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Amorphous Ni80P20-alloys were produced under He-atmosphere by the melt spin technique. 
With three specimens produced from P with natNi, 62Ni and °Ni elastic scattering expriments 
were performed using neutrons with /. = 5.4 A in the 0-region 6 • 10~3 A - 1 = Q = 2.7 • 10"' A - 1 . 
The measured intensities were corrected for absorption and background, desmeared, and 
normalized. The partial Bhatia Thornton structure factors 5 N N , See, and S»c w e r e evaluated 
and allowed the following conclusions: The a-Ni80P2o-alloy contains regions with radii of about 
6.5 A caused by concentration fluctuations. A method is presented which allows to determine the 
composition of the regions and the total content of regions within the specimen. In the small 
0-region (6 • 10"3 A - 1 ^ Q ^ 4 • 10"2 A - 1 ) the run of the partial structure factors is proportional 
to Q~3 caused by concentration- and density-fluctuations. From the partial Fourier transforms 
follows a slight anisotropy concerning the chemical arrangement with correlation lengths elon-
gated along the ribbon direction. 

Introduction 

Since the early work [1] on nSAS with a-Fe80B20 
some further investigations were published, all of 
them reporting a typical 0 3 - b e h a v i o u r in the very 
small ^-region with the amorphous alloys Cu78Tb22 
[2], Pd80Si20 [3], CO815B18.5 [4], and Pd 8 0 (S i ,G E I _ , ) 2 0 
[5]. In [1], using the method of isotopic substitution 
we discussed the 0 3 - b e h a v i o u r in terms of 
density fluctuations. Up to now no partial structure 
factors were reported in the small ^-region. In the 
present paper we report on such factors which were 
obtained with the same amorphous Ni80P2o-alloys 
used recently for wide angle diffraction experiments 
[6], In the latter paper, the partial structure factors 
were evaluated for 16 A"1 ^ Q ^ 0.4 A - 1 . The 
present paper continues the ^-region down to 
6- 10"3 A"1. 

Theoretical Fundamentals 

1. Partial structure factors 

Using the Bhatia Thornton formalism [7] the 
structure of a binary system is described in terms of 
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correlations between density fluctuations and con-
centration fluctuations, the Fourier transforms of 
them in 0 s p a c e being the partial Bhatia Thornton 
structure factors S N N ( 0 , S c c ( 0 > an<^ S N C ( 0 - The 
total structure factor is defined as 

S B 1 ( 0 = 
do 

<.b2> dQ (0, (1) 

which in terms of the partial structure factors is 

(b2) ' <b2> 

2(b)(bA-bB)i 

<b2) 
SNC(0, (2) 

where 

W 0 

S c c ( 0 

S N C ( 0 

d a ( 0 
d Q 

b 
<b) 

partial structure factor of the correlations 
between number density fluctuations, 
partial structure factor of the correlations 
between concentration fluctuations, 
partial structure factor of the cross corre-
lations between density fluctuations and 
concentration fluctuations, 
differential coherent scattering cross sec-
tion per sterad and atom, 
scattering length, 
cA bA + cBbB, 
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cA, cB = atom fractions, 
Q = 4 it(sin 
20 = scattering angle. 

To evaluate the three partial functions, three total 
.SBT-functions must be experimentally determined 
with chemical identical specimens. The scattering 
length of at least one component must be different 
for each of the three specimens. In the present case, 
according to [6] the following selection is con-
venient: 

I) P and natNi, i.e. nickel with natural isotopic 
abundance, 

II) P and 62Ni, i.e. nickel enriched up to 98.5% 
with the isotope 62Ni, 

III) P and °Ni, i.e. nickel consisting of 26.6% 62Ni 
and 73.4% 60Ni, so that the resulting scatter-
ing length of the Ni-component is zero. 

Using these specimens, the following system of 
three equations is valid for the evaluation of the 
three partial functions: 

S(0)!o t = 0.95 5 n n + 0.05 SCc + 1.0SNC , (3) 

S ( 0 ) & = 0.53 SNN + 0.47 S c c + 2.5 SN C , (4) 

5(<2)t'd! = 0.30 Snn + 0.70 S c c - 2.3 SN C . (5) 

The normalized determinant of the weighting 
coefficients amounts to 0.264 and thus is larger 
than for a-Fe80B20, with which we succeeded to 
evaluate the partial functions [8]. 

2. Long wavelength limit 

The Bhatia Thornton formalism, originally devel-
oped for the description of the molten state can also 
be applied for the description of the frozen-in state. 
Thereby the corresponding equations are only valid 
for the glass-transition temperature Fg. This fact is 
especially to be observed using the following three 
equations, which connect the long wavelength limit 
of the partial structure factors with thermodynam-
ical data: 

SN N (0) = o0 A b Fg xT + ,92 S c c (0), (6) 

Scc(0) = NAkB , (8) 

\ )p T N 
S N C ( 0 ) = - . 9 S C C , ( G ) 

with 

oo = mean atomic density, 
kB = Boltzmann's constant, 
y.j = isothermal compressibility, 
yVA = Avogadro's number, 
G = free enthalpy of mixing, 
FA« Fb = partial molar volume of species A, B. 

For the present case of amorphous Ni80P20 the 
thermodynamical data needed for the evaluation of 
(6), (7) and (8) are not available. Therefore a 
preliminary estimation was done according to 
Miedema's model [9], [10], which, as is well known, 
contains no statement concerning the distribution of 
the atoms. Anyhow, this model yields the following 
figures (see [11]): SN N(0) - 0 .01 : S c c (0 ) ~ 0.02; and 
S N C ( 0 ) - - 0 . 0 1 . 

3. Scattering at small Q's 

It is not necessary to go into all the details of 
small angle scattering theory since for the evalu-
ation of the present results we need only the follow-
ing points: 

i) Neutron "small angle scattering" which stands 
for "Scattering at small ^-values" only occurs if the 
corresponding specimen contains within a certain 
matrix (M) regions (R) which differ in their co-
herent scattering length density (b ß)R from that of 
the matrix (b q)m. Whether this difference 

A(bo) = (bQ)R-(bo)M (9) 

is based on a difference in the number densities, 

A{bq) = bAQ, (10) 

or in the scattering lengths, 

A{bo) = Oq Ab. (11) 

is a question which will be answered below for 
amorphous Ni80P20- In the case of (10) the function 
S N N ( 0 , and in the case of (11) the function SCc(@) 
will show a rise towards smaller Q. 

ii) By plotting log S{Q) vs. log Q in some cases 
straight lines observed with different slopes. In the 
present case this slope is - 3 as was already reported 
for other amorphous alloys in the introduction. Such 
a run can according to [12] be interpreted as caused 
by scattering with quasi-dislocations. 

iii) By plotting l n S ( 0 vs. Q~ a so-called Guinier 
plot is obtained [13]. If a straight line is observed in 
this case, from its slope the so-called Guinier radius 
RG follows, which yields the radius RB of ball-



553 K. Schild et al. • Partial Structure Factors in the Small ^-Region with Amorphous Ni8 0P20 

shaped particles by the equation 

R b = f ± R G . (12) 

iv) Starting from the well known Bragg equation 

/. = 2</sin 0 (13) 

and assuming d to be the diameter of a scattering 
region we obtain the relationship 

Qd=2n, (14) 

which allows to estimate the ^-region in which the 
scattering caused by the diameter d occurs. 

v) To obtain the autocorrelation function of par-
ticles within the corresponding specimen, the partial 
structure factors S(/- were Fourier-transformed 
according to: 

yu(R) = SSuQ sin QRdQ (15) 

with y'jj(R) — partial correlation function of the 
scattering length density fluctuations. 

vi) Quantitative evaluation using the long wave-
length limit of the small angle scattering intensity. 

The specimen consists of cR atomic percent re-
gions and cM atomic percent matrix. Each region 
consists of cNiR atomic percent Ni and cPR atomic 
percent phosphorus. During the present section we 
will present a method which Finally yields a rela-
tionship between cNiR and cR (see (36)). 

The model calculation starts from the run of See, 
S N N , and SNc as presented in Fig. 1. especially from 
the region 0.14 A - 1 ^ Q ^ 0.26 A - 1 in which S N N = 
const. SNC = zero, and Scc increases towards smaller 
(Rvalues. 

This means the existence of regions with diam-
eters determined from a corresponding Guinier plot 
to be about 13 A. The regions all have the same 
density as the surrounding matrix (SN N = const!) 
but they have another composition (See varying 
with Q). This means that the SAS in this 0 range 
mainly is caused by (11). 

In a former paper [14] we presented an evalu-
ation method for small angle scattering within the 
molten state. The present model is to be regarded as 
more comprehensive since we allow both compo-
nents, A and B, to exist within the regions at the 
same time but with different concentrations. 

For SCc in Fig. 1 which was obtained from three 
independent scattering experiments we can state 
that it is a function which is independent of the 

radiation with it was obtained. Thus, we arrive 
using (1) and (2) at a fictive measured coherently 

do-
scattering cross section per sterad and atom —— (Q) 

d ß 
if we assume for a thought experiment (Jb)> to be 
zero, i.e. 

l bA = oE (16) 

This procedure is furthermore justiFied since we 
will recognize in the Final eqn. (36) that the result is 
independent from any special choice of the scattering 
lengths at all. 

For the special alloy Nig0P20 we obtain 

B ÎJ — — 0.25 BP . (17) 

The scattering cross section according to (1) for the 
case of Ni80P2o is given by 

Scc(Q) 

da 

d ß (0 

0.25 bl ' 
(18) 

This equation is of course also valid for Q = 0. The 
da 

meaning of (Q) can be evaluated from the 
d ß 

common scattering equation of [14], [15]: 

da_ 

d ß (0 
UR VfM 

Qo 
{bRgR- bM QM)2 

sin Qr 
J 4 7i /-2 y0 ('') 

Qr 
dr (19) 

with 

d a 
(Q) = scattering cross section per atom in 

d ß 10~24 cm2, 
vrR, H'M = volume fraction of the regions or the 

matrix, respectively, 
Qo = mean atomic density [A - 3] , 
bR,bM = scattering length of the regions or the 

matrix, respectively [10"12 cm], 
0m = local atomic density within the regions or 

the matrix, respectively [A - 3] , 
/• = distance [A], 
y0(/-) = normalized autocorrelation function of 

the scattering length density fluctuations. 
For 0 ^ 0 , from (19) follows 

^ ( 0 ) = ^ > ( / , R G R - 6 M g M ) 2 F c (20) 
d ß Qo 
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with 
X 

Fc = "correlation volume" = J 4 7r r 
o 

/o ( r ) d r . (21 

Comparing (20) with the corresponding equations 
in [15], [16] we recognize that Fc in those papers was 
called "volume of one region". , d a 

So far it is possible to calculate (0) from 
d Q 

S c c W via (18) and furtheron the difference of 
scattering length density A (bo) via (20) if only Fc 

would be known. For the molten state it is always 
allowed to assume ball shaped regions and thus it is 
possible to calculate Fc from the radius of gyration. 
In the present case of amorphous solids, however, 
Fc must be obtained from integral properties of the 
scattered intensity. Fhis leads to (compare [16]) 

The relations between the volume fractions vvR and 
u'M and the atom fractions cR and cM , using the 
condition (25), are: 

HR = C r , (32) 

»t'M = cM • (33) 

For bR and from (23), using (17), we write 

_ CNiR + CpR bp _ bp / cniR 
VR - - KPR — I , 

cR cr\ 4 I 
(34) 

K = 

, d o 
2 re (0) 

dQ ' 

°r t d a 

o d ß 

(22) 

Equations (20) and (22) yield 
d o ~>TT2 

Q o 
H'R wM(bR Qr ~ bM Qm) • 

(23) 

Applying this equation to the 13Ä diameter regions, 
we use the fact that in Fig. 1 the function SN N is 
constant, and we therefore postulate 

OR = 0M = Qo = mean atomic number density. (24) Experimental 

, CNiM ^Ni + CPM ^P bp / C N i M \ 
Dm = = \c PM • (35) 

cm C M \ 4 I 

Equations (18, 23-35) finally yield (36), which rep-
resents a relationship between cNiR and cR: 
x "> 2 „ 

J Q2Sec(Q) d Q = CR(1-CR) ( c N i R - c R c N i ) 2 . 
(36) 

Equations (36) is independent from the scattering 
lengths. The value of the integral proves to be 
5.14 10"3 A" 3 . 

The graphical presentation of eqn. (36) will be 
given below. 

This means in terms of the macroscopic densities 
F>r and F>M as well as the mean atomic weights 
<.4>r and (A)m: 

D r _ P M 

(A)r ~ (A)m • (25) 

For the mathematical treatment of (23), atom frac-
tions are more convenient than volume fractions. 
Therefore we introduce the Ni- and P-atom frac-
tions cNiR and CpR within the regions as well as the 
Ni- and P-atom fractions cNiM and cPM within the 
matrix. Then the following equations hold: 

C N i R + C P R = C R , ( 2 6 ) 

CNiM + CpM = CM , (27) 

c r + Cm — 1, (28) 

cNiR + C^iM = CNi-

CpR + CpM = Cp. 

C Ni + Cp = 1 . 

(29) 

(30) 

(31) 

Nickel with natural isotopic abundance (99.0%, 
Fa. Ventron) and the Ni-isotopes 60Ni and 62Ni 
(99.93%, Fa. A. Hempel) as well as phosphorus 
(99.999%, Fa. Ventron) were alloyed within a closed 
quartz crucible and then melt spun in He-atmo-
sphere onto a very well polished copper disc. The 
ribbon thickness was 20 pm. the ribbon width about 
1 mm. The ribbons were checked by wide angle 
X-ray diffraction for the absence of crystalline 
peaks, and their concentration was determined by 
an electron microprobe. The macroscopic density 
was determined using the Archimedian principle in 
dibromethane as 8.16g/cm3 corresponding to a 
mean atomic density of g0

 = 0-09A~3. The ribbons 
were wound around rectangular Al-frames in such a 
way that the ribbons hit by the beam (about 
1 x 1 cm2) had all the same orientation. 

The measurements were done at the small angle 
scattering equipment at the beamtube 7 of the 
reactor FRG 1 of the GKSS research centre. 



555 K. Schild et al. • Partial Structure Factors in the Small ^-Region with Amorphous Ni80P20 

Two cross-wise mounted position sensitive neu-
tron detectors were used which allowed to detect 
anisotropic effects produced by the melt spinning 
process. Two different distances of the sample to the 
detection plane were used, one with 6.5 meters and 
one with 1 meter. 

The wavelength /. of the neutrons used was about 
5.4 Ä thus yielding 0.006 Ä ^ Q si 0.27 A - 1 . Using 
this wavelength the first peak of the intensity curve 
does not occur within the angle range of 0 ^ 2 0 ^ 
180° thus avoiding the occurrence of double- and 
multiple scattering. For performing the evaluation it 
was necessary to measure the scattering without 
specimen, the background scattering, the Vanadium 
scattering etc. 

Results and Discussion 

i) Partial structure factors 

Figures 1 a and 1 b show the partial Bhatia Thorn-
ton structure factors as obtained parallel and per-
pendicular to the ribbon length. Starting with 
Fig. 1 a one can recognize rather different runs of the 
three partials. S N c is nearly zero along the whole 
^-region under observation. 

The partial Scc structure factor shows two regions 
with different gradients. As will be shown later, the 
run between 0.16 A - 1 and 0.27 A - 1 corresponds to 
particle diameters of 13 A. Since in this (7-region 
S N N remains constant one can conclude that these 
regions are caused by concentration fluctuations 
merely. This means that the concentration ratio 
cNiR/cPR within the regions has another value than 
within the matrix but that the mean density within 
the whole sample remains constant. 

Within 0.03 A" 1 ^ Q 0.05 A - 1 the run of S c c 

and SN N in Fig. 1 b is nearly parallel thus indicating 
regions which are caused as well by concentration-
fluctuations as by density-fluctuations and whose 
auto-correlation function will be determined later. 

In Fig. 1 also the values of S c c (0 ) , SN N(0) , and 
•SNC(0) as determined according to (6) to (8) are 
shown. In discussing these values one should keep in 
mind that they are not based on experimental data 
but on model calculations, as shown before, and on 
the other hand that the SAS-data obtained with 
very small Q"s may be influenced for example also 
by surface scattering effects. 

0.1 
ScclOK 
SNC(0)-

-01 

1 
1 

- ; I 

• ! \ N,8CP2Q 1 I 
\ 
\ 

\ 

/ . SNN 
. I\ > < • • • • 

1 I I SNC 
0 0.04 0.08 012 0.16 0.20 0.24 0.28 

Q [ A-1 ] 
Fie. 1 a. Amorphous Ni80P70: Partial structure factors 
• W 0 ) , SCC(Q) and S N C ( ß ) vs. Q (Q parallel to the 
ribbon length). 

0.9 

0.7 

5 0 5 

0.3 

0.1 
SCC(0) 
SNC(0) 

-0.1 

j I ; i : 1 : \ 
\ 

NI80P20 i L 

\ 
\ 
\ 

\ 

__SCC 
Snn 

/ 

0 004 008 012 016 0.20 024 0.28 
QlA-'l 

Fig. 1 b. Amorphous Ni80P20: Partial structure factors 
SNN (0> SCC(Q) AND SNC((?) VS- Q (Q perpendicular to 
the ribbon length). 

Concerning an anisotropic structure eventually 
existing within the specimens we can state the 
following: The three partial functions in Fig. 1 a and 
Fig. 1 b show nearly the same run, thus indicating 
isotropic behaviour with one exception, namely the 
start of the steep rise of S N N ( 0 which lies at 
0.02 A - 1 and at 0.04 A - 1 in Fig. 1 a and Fig. 1 b, 
respectively. Since, however, the corresponding 
Guinier plots of the two SN N-functions show no 
straight lines in this 0reg ions , no evidence can be 
drawn corresponding to anisotropy effects. This will 
be done in the following point iv) in which we 
discuss the run of the corresponding Fourier trans-
forms >'NNi_ and yNN . 

The smaller regions show an isotropic behaviour 
for Sqq and S N N as well. With increasing Q both 
functions continuously change over to those ob-
tained with the wide angle scattering experiments 
[6] which proved a rather strong compound forming 
tendency. 
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-i 1 1 T 1 ,005[—i—i—i—i—i—'—i—i—i 1—i 1—i—i—i—| 

.004- -i 

-1 2' 1 1 1 1 1 1 

-21 -2 2 -2 0 -18 -16 
tog (QI A"1]) 

Fig. 2. Amorphous Ni80P2q: log S m ( Q ) and log5Cc(ö) vs-
log£> in the smallest 0-region (Q parallel or perpendicular, 
respectively, to the ribbon length). 

-0 5r ;r 

- 2 . 1 -

-2 5 ^ - * i -L- • • • • . . . I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Q2 -10 [A"2! 

Fig. 3. Amorphous Ni80P2o: Partial structure factors 
In S c c ( 0 vs. Q2 (Q parallel and perpendicular, respective-
ly, to the ribbon length). 

ii) Figure 2 shows the log Scc vs. log Q and the 
log S N N vs. log Q plots within the smallest ^-region 
under observation together with a straight line re-
presenting the slope —3. Thus for Q < 0.03 A - 1 the 
same behaviour of S c c and SN N in perpendicular 
(_L) and parallel ( ) direction as well is obtained, in 
accordance with the results of other investigations 
already mentioned in the introduction. 

iii) Figure 3 shows the Guinier plot In SCc vs. Q2, 
which shows a linear run for 0.14A - 1 ^ ( 2^0 .27Ä - 1 . 
This run corresponds to a radius of gyration 
Rc = 6.5 A . 

iv) Figures 4a and 4b show the Fourier trans-
forms }'ij{R) vs. R calculated according to (15) from 
the partial structure factors of Fig. 1 a and 1 b in the 
(2-range up to 0.27 A - 1 . yjj(R) represents the spec-
trum of the corresponding correlation lengths. 

Fig. 4a. Amorphous Ni80P2o: Partial correlation functions 
7NNJ_W AR)D }'NN Dashed line: Run of YN N (R) 
enlarged 5.76 times. 

Fig. 4b. Amorphous Nig0P20: Partial correlation functions 
7ccx (R) and y c c (/?)• 

From Fig. 4a follows, especially when we regard 
the enlarged run of yNN (R) (dashed line) a slight 
shift to larger correlation lengths proceeding from 
7NN_L to Y N N . Anyhow, the correlation strength, i.e. 
the ordinate in Fig. 4a is more pronounced along 
the direction perpendicular to the ribbon direction. 
Regarding Fig. 4b we recognize that the center of 
gravity of the ycc (^)-curve is more shifted to 
larger /^-values than 7mN(R). 

v) Surface scattering occurs from scretches on the 
surface or surface roughness, which can from the 
point of view of small angle scattering also be inter-
preted as vacuum inclusions. Thus it becomes 
obvious that SNN and Scc caused from surface 
scattering must be identical. As Fig. 2 shows, this 
seems to be not the case for the present investiga-
tion since SN N is clearly separated from SNN±, 
S ccj_. and See • 
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/ / / CP,M 
0.21- / / / 

Q Y I / : 1 I 1— —L L J 
0 0 2 07, 0 6 0 8 10 

CR 
Fig. 5. Amorphous Ni8 0P2 0: Atom fraction cN i R vs. the 
atom fraction of regions c R . 

vi) Quantitative interpretation of the small regions 
with 13 A diameter 

From Fig. 1 we learn that the small regions which 
were in a former paper [1] ascribed to the regions 
predicted by a computer experiment of Egami et al. 
[17] have quite another origin. This is because in 
[17] the small regions are distinguished from their 
surroundings by internal short range stress which is 
connected with short range density variations. 
Figure 1 shows clearly, however, that at least for 
amorphous Ni80P2o these regions are caused ex-
clusively by concentration fluctuations. On the other 
hand, however, it must be noted that the calcula-
tions in [17] were carried out for monatomic systems 
and thus concentration fluctuations were not to be 
discussed. 

The evaluation of the quantitative method 
presented in section "Theoretical Fundamentals" 
yielded Figure 5. It should be mentioned that the 
calculation yields two similar curves (see [11]) 
which, however, are symmetrical concerning matrix 
and regions. Thus it is sufficient to discuss only the 
one curve presented in Figure 5. 

The diagonal area enclosed by the three hatched 
regions shows up those cNiR(cR) values which are 
"allowed" from physical reasons described by (21) 

to (36). Always on horizontal lines one can pick up 
the concent ra t ions C ^ R , CPR, CNIM< and CPM be long-
ing to a certain cR as shown as an example for 
cR = 0.50. 

It must be noted as pointed out above that by 
small angle scattering experiments it is only possible 
to evaluate the curve presented in Fig. 5 which 
represents all possible combinations of cencentra-
tions which satisfy (20). 

Searching for arguments to discuss one special 
example led us to the fact that apparently the first 
product during the crystallization of a-Ni80P2o is 
N I 7 5 P 2 5 (see [18], [19]). 

The ratio of the nickel and phosphorous con-
centrations within the very small regions of 
cNiR/cpR=3 thus seems to be a good choice. The 
numerical calculation yields the following figures: 
The whole specimen contains cR = 43.8 a/o regions 
with the composition cNiR = 32.85 a/o and cPR = 
10.95 a/o i.e. cNiR/cPR = 3 within a matrix con-
taining cjMiM = 47.15 a/o and cpm = 9.05 a/o i.e. 
CNiM/f'PM = 5.21. 

Regarding the overall concentration ratio of the 
specimen, namely cN i/cP = 4 it follows that 43.8 a/o 
of the whole specimen contains a lower nickel-
content than the average value and that the sur-
rounding matrix shows up a higher nickel-content 
than the average. 

As is obvious the consideration using Ni75P25 

regions is only an example and of course may not be 
regarded as a proof that the regions really existing 
within the investigated specimens are a preformed 
alloy Ni75P25 . 

At present we see as one possibility to determine 
the real, i.e. true combination of concentrations in 
Fig. 5 an ion probe experiment. As was shown by 
Piller et al. [20] with a-Fe4oNi4oB2o, it is possible to 
determine the concentration ratio within regions 
enriched in one component. Up to now, however, 
this method was not yet applied to a-Ni80P20-
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