion. This is supported by the fact 
tha t the total X-ray funct ion GX(R), where WSiSi is very 
small, exhibits a m i n i m u m at this distance. 

F r o m GX{R) and Gn(R) the partial pair correlation 
funct ions GTiSi(R) and GTiTi{R) were calculated within 
the range of the first coordinat ion shell by solving the 
associated pair of equat ions according to (2). F o r 
GSlSl(R) the properly weighted Gauss ian fit, as men-
t ioned above, was inserted. The results are shown in 
Figure 5 a. F r o m the corresponding functions g ^ R ) 
the a tomic distances as the peak position, the bond 
length distr ibution widths as the full width at half 
max imum, and the coordinat ion numbers f rom 

12 
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cx I 
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g 8 
cf 
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0 

-4 
1 2 3 4 

R [Ä] 
Fig. 5. a) Amorphous Ti6 7Si3 3 , b) amorphous Mn7 4Si2 3P3: 
partial pair correlation functions Gi7(R). 

Gauss ian fitting, were obta ined and listed in Table 2. 
The T i - T i distance RTiTi = 3.02 Ä is slightly larger 
than the Goldschmid t diameter of the Ti atoms, 
dTi = 2.94 Ä [12]. The apparen t d iameter of the Si 
a toms in the T i 6 7 S i 3 3 glass can be calculated as 

This value, distinctly smaller than the a tomic diameter 
dSi = 2.43 Ä f rom [12], indicates the chemical inter-
action between the Si and the Ti a toms. The distribu-
tion of the bond length for the T i - S i pairs is sharper, 
ARTiSi/.RXiSi = 0.18, t han for the T i - T i pairs, AR T i T i / 
RTiTl = 0.25, which gives fur ther evidence of a chemi-
cal effect. 

The short range order paramete r according to the 
definition of Cargill and Spaepen [13] is calculated 
f rom the part ia l coord ina t ion numbers as rjSiTi = 0.19. 

1 1 1 1 1 1 1 

M n 7 4 S i 2 3 P 3 -

: 1 
" A 

VA/ ^ ^ 

C r 6 7 S i 3 3 
A— ^ — 

- L a v si 
M r \ A 33 

- W 3 ^ 3 3 " 1 
1 

v v -

1 1 1 1 1 1 
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It is positive and thus reflects preferred heterocoordi-
nat ion in a m o r p h o u s T i 6 7 S i 3 3 . 

Vanadium has a neu t ron scattering length very 
close to zero = —0.038 • 1 0 " 1 2 cm) and therefore 
Gn(R) of the V - S i glass in Fig. 4 mainly represents the 
S i - S i correlations. However , the Wi} in Table 1 show 
that there is also a substant ia l V - S i contr ibut ion, 
which is negative. In the R-range between 2 Ä and 3 Ä 
G„(R) runs below the line given by — 47TR^ 0 , and 
according to (3) g„{R) is negative. This shows tha t in 
this range the V - S i correlat ions domina te and sup-
ports the view that the small Si-atoms avoid to be 
nearest neighbours. However , the oscillations of G„(R) 
around the theoretical — 4nRg0 line at small R-values, 
which are non-physical ripples caused by terminat ion 
effects in the Fourier t ransformat ion , show tha t at 
small distances the experimental Gn(R) is influenced 
by this effect. Therefore it is not possible to decide if 
the small peak at R = 2.3 Ä represents some direct 
S i - S i neighbours or is artificial. The double peak 
i?SiSi = 3.1 Ä and RSiSi = 3.8 Ä represents the positive 
contr ibut ion of the S i - S i correlat ions. The corre-
sponding coordinat ion numbers were obta ined by 
Gaussian fitting as NSiSi = 1.5 and NSiSi = 6.0, respec-
tively. 

The pair correlation funct ion of C r 6 7 S i 3 3 in Fig. 4 is 
very similar to the corresponding funct ion in Fig. 3 
from X-ray diffraction. This is to be expected f rom the 
similar weighting factors in Table 1. 

4.2.4 M n 7 4 S i 2 3 P 3 

The structural da ta of a m o r p h o u s M n 7 4 S i 2 3 P 3 

were discussed in [2] in terms of density and concen-
trat ion fluctuations according to Bhat ia and T h o r n -
ton [14]. In the present paper we consider a tomic pairs 
(the P a toms were treated as Si atoms). With the as-
sumption that within the range of the first coord ina-
tion shell the contr ibut ion of S i - S i pairs is negligible, 
the part ial pair correlat ion funct ions GMnSi (R) and 
GM n M n(R) and the related structural parameters were 
calculated f rom the combina t ion of the X-ray and the 
neutron total G(R) (see Fig. 5 b and Table 2). 

Diffraction with Amorphous Ti67Si33, V67Si33, and Cr67Si33 782 

The M n - M n distance RM n M n = 2.66 Ä agrees with 
the Goldschmidt-diameter dMn = 2.70 k. The appar -
ent diameter of the Si a toms 

dfi = 2 RM n S i — ^MnMn = 2-22 Ä 

is the same as in the case of the T i - S i glass. Again the 
distr ibution of the bond length is sharper for the 
metal-metalloid pairs than for the metal-metal pairs. 

The number of metal a toms a round a metalloid 
a tom in the M n - S i - P glass, NSiMn = 10.2, is higher 
than in the T i - S i glass, NSiJi = 7.7. This can be under-
stood f rom the higher metal content and, in addit ion, 
f rom the smaller size of the M n a toms compared with 
that of the Ti atoms. 

With the assumption that the coordina t ion number 
for direct S i - S i neighbours lies somewhere between 
zero and unity we obtain from the part ial coordina-
tion numbers in Table 2 as an est imation for the short 
range order parameter 

0.20 < t]SiTi < 0 .26 , 

indicating preferred heterocoordination in amorphous 
M n 7 4 S i 2 3 P 3 . This behaviour has been also found in 
[2] on the basis of the Bhatia and T h o r n t o n approach . 

5. Conclusions 

Amorphous sputtered M 6 7 Si3 3 alloys ( M = T i , V , C r ) 
were investigated by X-ray and neu t ron diffraction. 
The s t ructure of the three alloys is similar, but not 
fully i somorphous . Like in other metal-metalloid 
glasses nearest neighbour contact between the metal-
loid a toms is avoided. By combinat ion of X-ray- and 
neut ron diffract ion-data for T i 6 7 Si 3 3 the part ial Si—Ti 
and T i - T i correlation functions were determined. 
Their s tructural features are characterized by a chem-
ical order ing effect in the amorphous alloy. Compar i -
son with the amorphous alloy M n 7 4 S i 2 3 P 3 shows sim-
ilar s t ructural properties. 
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