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The amorphous alloys Tig,Sis3, Ve,Sis3, and Crg,Si,; 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 Si—Si
atomic pairs occur preferentially with distances distinctly larger than the atomic diameter of the Si
atoms. For T,Si,; 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 Mn.,Si,;P;.

1. Introduction

Amorphous transition metal-metalloid alloys have
been investigated extensively in the past [1]. Most of
them were produced at eutectic compositions by rapid
quenching of the melt. The silicides MSi; (M =Ti, V,
Cr) have very high melting temperatures. Therefore, in
the present work rf-sputtering was applied to produce
the amorphous samples.

For the evaluation of partial structure factors and
partial pair correlation functions from measured total
functions different contrast variation techniques can
be applied. One of them is the isomorphous substitu-
tion technique, where an element in an alloy is sub-
stituted 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 further technique is
the combination of X-ray and neutron diffraction
which provides very strong contrast in those cases
where elements with a negative or zero neutron scat-
tering length are involved. In the present study both
methods were applied with the aim to derive the par-
tial pair correlation functions of amorphous MSi;.

Structural data for amorphous Mn,,Si,;P; from a
previous study [2] are included for comparison.

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

2; Theoretical

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

From the coherently scattered intensity per atom
I.(Q) the total structure factor S(Q) is obtained accord-
ing to the Faber-Ziman notation [3]:

L(Q) — [Kb*) —<b)?]
<by? '

For a binary alloy it is a sum of three weighted partial
structure factors S§;;(Q):

S@)= (t))
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where the symbols in (1) and (2) are:

47 .
Q = ) sin @ = modulus of the scattering vector,

260 = scattering angle,

/4 = wavelength of the radiation,
by =c b +c,b,,

(b*y=c b3+ c, b3,

b; = scattering length of component i, depending
on Q for X-rays,
¢; = atomic fraction of component i.

Fourier transformation of S(Q) yields the associ-
ated pair correlation function G (R) and the pair distri-
bution function g(R), which both contain the same
physical information in a somewhat different presen-
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tation:
G(R)=4mnRgy[9(R) —1]

=

2
=—[0Is©@~1lsin(@R)dQ,  (3)

where R =atomic distance, 9, = mean atomic number
density.

Within the R-range below the distances of nearest
neighbours g(R)=0 and G(R)= —4nRyg,. The total
functions in R-space are composed of the correspond-
ing partial functions G;;(R) and g;;(R), respectively,
with the same weighting factors W;; as given in (2) for
the structure factors.

0:;(R) = ¢;009;;(R) represents the number of j-type
atoms per unit volume at distance R from a central
i-type atom. The corresponding partial coordination
number N;; is obtained from

N;=[4nR*¢;(R)dR 4

where the integration is performed over the main
maximum of the g;;(R) function. For the necessary
separation of the main maximum from the partly
overlapping second peak Gaussian 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 from the
arc melted alloys with nominal composition M,Si,
M =Ti, V, Cr). Aluminium foil was used as sub-
strate, which was dissolved by caustic soda solution
after the sputtering process to obtain free standing
amorphous foils. The deposition rate was about
0.2 grams per day. Chemical analysis of the amor-
phous specimens yielded the final composition
M,Sis;.

3.2. X-ray Diffraction

The X-ray diffraction experiments were performed
with a Siemens D 500 diffractometer in transmission
mode using Mo-K, radiation. The instrument was
equipped with a primary monochromator, a vacuum
sample chamber, and a position sensitive detector.
The measured intensities were corrected for back-
ground scattering, absorption, polarization, and for

Compton scattering. After conversion into absolute
scattering units according to the Gingrich method [4],
the structure factors were calculated from (1). The
scattering lengths were taken from [5]. For smoothing
of the experimental data a cubic splinefit algorithm
was applied. Due to the lack of experimental data the
densities were interpolated from those of the pure
constituents. These values usually are somewhat
smaller than the real values for metallic glasses.

3.3. Neutron Diffraction

The neutron diffraction experiments were per-
formed at the Saphir reactor, PSI Villigen, Switzer-
land, using the DMC powder diffractometer. About
3 grams of the shredded amorphous material was put
into a cylindrical vanadium container with 8 mm di-
ameter, 4.5 cm height, and 13 pm wall thickness. With
the wavelength 4 = 1.086 A a Q-range from 0.5 A~!
up to 10.7 A~ could be covered.

The measured intensities were corrected for back-
ground scattering, for the contribution of the con-
tainer, and for absorption using the Paalman-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 Krogh-Moe method [9]. The
scattering lengths and absorption cross sections were
taken from [10]. The experimental data were smoothed
by cubic splinefit.

The scattering patterns of the Ti—Si and the V-Si
samples revealed that these alloys contained hydrogen
impurities: an incoherent scattering contribution of
hydrogen, which is continuously decaying with in-
creasing Q, was superimposed on the oscillating signal
from the amorphous sample. The separation of this
contribution was done by the Fourier filtering method.
In the Fourier transform g(R) of the intensity /.(Q)
the hydrogen contribution occurs as a peak at R-val-
ues well below the atomc distances. Replacement of
this peak by the theoretical value g(R)=0 and back-
transformation into Q-space yielded the corrected

1.(Q) [11].

4. Results and Discussion

4.1. Structure Factors

Figure 1 shows the total structure factors S, (Q) as
obtained with X-rays, and Fig. 2 the S,(Q) as obtained
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Fig. 1. Amorphous M,Si;; (M =Tij, V, Cr) and Mn,,Si,;P5;
X-ray diffraction: total structure factors S_(Q).
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Fig. 2. Amorphous Mg,Si;; (M =Ti, V, Cr) and Mn,,Si,;P5;
neutron diffraction: total structure factors S, (Q).

with neutrons. The curves for Mn,,Si,,P; from [2],
after renormalization according to the Faber-Ziman
definition, are also shown for comparison. In Table 1
the weighting factors W; of the partial structure
factors and of the partial pair correlation functions
according to (2) are listed.

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

WMM I/VSiSi WMSi

Tig,Sis3 X 0.580 0.057 0363
n 6.09 2.16 ~125

VeSiss x 0.592 0053 0355
n 0.05 1.51 —0.56

Cre,Sis;  x 0.603 0.050 0347
n 0.410 0.130 0.461
Mn,,Si,,P; x 0.697 0.027 0276
n 279 0.45 —224

In the case of X-ray diffraction the weighting factors
are almost the same for the three binary alloys. Thus,
the total X-ray structure factors are expected to be the
same if the three metallic glasses had the same struc-
ture, i.e. if the mutual substitution of the metal atoms
Ti, V, and Cr were isomorphous. In fact, the general
features of the total S (Q) in Fig. 1 are quite similar for
the three alloys: We observe a pronounced first maxi-
mum at Q', a second maximum, which shows a split-
ting up into two subpeaks, and further decaying oscil-
lations. These general features are observed with most
metallic glasses. However, there are also differences in
the S.(Q) of the three alloys which reveal that we
cannot treat them using the concept of isomorphous
substitution between Ti, V, and Cr. First, the oscilla-
tions are shifted to larger Q-values in the series Ti—Si,
V-Si, Cr—Si. This corresponds to the decrease of the
Goldschmidt-diameter of the metal atom in the series
dyy=294A, dy=272A, d.,=256A [12]. One
might think of retaining the concept of isomorphous
substitution, taking account of this size effect by
rescaling the Q-scale in S,(Q), and accordingly the
R-scale in G (R), for the V-Si and the Cr-Si alloys to
match the position of the first maximum of the Ti—Si
alloy. However, a further substantial difference is ob-
served in the range of the split second maximum. The
ratio of the amplitudes of the two subpeaks becomes
reversed in the series going from Ti via V to Cr. This
implies that the deviation from isomorphous be-
haviour is more complicated than a simple size effect,
but rather involves a difference in the atomic ordering
effects. The Mn,,Si,,P; glass fits well into the series.
Like Crg,Sis; it shows the indication of a subpeak at
0F in front of the main maximum at Q". The splitting
up of the second maximum where the first subpeak is
the higher one is strongest for the Mn—Si—P glass.
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The total neutron structure factors S,(Q) in Fig. 2
show large differences among each other, which are
due to the fact that the weighting factors of the partial
functions in Table 1 are very different. With the Cr—Si
glass the W; are comparable to those for X-rays, and
accordingly the neutron and X-ray S(Q) are much
alike, displaying the main maximum near Q'=3.0A" 1.
With Ti-Si, V-Si, and Mn-Si—P this peak is
strongly reduced, and the largest maximum occurs
now at a distinctly smaller Q-value near QF =2 A~ 1.
From the weighting factors W,; we conclude that thlS
maximum is due to the Si—Si correlation. The posi-
tion of QF, well below Q', implies that this correlation
is characterized by Si—Si distances distinctly larger
than the M —M as well as the M —Si nearest neighbour
distances, i.e., the small Si atoms avoid to be in close
contact in the amorphous structure. This structural
behaviour has been found in all transition metal-
metalloid glasses investigated up to now [1].

4.2. Pair Correlation Functions

Figure 3 shows the pair correlation functions G (R)
from X-ray diffraction. The radii of the first coordina-
tion shell R and the total coordination numbers N!,
calculated from ¢, (R) = ¢, 9, (R) according to (4), are
listed in Table 2. The W; in Table 1 show that the
G.(R) are composed mainly of Gyy(R) and Gyg;(R),
whereas the contribution of Ggg; (R) is negligible. Thus
the apparent radius R of the first coordination shell
lies in between the M—M and the M —Si atomic dis-
tances. The shift of R! to smaller values going from
Ti—Si via V-Si to Cr—Si corresponds to the decrease
of the Goldschmidt-diameter of the respective metal
atom.

The non-isomorphous behaviour of the glasses, as
stated before, is also displayed by the G, (R)-functions:
within the series (Ti—V—Cr)g,Si;; the first maximum
becomes higher and sharper, which is explained by
the decreasing difference between the M—M and the
M -Si atomic distances. However, the total coordina-
tion number N! 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 bump for Ti, as a shoulder for V, and
as a distinct subpeak for Cr, and it is shifted towards
smaller R-values. The Mn,,Si,,P; alloy fits well into
the series in Figure 3.

The pair correlation functions G,(R) derived from
neutron diffraction are plotted in Figure 4. Their dis-
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Fig. 3. Amorphous M, Si; 3 (M =Tij, V, Cr) and Mn,,Si,,P5;
X-ray diffraction: total pair correlation functions G, (R).

Table 2. Amorphous M-Si allo ?'S M=Ti, V, Cr, Mn):
Structural parameters. R% and N!: radius and coordination
number of first coordination shell from X-ray diffraction;

R;;: atomic distance of i—j pairs; AR;;/R;;: distribution

width; N;;: coordination number of j- type atoms around
i-type atoms Nsim: short range order parameter.
Tig,Siz; Ve;Sizz  Crg;Siz;  Mny,SipsPy

R. [A] 2.68 2.60 2.54 2.58
N' 12.5 12.2 12.1 121

Ry [A] 3.02 2.66
ARyy/Run  0.25 0.17
Num 8.6 8.8
Rys: [A] 2.62 2.44
ARysi/Rysi  0.18 0.14
Nysi 3.8 3.6
Ng 7.7 10.2
Rgs; [A] 2.1 31, 38
Nisi 1 1.5, 6.0
Nsim 0.19 0.20-0.26

cussion in the following is based on the weighting
factors W; in Table 1 and on the comparison with the
G, (R) functions.

421 Tig,Siss

Due to the opposite signs of the scattering lengths
of Ti (by; =—0.344-10""2cm) and Si (bg; = 0.415
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Fig. 4. Amorphous M,Si;; (M=Tij, V, Cr) and Mn,,Si,;P,;

neutron diffraction: total pair correlation functions G »(R).
(-=-) —4nRe,.
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107 !2 cm) the partial Ti-Si correlation contributes
with negative sign to the total G,(R) and is displayed
in Fig. 4 as a strong negative peak. Then follows the
Ti—Ti correlation as a positive peak.

In the case of neutron diffraction the contribution
of the Si—Si correlation is not negligible. The small
peak at R=2.1 A suggests some direct Si—Si neigh-
bours. Fitting a Gaussian to this peak yields the coor-
dination number Ng;g; & 1, which has to be considered
as an estimation because of the influence of the partly
overlapping negative Ti—Si contribution. As already
mentioned, the Si—Si pairs are found preferably at
larger distances. We attribute the peak at R=3.84 A
to the Si—Si correlation. This is supported by the fact
that the total X-ray function G (R), where Wy, is very
small, exhibits a minimum at this distance.

From G,(R) and G,(R) the partial pair correlation
functions Gr;(R) and Gy;r; (R) were calculated within
the range of the first coordination shell by solving the
associated pair of equations according to (2). For
Gg;si (R) the properly weighted Gaussian fit, as men-
tioned above, was inserted. The results are shown in
Figure 5a. From the corresponding functions g;;(R)
the atomic distances as the peak position, the bond
length distribution widths as the full width at half
maximum, and the coordination numbers from

G,(R) [A~7]

_4 1 1 1 I 1
1 2 3 4
R [A]

Fig. 5. a) Amorphous Tig,Si,;, b) amorphous Mn,,Si,;P;
partial pair correlation functions G;;(R).

Gaussian fitting, were obtained and listed in Table 2.
The Ti—Ti distance Rqy;p; = 3.02 A is slightly larger
than the Goldschmidt diameter of the Ti atoms,
dr; =294 A [12]. The apparent diameter of the Si
atoms in the Tig,Si;; glass can be calculated as

dg; = 2 Ryy5; — Ryypy = 2.22 A.

This value, distinctly smaller than the atomic diameter
dg; =243 A from [12], indicates the chemical inter-
action between the Si and the Ti atoms. The distribu-
tion of the bond length for the Ti—Si pairs is sharper,
ARyisi/ Rrisi = 0.18, than for the Ti—Ti pairs, ARyqy;/
Ryr; = 0.25, which gives further evidence of a chemi-
cal effect.

The short range order parameter according to the
definition of Cargill and Spaepen [13] is calculated
from the partial coordination numbers as #g;r; = 0.19.



782 A. Prificke er al. - X-Ray and Neutron Diffraction with Amorphous Tig,Si;;, V,Si;;, and Crg,Si;;

It is positive and thus reflects preferred heterocoordi-
nation in amorphous Tig,Si;;.

422 V¢S,

Vanadium has a neutron scattering length very
close to zero (by = —0.038 - 107 !2 ¢cm) and therefore
G,(R) of the V-Si glass in Fig. 4 mainly represents the
Si-Si correlations. However, the W; in Table 1 show
that there is also a substantial V-Si contribution,
which is negative. In the R-range between 2 A and 3 A
G,(R) runs below the line given by —4nRg,, and
according to (3) g,(R) is negative. This shows that in
this range the V-Si correlations dominate and sup-
ports the view that the small Si-atoms avoid to be
nearest neighbours. However, the oscillations of G, (R)
around the theoretical —47 R g, line at small R-values,
which are non-physical ripples caused by termination
effects in the Fourier transformation, show that at
small distances the experimental G,(R) is influenced
by this effect. Therefore it is not possible to decide if
the small peak at R=2.3 A represents some direct
Si—Si neighbours or is artificial. The double peak
Rgs; = 3.1 A and Rg; = 3.8 A represents the positive
contribution of the Si—Si correlations. The corre-
sponding coordination numbers were obtained by
Gaussian fitting as Ng;5; = 1.5 and Ng;g; = 6.0, respec-
tively.

423 Cre,Siss

The pair correlation function of Crg,Si,; in Fig. 4 is
very similar to the corresponding function in Fig. 3
from X-ray diffraction. This is to be expected from the
similar weighting factors in Table 1.

424 Mn,Si, P,

The structural data of amorphous Mn,,Si,;P;
were discussed in [2] in terms of density and concen-
tration fluctuations according to Bhatia and Thorn-
ton [14]. In the present paper we consider atomic pairs
(the P atoms were treated as Si atoms). With the as-
sumption that within the range of the first coordina-
tion shell the contribution of Si—Si pairs is negligible,
the partial pair correlation functions Gy, (R) and
Guama (R) and the related structural parameters were
calculated from the combination of the X-ray and the
neutron total G(R) (see Fig. 5b and Table 2).

The Mn—-Mn distance Rym, = 2.66 A agrees with
the Goldschmidt-diameter dy, = 2.70 A. The appar-
ent diameter of the Si atoms

dgi - 2RMn5i == RM,,M,, =222 A

is the same as in the case of the Ti—Si glass. Again the
distribution of the bond length is sharper for the
metal-metalloid pairs than for the metal-metal pairs.

The number of metal atoms around a metalloid
atom in the Mn-Si—P glass, Ny, = 10.2, is higher
than in the Ti-Si glass, Ng;7; = 7.7. This can be under-
stood from the higher metal content and, in addition,
from the smaller size of the Mn atoms compared with
that of the Ti atoms.

With the assumption that the coordination number
for direct Si—Si neighbours lies somewhere between
zero and unity we obtain from the partial coordina-
tion numbers in Table 2 as an estimation for the short
range order parameter

0.20 < fg;y; < 026,

indicating preferred heterocoordination in amorphous
Mn,,Si,;P;. This behaviour has been also found in
[2] on the basis of the Bhatia and Thornton approach.

5. Conclusions

Amorphous sputtered M 4,Si5; alloys M =Tij, V, Cr)
were investigated by X-ray and neutron diffraction.
The structure of the three alloys is similar, but not
fully isomorphous. Like in other metal-metalloid
glasses nearest neighbour contact between the metal-
loid atoms is avoided. By combination of X-ray- and
neutron diffraction-data for Tig,Si,; the partial Si—Ti
and Ti-Ti correlation functions were determined.
Their structural features are characterized by a chem-
ical ordering effect in the amorphous alloy. Compari-
son with the amorphous alloy Mn,,Si, ;P; shows sim-
ilar structural properties.
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