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ABSTRACT

Ternary alloys of nickel-palladium-phosphorus and iron-
palladium-phosphorus containing 20 atomic % phosphorus were rapidly
quenched from the liquid state. The structure of the quenched alloys
was investigated by X-ray diffraction. Broad maxima in the diffraction
patterns, indicative of a glass-like structure, were obtained for 13
to 73 atomic % nickel and 13 to 44 atomic % iron, with palladium adding
up to 80%.

Radial distribution functions were computed from the diffraction
data and yielded average interatomic distances and coordination num=-
bers. The structure of the amorphous alloys could be explained in
terms of structural units analogous to those existing in the crystal-
line P4_P, Ni_P and Fe

3 3 3

palladium, A linear relationship between interatomic distances and

P phases, with iron or nickel substituting for

composition, similar to Vegard's law, was shown for these metallic
glasses.

Electrical resistivity measurements showed that the quenched
élloys were metallic. Measurements were performed from liquid helium
temperatures (A.ZOK) up to the vicinity of the melting points (QOOOK-
10000K). The temperature coefficient in the glassy state was very
low, of the order of 16470K. A resistivity minimum was found at low
temperature, varying between 9%k and 14°K for Nix-Pdso_x—on and

o o T .
between 17 K and 96 K for FeX Pd80-x on, indicating the presence

of a Kondo effect. Resistivity measurements, with a constant heating



rate of about 1.SOC/min,showed progressive crystallization above
approximately 600°K.

The magnetic moments of the amorphous Fe-Pd~P alloys were
measured as a function of magnetic fieid and temperature. True
Pd48-P20 and FehA-Pd36—P20
with Curie points at 165°K and 380°K respectively. Extrapolated

ferromagnetism was found for the alloys Fe32—

values of the saturation magnetic moments to 0°K were 1.70 Mg and

. i . 1 -Pd, .~ ‘
2.10 My respectively The amorphous alloy Fe23 Pd57 on was assumed
to be superparamagnetic. The experimental data indicate that phosphorus
contributes to the decrease of moments by electron transfer, whereas
palladium atoms probably have a small magnetic moment. A preliminary

investigation of the Ni-Pd-P amorphous alloys showed that these alloys

are weakly paramagnetic.
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I. INTRODUCTION

During recent years a growing interest has been shown in the
study of non-crystalline solids, which have been alternately qualified
as '"'glassy" or "amorphous'. The main difference between amorphous and
crystalline solids resides in the absence of long range order in the
amorphous structurel, although some type and degree of short range order

can generally be recognized2’3’4.

In this respect, glasses may be
characterized as supercooled liquidss. Differences between glasses
and supercooled liquids arise when other properties such as thermal
and electrical conductivities, density, etc. are considered. Hence,
glasses constitute a type of solids with specific characters differ-
entiating them from both crystalline solids and undercooled liquids.
Whereas silicate élasses have been known and investigated for
a long time, new developments have extended the field of amorphous
inorganic materials. Experimental techniques such as high vacuum

6,7,8,9

vapor deposition electrodepositionl0 and chemical deposition11

have been successful in yielding amorphous phases of normally crystal-

line materials., Direct attempts to obtain glasses by drastic cooling

12,13,14 . ates of about 106°C/sec, have been

successful in yielding glassy structures in Au-Sils, Pd-Sil6

from the liquid state

Fe-P—C17 alloys as well as in several tellurium base alloys (with
Ge, Ga, In)18. Glass forming in these rapidly quenched alloys seems
to be closely related to the existence of deep eutectics as well as

rather high viscosity in the liquid state. However, only rather



narrow ranges of composition have yielded amorphous structures in

these systems. This turned out to be a serious restriction in studying
the changes in the amorphous structure with compcsition as well as the
effect of composition on electrical and magnetic properties.

Alloys whicin would contain at least one strongly ferromagnetic
element (Fe, Co or Ni) and would give reasongble chances of structural
continuity with_changing composition were considered for this investi-
gation. The existence of rather low eutectics in the binary systems
Fe-P, Ni-P and Pd-P at about 20% atomic phosphorus (cf. Appendix I),
as well as the complete solid solubility of iron and nickel in palladi-
um, was an important criterion for starting the investigation of
Fe-Pd-P and Ni~Pd~P ternary alloys. Amorphous structures were success-
fully obtained by rapid quenching from the liquid state for Fe

137 P9677F20
to Fe, , -

m Pd36-P20 alloys and N113-Pd67-P20 to Ni73-Pd7~P20 alloys.

327 Fd,g Py and Fe,, ~Pdy-Po,

amorphous alloys. A study of the influence of composition on the

Strong ferromagnetism was shown in Fe

structure and properties of these amorphous Fe-Pd-P and Ni-Pd-P alloys

is the object of the present investigation.
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II. ALLOYS PREPARATION

A. Composition ranges and sintering

Ternary alloys of Ni-Pd-P and Fe-Pd-P were prepared from 99.99%
palladium powder from Engelhard Industries Inc., 99.9% nickel and
iron from Charles Harvey Inc., and red amorphous phosphorus from
Allied Chemical. The phosphorus was kept in a dessicator to prevent
it from being hydrated. After different trials, the composition in
phosphorus was set at 20 atomic % (except in one case were it turned
out to be only 15%), whereas the ranges of Ni-Pd and Fe-Pd were
explored. The extent of the range of compositions was from 13 to 73
atomic % nickel and from 13 to 44 atomic 7 iron, for reasons which
will be explained below. Samples of 2 to 8 g in total mass were
prepared from carefully weighed powders. A thorough mixing of the
powders was performed before agglomeration under a pressure of 60,000
psi. Phosphorus improved greatly the coherency of the pressed
briquets. These briquets were sintered in two stages, in order to
insure an optimum degree of bonding between phosphorus and the metallic
elements. The following procedure was found to be successful in
reaching this objective. The samples, placed in evacuated pyrex
tubes, were slowly heated up to 3500C and kept for two days at tempera-
ture. The pyrex tubes were subsequently opened to release whatever
gas pressure might be present, and the samples were placed in evacuated
quartz tubes. They were heated up to about SSOOC for two more days,
to complete the sintering process. The sintered briquets were then

melted in a quartz crucible under argon gas (induction furnace) and



the melted alloys were cast into rods by sucking the liquid alloy

into capillary quartz tubes 2 mm in diameter. The absence of reaction
between the melted alloy and the quartz tubes attested to the high
degree of bonding between phosphorus and metallic elements.

B. Quenching technique

The "piston and anvil" technique used to quench the alloys from
the melt is described in references 12 and 13 and a schematic drawing
of this apparatus is given in Fig. 1. The alloy is contained in a
fused silica tube 3 mm in diameter having a small opening at its
"bottom end. The alloy is melted by induction through the susceptor E.
The liquid globule is ejected by application of a small helium
pressure and quenching is achieved by squeezing the liquid drop
between the fixed anvil A and the moving piston B. Both A and B are
lined with copper=-beryllium discs C. When the globule is released,

it cuts a light beam between a source G and a photocell H and an
appropriate delay circuit triggers the release of the finger F which
retains the piston B, which is actuated by a gas pressufe of 200 psi.
The rate of cooling is of the order of 1060C/sec19. The resulting
samples are thin foils of about 2 cm in diameter, and 30 to 40 p in
thickness. Typical sample appearance is shown in Fig. 2. These foils
are suitable for X-ray diffraction investigations as well ‘as for
magnetic and electrical measurements. The "lace like' edges of the
foils can be directly used for transmission electron-microscopy,
though for such investigations it is preferable to thin down the

center of the foil, which is more representative of the bulk of the



"Piston and anvil" quenching device

Fig. 1.



Fig. 2. Typical quenched foil appearance



quenched sample.

C. Verification of the structure of guenched specimens

The main drawback of the piston and anvil technique resides
in the difficulty to duplicate exactly the‘rate of cooling from one
sample to the other, though the order of magnitude is usually main-
tained. Consequently, each quenched foil was checked by X-ray dif-
fraction with CuKa radiation and step scanning (one point every 20 =
0.05°). The foils were then classified as "good", "doubtful" and
"rejected". By "good" it was implied that the diffraction spectrum
exhibited no definite crystalline peaks (Bragg reflections) but
instead large amorphous bands. '"Doubtful' were the samples with some
evidence of small crystalline peaks superimposed on the amorphous
bands. '""Rejected" were samples exhibiting well-defined crystalline
peaks. In some cases, it appeared possible to suppress the crystal-
line peaks by removing a small layer from the top of the foil (about
1 to 5 p). This result seemed to indicate that some small crystals
might have been nucleated on the surface of the quenched globule,
during the early stages of the quenching. The lack of penetrating
power of CuKa radiation makes it particularly sensitive to surface
effects on the quenched specimen. As expected, MoKa radiation was less
sensitive to the presence of such surface crystallites. Consequently,
these two radiations were used concurrently to assert the truly amor-
phous character of the quenched specimens. Only some ranges of compo-

sition yielded amorphous diffraction bands. For Nix-PdBO-xPZO alloys



the range of x allowed varied from 13 to 73 (Pd consequently going
from 67 to 7 atomic %) whereas for FedeBO—xPZO the range appeared
smaller with x varying from 13 to 44 (Pd consequently ranging from
67% to 36 atomic %).

The chemical composition of some of the samples was checked
after quenching from the meit, and found very close to the initial
composition before sintering. Table I gives the result of the chemical
analysis performed on about 0.5 g to 1 g of quenched samples in each

case, as well as the complete range of amorphous structure in both

Fe~Pd-P and Ni-Pd-P systems.



TABIE I

AMORPHOUS ALLOYS IN THE IRON-PALLADIUM~-PHOSPHORUS

AND NICKEL~-PALIADIUM-PHOSPHORUS SYSTEMS

Alloy designation

Initial composition

before sintering

Actual composition

after quenching

(at.%) (at.%)

Ni Pd P Ni Pd P
NilB-Pd67-P20 13 67 20 - - -
N132~Pd53-P15 33 47 20 32.2 52.8 15.0
N143-Pd37-P20 43 37 20 42.8 36.9 20.3
N153-Pd27-P20 53 27 20 53.0 27.5 19.5
NiGB-Pd17'P20 63 17 20 62.2 16.5 21.3
Ni73-P7- P20 73 7 20 72.6 7.4 20.0

Fe Pd P Fe Pd P
FelB-Pd67-P20 13 67 20 - - -
F223-Pd57-P20 23 57 20 - - -
Fe32-Pd48-P20 33 47 20 32.4 47.6 20.0
F844~Pd36~P20 43 37 20 43.9 35.7 20.4
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ITI. STRUCTURE INVESTIGATION BY X-RAY DIFFRACTION

The amorphous Fe-Pd-P and Ni-Pd-P alloys under consideration
allow rather large variations of composition. Interatomic distances,
in these alloys, may be expected also to vafy substantially with
composition, yielding valuable comparisons with possible models.
Diffraction studies with X-rays are particularly suitable for investi-
gating disordered structures because of the informations they provide
on interatomic distances as well as on the average ligancy of the
atoms. The diffraction spe ctrum of amorphous alloys leads, after the
appropriate cdrrections, to an interference function. This function
can then be used, through a Fourier transformation, to yield an atomic
or electronic radial distribution function. This is a rather straight-
forward procedure in a monoatomic system, but requires some approxi-
mations in binary and ternary systems. In any case, the numerical
Fourier inversion of the diffraction data requires the use of a
computer. The program used for the computation of the radial distri-
bution functions (RDF) of Fe-Pd-P and Ni-Pd-P amorphous alloys is
described in appendix II.

A. Scattering of X-ravs by an amorphous solid

The total scattered intensity I (in arbitrary units), at a
given angle, consists of the coherently scattered intensity Ic plus
the modified intensity Iin(Compton scattering) and a background intensi-

ty I All of these are also affected by a polarization factor P(28)

b*
and an absorption factor A(20). It is given by the following equation:



-1 1~
I,(20) = [IC(ZG) + Iin(29) + I, (20)1P(26) A(20)

The most important term is the coherently scattered intensity Ic’ which
leads to the radial distribution function.after the derivations de-
scribed in the following paragraphs.

1, Scattering of X-rays by a polyvatomic system

The formula for coherent scattering was given by Debye20
under the assumption of equal probability for all orientations of
any given interatomic vector. The scattered intensity, in electron
units, is:
Ich(s) =z Z fnfm(Sln srnm/srnm) (1)
n m
where s = 4% sin 6/A and r oo is the interatomic distance between atom
n and atom m, the summation being extended to the entire solid.
Equation (1) can be rewritten as:
2

I, (s) = N[:E x. £, +Zx, Zf f, (sin sr../sr..)] 2)

ch ; 1i 1 i 1 i j ij ij
where N is the total number of atoms in the sample and Xy is the atomic
concentration of element i. 1In the present case i goes from 1 to 3
(that is P, Ni, Pd) and j means all the atoms in the system except
the chosen atom i. The atomic density functions pij(r), which
give the number of atoms of type j at a distance between ry and r,

r
from an atom i, can be introduced through the integral frz hﬁrzpij(r)
1

dr. The pij(r) are obviously spherically symmetrical by definition,
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which is consistent with the assumptions of the Debye's formula.

Equation (2) becomes:

™

2 .o 2
T h(s) = N E x £.° + ; xifilf Jo 4nr”f, p., (r)(sin srlsr)dr} (3)

where 1 = 1,2,3 and k

1,2,3 also, with 1=P, 2=Ni and 3=Pd. Intro-
ducing po, which is the average density of atoms, it is possible to

correct equation (3) in the following way:

Icoh(s)=N1:f xifi + f i x, f fk J Anrpik(r)(sin sr/sr)dr 4)

‘(f xifi)z I: 4nrpo(sin sr/sr)dr]

where the last term is the small angle scattering of the uniformly
dense material and is not experimentally observed: hence, it must be
subtracted from Ich to give Icoh’ which can then be related to the
experimentally observed coherent intensity. Finally, the structure

sensitive intensity is (per atom, in electron unit):

¥ + 2% x, £ £ /s Jj 4ﬂrp1k(r) sin sr dr

coh ik

(5)

2 @ .
-(? xifi) Jo 4ﬂrpo sin sr dr

All the fi and fk are functions of s, so that all the integrals in the

double sum depend on s in a different way. It is therefore impossible

to get the distribution function as a result of a direct Fourier
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inversion, as in the case of a monoatomic system. An approximate

22,2
solution was provided by W‘arrenz1 and has since been commonly used ~’ 3.

It consists of assuming that a reduced scattering factor fe(s) can be

defined and used for different elements such that:
fe(s) = fi(sz/Ki

where Ki is approximately equal to Zi, number of electrons of the

scatterer i. A typical selection is:
i 0s% = T S W Xy

This is usually a rather good approximation, as it was found in the

present investigation. Equation (5) becomes:

B g2 , P
s(Icoh(s)-'f x £.9)/f = ? x, ; KK [, 4nrp,, (r) sin sr dr

- xiKi)z J: 4ﬁrpo sin sr dr 6)
i

This equation shows that s(I (s) - & x f,z)/f ™ sI(s) is fhe
coh i ; B e

Fourier transform of:

2
lmr()i X, E KK Py () - (E x,K.)%p)

Performing the Fourier transformation leads to:

2 L0
aﬂrf xii KiKkpik(r) = 4ﬁr(§ xiKi) Pt 2/x Jo sI(s) sin sr ds (7)

Let: _ - - - 2
We) = dnr oy EREL By, 0 -~ E =80 0) (8)



= 1=

The maxima of the function W(r) will correspond to the average inter-
atomic distances. However, the interpretation of these interatomic
distances will require a more careful look at the distribution

function, since it is a weighed sum of partial distribution functions?a.

2. Radial distribution function, interatomic distances and

coordination numbers

Equation (8) can be rewritten as:
'

() =Z Zw,.p.. (r)
W(r) = 4nr(p(x) - p ) (X x_K_)z wilth i ; x TKik (9)
o i 11

2
Wi = % Ky K/ (513 x;Ky)

Hence p(r) appears as-an atomic density function which is simply
the weighed sum of all the partial density functions pik(r). The
actual radial distributién function is obtained by multiplying
equation (7) by r so as to yield:

@

2 2 . 2 2
oty (E xiKi) p(r) = 2r/x JCFI(S) sin sr ds + 4nr (f xiKi) Po (10)

The interatomic distances can be obtained by considering the maxima
of W(r), which is the Fourier transform of s I(s)6’23. It is W(r),
and not the final radial distribution function rW(r), which yields
the actual interatomic distances, as its peaks are left symmetrical
and unshifted by the use of modification factors such as l/fez(s) or

a damping factor exp(—asz) in the function s I(s). This also is a

25
consequence of the definition of p(r)—po' . However, some authors
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have sometimes considered the maxima of rzw(r) as meaningfu]?6 5
especially when the peaks of the RDF appear rather symmetrical. These
can be related to the center of the shell represented by the peak and
the mean interatomic distances given by this procedure will also be

considered. 1If there is a discrete peak in the RDF between r, and r

1 27
r
from the definition of po,pik(r) and p(r), the integral Jrz 4ﬂr2p(r) dr
1 :

can be related to the number of atoms at distances between rl and r2

from an atom taken as origin. Actually, the meaning of this number

appears more clearly by writing p (r) explicitly:

o 12 tar2o(e)ar = £ 5 "2
A_Jrl nr p(r)r_i_kwik J‘rl nropy, (r) dr

(r) dr = n that is the number of atoms k at a

ik?

r
Y
1

distance between r1 and r2 from an atom i. Then

A= LI Og gy (11)
{ &

1

In this expression, the n. are the coordination numbers, A is an
1

experimental quantity equal to the area under the peak divided by

= x_Ki)z, and the wik can be computed from equation (9). From here
i 1

on, the 0 can be obtained through certain assumptions or approxi-
mations. A rather frequent case is the one for which the peak in the
RDF is believed to be only due to ij pairs. Equation (l1) then reduces

to:

2
A = (n],_j xi + nji xj) Kin/(§ xiKi)
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which, if there is no short range order (nij/xj = nji/xi)’ reduces

further to:

P 2
A= 2 X, n1j K, Kj/(§ x; Ki)

Another assumption (which will be used later) is that of equal atomic

densities of j and k around atoms j and atoms k. Namely:

Pie ¥ P33 7 Py + Pre

njj + njk = nkj + nkk =n
Then the following relationships are verified:

n/(xj + xk) = njk/xk & nkj/xj = njj/xj = nkk/xk

It can be noticed that nkj = njj and njk = nkk’ which is consistent
with the hypothesis of no short range order for atoms j and k.
Equation (11) becomes then (assuming that only j and k atoms are
involved):
n(xil(i + X, Kk)2

(g + 1) @ %, k)2

& = (12)

One can therefore obtain from the area under the RDF curve, an average

coordination number n for the pairs (j or k) - (j or kfs. This reduced
formula (12) will be used later for Ni-Pd or Fe-Pd type pairs. In the
cases of overlapping distributions, assumptions are made on the rela-

tive importance of, for instance pij and pjk’ as it will appear later
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in the case of phosphorus as i, and j and k as Ni and Pd (or Fe and Pd).

3. Direct interpretation of the diffraction spectrum

The direct interpretation of the broad diffraction peaks

has sometimes been atﬁempted, but it has often been a deceiving, if

27,28
not completely erroneous " procedure. This can be readily seen

from the Debye's formula giving the coherently scattered intensity
(equation 1):

Ich(s) = i i fm(s) fn(s) (sin srmn/s rmn) (1)

where the summation is extended to all the atoms of the sample, and

T n is the interatomic distance between atom m and atom n. To obtain
the maxima of Ich(s), equation (1) must be differentiated, which
yields a complicated function depending on all the F oo Some simpli-

fications can be made, like neglecting the variation of the scattering

factor with s and considering only one interatomic distance r122’29.

Then : 4% sin elrllx = A, where Al = 4/E, E = 1.627 is the Ehrenfest's

constant and 4xn sin ellx = 5. is the value of s for which Ich(s) has

1
its first maximum. This relation is very approximate and a different
approach seems preferable. The interference function I(s), defined
in III-A.l1, is a function of the product sr only. Suppose that the
first maximum of I(s) occurs for s = sy for a given alloy. Then 84
verifies s, r = A , with a different A for each r__. Suppose
1 "mn mn mn mn
also that all the r - vary with composition according to the same law,
m v

for instance all the ratios rmm/rpq stay constant. For another alloy,

let r$n = (l4+a), and a be a small percentage. Then I(s) will have
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| = 1 ' ¥ s
its first maximum for s1 51/(1+a) and s1 will satisfy 81 Ton A

for all m and n. If such an hypothesis stands, it will then be

mn

sufficient to obtain only one L and the corresponding s this will

1°

' is known. Another immediate conse-

1

quence of such a situation will be the invariance of the ratios sl/sz,

give Amn’ and any r;n, provided s

51/53, etc. from one composition to the other. Reciprocally, if these
ratios are constant, it will be a strong indication of the invariance
of the ratios rmn/rpq from one composition to the other. The direct
interpretation may consequently yield valuable information on the
ratios of the interatomic distances, and on the interatomic distances
provided some of the interatomic distances are already known through
other channels such as the Fourier inversion of the interference

function, leading to the radial distribution function.

B. Experimental procedure

The thickness of the foils obtained by the piston and anvil
quenching method varied between 30 and 45 i. In order to avoid any
angular dependent absorption correction, several foils were stuck
together with duco-cement on a bakelite substrate. Table II gives
the mass absorption coefficients for the compositions investigated,
for both CuKa and Mo%m radiation. It can be seen from the values of
w/p, and the knowledge of the density of the alloys (around 9 g/cm3),
that only three or four foils were necessary in the case of MoKa
radiation, and more than necessary for CuKa radiation, to eliminate

the necessity of including an absorption factor in the present analysis.
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TABLE II

MASS ABSORPTION COEFFICIENTS OF THE Fe-Pd-P

AND Ni-Pd-P ALLOYS FOR CuKa AND MoKa RADIATIONS

Composition CuKa Mo%a
2 2
(at.%) W/ p(em™/g) | w/p(em™/g)

Ni Pd P

13 67 20 183.0 27.2
32 53 15 159.7 30.1
43 37 20 138.9 32.4
53 27 20 120.8 34.6
63 17 20 97.6 37.1
73 7 20 72.7 40.1

Fe Pd P

13 67 20 207.2 26.3
23 57 20 215.4 27.1
32 48 20 224.0 27.9

44 36 20 236.4 29.1
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The specimens so prepared were mounted on the sample holder of
a G.E. diffractometer with vertical axis. Two similar units were
used, one for MoKa radiation and the other for CuKa radiation. The
units were run under 45 kV and 38 mA, to provide a sufficient intensity.
The incident beam was collimated by a system of slits which allowed
different beam divergences. A LiF monochromator with double curvature

was placed in the diffracted beam to eliminate K the white spectrum,

B’
the fluorescent scattering30 and most of the incoherent scattering,
though not completely31’32. A combingtion scintillation counter and

pulse height analyzer was used as a detector. For the experiments
performed with MoKa leading to the determination of radial distribution
functions, the pulse height analyzer was adjusted to eliminate A/2,
which is let through the monochromator. The contribution of intensity
due to A/2 was checked to be of the order of 15 counts/sec to 10,000
counts/sec for Ka, which is indeed negligible (in the absence of pulse
height analyzer, the A/2 contribution was still small, though about

10 times the above value).

Since a complete scanning of the diffraction pattern of an
amorphous alloy required as long as ten days, the reliability of the
data depended on the stability of the intensity of the incident X-rays,
as well as that of the counter. First, the stability of the counter
was checked by using a radioactive source. Different levels, in the
range of intensity used for the diffraction experiments, were checked.
These tests showed stability within 1% for periods of time up to 120

hours. The same experiments were repeated with the Mo&x radiation
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and an amorphous Ni-Pd-P specimen. The same levels of intensity were
again checked and no appreciable fluctuations recorded for periods
of time up to 120 hours. For MOK'Cz diffraction experiments, the experi-
mental data were obtained with a rate of scanning of 0.02°/100 sec in
20. A printer gave a reading of the accumulated counts every 200
seconds, which yielded 25 prints/degree (20). The beam divergences
used were: TFor 20 going from 2° to 200: 0.1° divergence. Restart at
26 = 10° with 1° divergence and match curves on common range of 20
o o o o o

(10" to 207) until 20 = 62 . Restart from 48 with 3~ divergence,
with one data point every 1000 sec up to 160° and matching of the

o o
curves on the range 58 to 62 .

C. Treatment of data

In order to determine the coherent intensity in electron units,
the experimentally obtained intensity It(26) must be corrected for
absorption, polarization, fluorescent scattering, Compton scattering
and background. These corrected data must then be scaled to the units
of ? Xifiz for the computation of the interference function. Since
the specimens used for recording the diffraction patterns could be
considered as infinitely thick, the absorption correction is inde-
pendent of angle and can be included in the scaling factor. The pol-
arization correction is angle dependent and results in dividing the

experimental intensity by a factor P (28) such that:

P(20) = (L + cos® 2B cos® 28)/(L + cos> 28),
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where B is the Bragg angle for the radiation considered, incident on
a (200) plane of LiF. Actually, one need only take into account the
angular dependence of P(20) and the factor 1/(1 + cos2 2B) can be
included in the scaling constant.

In the present investigation, the fluorescent radiation is
practically negligible, as a consequence of the presence of the mono-
chromator in the diffracted beam, as well as the use of a pulse-
height analyzer with the counter. The use of a monochromator in the
diffracted beam introduces, however, some difficulties as far as the
evaluation of the Compton (or incoherent) scattering is concerned31.
This problem has been rather thoroughly studied by Rulandaz. Ruland
showed tﬁat the elimination of the incoherent scattering requires
the evaluation of an attenuation function Q (28) (or Q (s), where
s = 4n sin 6/ \). The determination of Q (s) requires a knowledge of
the "pass-band'" of the monochromator. The value of Q (s) decreases
with increasing s to become essentially negligible above a value of
s which depends on the integral width of the pass-band. However, Q
(s) depends on several unknown parameters, and we will only be able
to evaluate Q (s) Iin (s), where Iin (s) is the Compton scattering,
by approximations which will be justified by the good fitting of

o Ic(s) to ¥ X, f 2, as well as by the behavior of the Fourier

i
1
transform of s I(s) in the region in which r < 23. Experiments were
performed with the same apparatus on a monocrystal of silicon, and a

qualitative shape of the variation of Q (s) Iin (s) was deduced from

these experiments. A similar variation was assumed to hold for the
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Fe-Pd=-P and Ni-Pd-P alloys, and a trial and error process was used
to adjust the contribution of the incoherent scattering (cr. III-D).
The background electronic noise was substracted from the measured
intensities. For 20 angles less than about 100, the background
increased with decreasing angle because of the divergence of the
incident beam. Measurements below 10° were considered unreliable and
the experimental intensity curve was extrapolated to zero at 20 = 0°.
The scaling of the experimental data to electron units was
performed on the coherent fraction of the experimental scattered

intensity. The atomic scattering factors were corrected for anomalous

dispersion. That is:

Fh
]

fo + Af' + 1 AfY

and

1l

HE (£, + b £y 4 (4 £v)2

The values of fo’ A f' and A f" were taken from reference 33 and
checked with the values given in the International Tables for X-ray
Crystallography34. The experimental corrected intensity Ic(s) was
scaled by making use of the fact that Icoh(s) - f xifiz converges
toward 0 for large enough s (that is, interatomic interferences become
negligible at high angles). This procedure has been most commonly
used by earlier investigators of liquid and amorphous structureszs’35
and is quite appropriate when experimental data can be obtained up to

s = 10 X_l and above. This is the situation with MoKu radiation, for

which s goes up to 17.4 R-l for 20 = 160°. A fitting factor & can be
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ifiz(s) for s = 13‘2-1 to s = 17.4 2-1.

found such that: o (s) Ic(s) = ? x
Provided all the corrections have been done properly, the fitting is
quite good. One must especially look for drifts in @ (s) as indi-
cations of errors in Ic(s). An average value is taken for @ at the
conclusion of the scaling process. The function s I(s) which is then
going to be Fourier transformed is finally: sI(s) =s(u Ic(s)-§ xifiz(s))/
£ 2(s).

The Fourier inversion of s I(s) was done on a 7094 IBM computer
through a program written in Fortran-IV language (see Appendix II). The
intervals in s values were taken small enough so that As < ﬁ/rmax’rmax
being the distance beyond which the RDF has no significant variation336
In the present case, Faking T oax ~ 20 R, led to A s < 0.16 R-l which
was well satisfied over the whole range of s values. Plots of the

fitting of.IC(s) to X xifiz’ of I(s8), of the Fourier transform

Ki) = W(r) and of the final RDF were provided

4nr(p(r)-p ) (? x,
1

together with the printed output of the program.

D. Error treatment

Several causes of errors can greatly diminish the amount of
information yielded by the radial distribution function, especially
with respect to the determination of coordination numbers. These
errors are mainly normalization (or scaling) errors, errors on the
scattering factors and termination errors. Several authors have dis-
cussed the errors involved in the determination of radial distribution
functions, but reference is mainly being made here to the extensive
30 ’

review of Kaplow et al. The causes of errors in the RDF (or in
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W(r), the Fourier transform of s I(s)) are numerous and are always
present. However, each type of error usually has some specific
features which make it recognizable. Also, the relationship of
Fourier transformation which relates s I(s) and W(r) is of great use,
as the back Fourier transformation of corrected W(r) can be used to
check s I(s) and eventually trace down the range of erroneous data,
®

In the following argument, F(s) = s I(s) and W(xr) = 2/=x J; F(s) sin
sr ds , as previously defined.

Considering first the normalization error, let the error on O

be A, The resulting error AF(s) on F(s) is then:

AF(s) = s Ax Ic(s)/fez

or 9 9
AF (s)=(bot/a)F (8) + s (Z X, fi /fe Yo/
i

The resultant AW(r) is then the true W(r) multiplied by Ax/a, plus the

transform of a ramp of slope (& xi Kiz) Mofoe. The transform of such a
i

ramp has the form:

Aw(r) = M/a (? xiKiz) [}sin S r/rz-sm cos smr/r ]

where S is the upper boundary of integration in the Fourier integral,
The analytical behavior of AW(r) with r is shown in Fig. 3, for

Ni as an example (Ac/a = 0.01).

32779537 15
The effects of errors on the scattering factors were specifical-
ly studied in reference 30. The present case, however, is more compli-

cated due to the use of the reduced scattering factor fe(s). This is
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only an approximation and, consequently, will necessarily generate
some error. An error of the form AF(s) = €(s) s & Ic(s)/fez(s) is
rather likely, with €(s) being a slowly varying function of s. The
error AF(s) can also be expressed as AF(s) = €(s) F(s) + (¥ xiKiz)s
€(s). The first term of the transform of AF(s) will consiit of the
convolution of the cosine transform of €(s) with the true W(r), which,
if €(s) varies slowly, will only be comparable to a change of scale.
The second term will, as in the case of normalization error, give a
transform with its most significant features obtained for small value
or f, and dying off rather rapidly.‘

Termination errors arise from termination of experimental
data at s = Sh instead of s = ®. They are maximum around the main

peak portion of the RDF23’37

and usually quite small if M is large
enough (which is our case, with - 17.4 R_l for Moﬁm radiation).
But the use of fe2 (s) in the interference function I(s) amplifies
the oscillations of s I(s) at large values of s and consequently in-
creases the termination errors.

The procedure of error corrections made use of the fact that,
physically, no interatomic distances smaller than approximately 2 )3
can exist. Consequently, for r < 2 X, the function W(r) should be
equal to -hﬂrpo(? xiKi)z' Such a function is a straight line in a
plot of W(r) ver;us r. Any deviation from such a straight line is an
indication of error and it is possible to recognize the type of error

involved. 1In the present investigation, the errors were found to

consist mainly of scaling errors and errors at large values of s, due
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to the sharpening effect of fez(s). A commonly used procedure to
reduce the influence of errors at large s is the use of an artificial
"temperature' factor exp(-asz), so that the funétion which is Fourier
transformed is s I(s) exp(-asz). The value of a is usually chosen of
the order of 0.0l1, so that the exponential factor does not affect too
much the main peaks of s I(s). The use of a temperature or damping
factor whereas it compensated spurious details due to errors at high
s, also decreased the resolution of the final W(r) and rW(r) though
it did not affect the 1ocatioﬁ of the maxima of W(r) and the area
under the peaks,6’23 but simply modified the peaks width and height.
The scaling errors, which could sometimes be large due to an unprecise
knowledge of the incoherent scattering going through the monochromator,
were corrected in the following way: a trial and error method was
used to adjust the contribution of the incoherent scattering such

that o Ic(s) would give a good fitting along f xifi2 and the final
transform W(r) would show only reduced oscillations along the straight
line -énrpo(? xiKi)z' When the spurious details at small r became
small enoughlto indicate no important error on ¢, the procedure was
stopped. In some cases, an additional verification was performed:

the small r part of W(r) was approximated to a straight line and a
Fourier inversion performed giving F'(s) = JimW(r) sin sr dr if
F'(s) was reasonably close to F(s) (apart from an inevitable termi-
nation effect)W(r) and subsequent r W(r) were the accepted distribution

functions for the composition investigated. An additional error was
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always present, due to the uncertainty on po, the atomic density.
From experimental measurements, the value of po was known with an
uncertainty of + 5%.

1. Nickel-palladium-phosphorus alloys

Six different compositions were investigated (cf. Table I).
For two of them, MoKa radiation was used and the diffraction patterns
were analyzed to yield electronic radial distribution functions. For
the other compositions, CuKa radiation was used for the diffraction
experiments and the pattern was restricted to the first amorphous
band.
Diffraction experiments with MoKa radiation were performed on
Pd. . P and Ni__Pd, _P alloys. The uncorrected diffraction

NigoPdgaPyg 535927820

pattern for Ni,,Pd_.P is shown in Fig. 4, as an example. Several

32753715
amorphous bands (or peaks) are easily recognizable. A comparison of

the diffraction patterns of these two Ni-Pd-P amorphous alloys reveals
that the amorphous peaks are displaced towards larger values of 26 with
increasing percentage of nickel. The fitting to X x

i
i
corrected coherent intensity is shown in Fig. 5 and the resulting

f.2 of the
o

interference function I(s) is plotted in Fig. 6 (in both cases for

Ni , as an example). All the numerical results for both

43 "Flgg Py g

Ni and Ni -Pd27-P20 are gathered in Table III, concerning

32 Fd537P5 53

both the actual diffraction spectrum and the interference function.

The Fourier inversion of F(s) = s I(s) was performed according to the
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TABLE III

VALUES OF 29 AND s CORRESPONDING TO THE TWO

FIRST PEAKS OF THE DIFFRACTION PATTERNS AND

TO THE MAXIMA OF THE INTEREFERENCE FUNCTIONS

(MoK , RADIATTION)

Composition Ni32-Pd53-P15 N157-Pd23-P20
20 (deg.) 18.70 19.35
First peak -1
s ) 2.888 2.961
Half width of
3.25
first peak (29) 2.95
26 (deg.) 32,15 33.18
Second peak o=1
s(A ) 4.90 5.07
Successive
maxima of I (s)
1st 2.890 2.980
2nd 4,92 5.11
3rd 7.32 7.50
4th 9.66 9.87
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description given in III-C. The resulting functions W(r) and r W(r)

are shown in Fig. 7 and 8 for the Ni_, -

32 Pd53-P15 alloy, and in Fig. 9

for NiSB-Pd27-P20' The interference function of NiSB-Pd27-?20 was

multiplied by a temperature factor exp(-0.01 52) (cf. ITII-D) to

correct the oversharpening effect of 1/fe2' The radial distribution

function of N153-Pd27-P20

obtained for N132'Pd53-P15

ture factor. The upper value in r was chosen to be 10 8 for practical

shows consequently less details than the RDF

which did not require the use of a tempera-

purposes, since a sufficient number of interatomic distances are
smaller than 10 . 1In both cases, the theoretical straight line
-4nrp0 (f xiKi)2 is shown on the graphs of W(r). Spurious oscil-~
lations can be observed for r < 2 X, on all W(r) plots, corresponding
to remaining small errors. Their amplitude is however small and, as
it can be seen on the plot of W(r), these spurious oscillations seem
to be damped rather fast with increasing r. As it was explained in
III-A.2, the inferatomic distances can be either related to the radius
of symmetry r of the function W(r) or to the radius r' corresponding
to the maximum of r W(r). Both r and r' are given in Table IV. The
third peaks are rather ill defined and the values given are only
approximate.

The area under the first peak of the RDF has been evaluated in
each case by using a gaussian approximation. This procedure, as it
appears in Fig. 10 for Ni32-Pd53-P15 as an example, gives a satis-
factory fitting of the first peak of the RDF6’26. In addition, the

width of the peak at half height gives an indication on the mean square
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TABLE IV

INTERATOMIC DISTANCES IN N132-Pd53-P15

AND N153-Pd27-P20 AMORPHOUS ALLOYS

Composition NiBZ_Pd53-P15 Ni53-—Pd37-P26

Successive peaks r(x) ' &) (&) r'(g)
in the RDF

1st 2.79  2.81 2.72 2.74

2nd 4.62 4,65 4.52 4.57

3rd (5.40) (5.36) (5.17) (5.13)

4th 6.90 6.94 6.75 6.83
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deviation of r (or r'), assuming always a gaussian approximation. Then

the first peak can be analytically represented by:

r W(r) = [ A1 exp (- (r-rl)2/4(0’1+a))]/lt41f(0'1+a)]%

where 201 is the mean square deviation of r,

2
constant in the temperature factor exp(-as ), when such a factor is

and a(= 0.01) is the

used to counterbalance the oversharpening due to llfez(s). The area
under the first peak, 1is then Al' Hence, if B is the width at half

height, the following relationship is verified:

a2 2
201 = Aﬁ_ = (B"/8 Log 2)-2a

1
Average values for A, and (ll\x:f)_g are listed in Table V, together with

1
the coordination numbers for the first atomic shell. The average
coordination number, Nm’ was computed under the assumptions that all
types of pairs were contributing to the first peak and that there

were equal atomic densities of Ni, Pd and P atoms around any atom

(cf., III-A.2). Consequently, Nm was defined as:

2
X4)

Nm = A1/(§ X
The metallic coordination number, Nme, was computed by subtracting
the contributions due to phosphorus-metal and phosphorus-phosphorus
pairs. This was performed by assuming that the ligancy of phosphorus
was equal to 9, as in most transition metal phosphides rich in meta138.

The value of Nme was then computed by direct application of equation

(12) (cf. ITT-A.2). An errvor of about + 0.5 atom on Nm and Nme was
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TABLE V

COORDINATION NUMBERS, RATIOS OF s VALUES AND OF INTERATOMIC

DISTANCES IN N132'Pd53-P15 AND Ni53-Pd27-P20 AMORPHOUS ALLOYS
Composition N132-Pd53-P15 NiSB-Pd27-P20
Al(electronsz) 16000 12300
&;?)% 0.22 0.23

N 12.7 + 0.5 18,3 o 0,3

Nme 10.5 + 0.5 10.1 + 0.5
Ratio si/s1

1 1.00 1.00

2 1.70 1.70

3 2.53 2.52

4 3.34 3.32
Ratio ri/r1

1 1.00 1.00

2 1.655 1.660

3 1.90 1.89

4 2.47 2.48
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considered likely, due to the remaining errors in the experimentally
determined distribution functions W(r) and r W(r) and to the error

on
po

It appeared of interest, in the light of the remarks made in
IIT-A.3, to compute the ratios of s values corresponding to the maxima
of the interference function I(s), and the ratios of interatomic

distances, which were determined by taking the average value of r and

r'. The references were 51 and ri»

in I(s) and in the distribution function respectively. These succes-

corresponding to the first maxima

sive ratios are also given in Table V.

All Ni-Pd-P amorphous alloys (6 compositions) were used for
diffraction experiments with CuKa rgdiation, using the same diffracto-
meter as for the experiments with MoKa radiation. Only the first
amorphous band was recorded, as this appeared to be sufficient to
investigate the influence of large variations of composition on the
diffraction pattern, and subsequently on the interatomic distances.
For increasing values of the ratio Ni/Pd, the first amorphous peak
decreased in intensity and was shifted towards higher angles. The
results of the investigation with MoKa radiation, showing rather

constant ratios of ri/r together with an invariance of the ratios

1

si/s1 with varying compositions, led to make use of the argument

1r1 was calculated for NiBz-PdSB-PlS

and was found quite constant and equal to 8.11 + 0.02,

developed in ITI-A.3. The product s

and N153-Pd27-P20

The relation: s.r., = 8.11 was used to compute T

1%1 for all 6 compositions.

1
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As previously defined, S1 is the value of s at the first peak of the
diffraction pattern and can be taken as a good approximation of s for
the first maximum of the interference function.

.The results are given in Table VI and the variation of ry with
composition is shown in Fig. 11, The linear dependence of r with the
ratio Ni/ (Ni+Pd) where Ni and Pd are in atomic %, appears quite clearly,
except for the NiSz-Pd53-P15 alloy ?hich gives a value of rl smaller
than expected. This is not surprising, considering that this alloy
contains only 15 atomic % phosphorus compared with 20 atomic % for the
other compositions. This result suggests that the Ni-Pd-P alloys
present some strong structural similarities with the transition metal
phosphides. 1In these phosphides, homogeneity ranges exist around the

; : . 38,39
stoechiometric composition

, and the average interatomic distances
decrease with decreasing phosphorus content, probably because of a

better packing of the metallic atoms. A point corresponding to N183P17

amorphous electrodeposited Kanigen nickel studied by Guinieret al.11 is

also shown in Fig. 11,

2. Iron-palladium-phosphorus alloys

Three different compositions were investigated. The alloys
FEBZ-Pd48-P20 and Felm—Pd36-P20 were both studied with MoKa and CuKa

radiations, whereas the alloy Fe was studied only with CuKa

23"Fd577Fa0
radiation. The diffraction experiments performed with MoKa radiation
on Fe32-Pd48-—P20 and Fe44-Pd36-P20 showed several amorphous peaks, as

in the case of Ni-Pd-P alloys. The position of these peaks was also
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TABLE VI

s VALUES FOR THE FIRST AMORPHOUS PEAK AND

FIRST INTERATOMIC DISTANCE r

IN NICKEL-

PALIADIUM~PHOSPHORUS AMORPHOUS ALLOYS

Composition Sl(X-l) rl(g)

Ny 5Bl Fi 2.79 2.90+0.01
Ni32-Pd53—P15 2.89 2.80+0.01
Ni, 5-Pdy B 2,92 2.78+0.01
ML ,~Pdyo=Pyq 2.98 2.73+0.01
N163~Pd17-P20 3.02 2.68(5)+0.01
Ni_.-Pd- P 3.07 2.64+0.01

73 7 20




-4 5-

*shoTie snoydiowe J-pJ-IN UI 90UBISTIP OTWOIBISIUT sioqydriau 3ssa®eN 11 ‘S14
Pd+IN
o'l 60 80 L0 90 G0 0 £0 20 1’0
| | | | | | 1 | 1
v i
nrlllln* n
B +/+ 1 ]

17
v
Ge
92
Le
8¢
6¢
o¢
I'E

A

ee

()"



-46-

displaced toward larger values of 20 (or s) with increasing percentage
of iron. Table VII gathers the numerical results with respect to the
diffraction patterns and to the maxima of the interference function
I(s). The Fourier transformations leading to the radial distribution
functions were performed in the same way as for the Ni-Pd-P alloys

(cf. ITIT~A). The resultant distribution functions W(r) and r W(r)

are given in Fig. 12 and 13, 1In both cases a temperature factor equal
to exp(~-0.01 sz) was used in an effort to reduce the oversharpening
effect of 1/fe2. The values of r and r', referred to W(r) and r W(r)
respectively, are given in Table VIII for the first four atomic shells.
As in the case of Ni-Pd-P alloys, the fitting of the first peak of

the RDF to a gaussian shape was quite satisfactory. The coordination
numbers Nm and Nme’ as well as the mean square deviation_E%? are defined

as in TII-E.l1. These numbers, as well as the ratios si/s and ri/r

1 1

are given in Table IX.

Only the first amorphous peak was recorded in the experiments
performed with CuKa radiation. This first peak is shown in Fig. 14
for the three compositions investigated. As expected, the amorphous
band is displaced towards larger angles and decreases in intenstiy
with increasing iron content. As in the case of Ni-Pd-P alloys, the
good invariance of the ratios ri/r1 and si/s1 led to establish a

relation between s, and Ty (cf. ITI-A.3). For the Fe-Pd-P alloys,

1

this relation was: 8,F = 8.08. This relation was used to compute

for the alloy Fe_,,-Pd__-P__. The results for all three compositions

. 23" "57 20

1



-47-

TABLE VII

VALUES OF 26 AND s CORRESPONDING TO THE TWO FIRST
PEAKS OF THE DIFFRACTION PATTERNS AND TO THE MAXIMA

OF THE INTERFERENCE FUNCTIONS (MoKa RADTATION)

Composition FeBZ_PdAS_PZO Feaa'Pdss'on
26 (deg.) 18.58 18.77
First peak -1
s®™H 2.851 2.887
Half width of
first peak (26) 2,84 %02
20 (deg.) 31.81 32.04
Second peak 1 :
N 4.85 4.88
Successive maxima
of I(s)
1st 2.85 2.88
2nd 4.89 4,92
3rd 22 7.28
4th 9.55 9.60
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TABLE VIII

32" P48 P20

AND Fehh-Pd36-P20 AMORPHOUS ALLOYS

Composition Fe32—Pd48—P20 Fe44-Pd36-P20
—;:;cessive peaks

in the RDF &) r' ) r (&) r' (&)

1st 2.82 2.855 2,775 2.825

2nd 4.66 4.70 4.675 4.685

3rd (5.38) (5.35) (5.25) (5.28)

4th 7.03 7.20 6.97 7.20
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TABLE IX

COORDINATION NUMBERS, RATIOS OF s VALUES AND

OF INTERATOMIC DISTANCES IN Fe32-Pd48-P20
AND Fe44-Pd36-P20 AMORPHOUS ALLOYS
Composition Fe32-Pd48-P20 Fe44-P436-P20
A, (electrons®) 14700 14000
—5 1
(be)® 0.24 0.23
N 13.240.5 14.6+1.0
N 10.240.5 11.6+1.0
me - -
Ratio s./s
i'’71
1 1.00 1.00
2 1.71 1.71
3 2.53 2.53
4 3.37 3.33
Ratio ri/r:1
1 1.00 1.00
2 1.66 1.67
3 1.90 1.87
4 2.52 2:5%




1000

INTENSITY (cps)
s
O

30 34 38 42 46 20

Fig. 14. First amorphous peak in Fe-Pd-P amorphous alloys:
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Fe,s P36 F 20
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are given in Table X and plotted in Fig. 15 versus the ratio
Fe/ (Fe+Pd). As in the case of Ni-Pd-P alloys, a linear relationship

with composition can be recognized.



Sl

TABLE X

s VALUES FOR THE FIRST AMORPHOUS PEAK AND

FIRST INTERATOMIC DISTANCE ry IN IRON-

PALLADIUM-PHOSPHORUS AMORPHQUS ALLOYS

Composition sl(Xhl) rl(g)
Fez3-Pd57'P20 2.82 2.87
Fe32_Pd48-P20 2.85 2.84
Fe44-Pd36-P20 2.88 2.80




-55-

*sfo11®

Ol

snoydiowe J-pd-2J UT 9OUP3ISTP DIWOIBIDIUT Sioquys8Tau 3saieaN ‘G °

Pd + 24
o4
60 80 /O 90 €SO

0
_

| 1 1 1 I

G'¢

9¢

Le

8¢

62

o¢

2t

()



~56-

IV. ELECTRICAL RESISTIVITY

The amorphous alloys which are the object of this investigation
exhibit rather characgeristic transport properties. The study of
electrical resistivity and specifically its variations with temperature
and composition, is of particular interest. The presence of ferro-
magnetic elements (Fe and Ni) in thése alloys suggested low temperature
experiments in order to investigate whether or not a Kondo effect existed
in these alloys. High temperature resistivity measurements yielded in—
formations on the transformation from the amorphous to the crystalline
state. Direct comparison of parameters such as temperature coefficient
of resistivity and residual resistivity of amorphous and crystalline
phases was also obtained.

A. Experimental procedure

Small rectangular samples of about 15 x 5 mm were prepared by
electro-discharge machining of amorphous foils under o0il. Current
and potential leads made of 0.063 inch in diameter nickel or platinum
wire were spot welded on the specimens. The currents and potentials
were measured, by a null technique. Only potentials were measured,
the currents being obtained from the potential drop across a standard
résistor of 0.1Q, Thermal gradient effect were minimized by current
reversal. The resistivity measurements are presented on a relative
scale and are given as a fraction of the resistivity of the amorphous
phase at room temperature. Consequently, if p(T) is the resistivity

at a temperature T, the relative resitivity r(T) is defined as
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p(T)/p(294°K). A few absolute resistivity measurements were performed
at room temperature on samples representative of each composition. The
dimensions of these samples were carefully determined by use of a
microscope equipped with a filar eyepiece. Precision was about + 3%
on thickness and + 2 to 4% for the other dimensions, yielding about
+ 107% error on the absolute value of the resistivity.
B. Results

The Ni-Pd-P and Fe~Pd~P amorphous alloys investigated showed
metallic conduction. At room temperature their electrical resistivity
was between two and three times the resistivity of the corresponding
stable crystalline phases obtained by annealing at temperatures
around SSOOC, for periods of time ranging from one day to one month.
The values obtained for the resistivity of the amorphous alloys ranged
from 100 to 175 pQ-cm for the Ni-Pd-P alloys and from 160 to 180
ui-cm for the Fe-Pd-P alloys. The dispersion of values was too large
to show clearly the influence of composition. However, in the Ni-Pd-P
system, which offered the largest range of compositions, the largest
value (175 pQd-cm) was obtained for the alloy Ni

-Pd27-P2 and the

53 0
resistivity seemed to decrease on both sides of this composition. The
order of magnitude of these resistivity values is the same as that
previously reported for amorphous Pd-Si40 and Fe-P-C17 alloys. They
also compare favorably with the resistivity of both irom and nickel

measured just above the melting point (110 pQ-cm and 85 pQ-cm respec-

tivelyhl).



_58_

1. Low temperature measurements

The most striking feature of the behavior of the resistivity
of Fe-Pd-P and Ni-Pd-P alloys at low temperatures was the occurrence
of a minimum in the resistivity curve. This minimum appeared at
temperatures ranging from about 99K to 960K, depending on the system.
Moreover, for temperatures bétween the minimum temperature (Tm) and
about 140°K - 150°K, r(T) assumed a T2 behavior. Typical low tempera-
ture behaviors are illustrated in Figs. 16 and 17 for Ni-Pd-P alloys
and in Figs. 18 and 1§ for Fe-Pd-P alloys. The existence of a
resistivity minimum, and the presence of iron and nickel in the systems
under investigation, led to consider a possible Kondo effect. There-

fore r(T) was tentatively approximated by a function of the form:
2
@Y=, BT % Aro- o Log T (1)

with L Aro, o and B depending only on the composition and the
structure of the amorphous alloy. The determination of these param-
eters was performed by plotting r(T) versus T2 to obtain LR and B, and
then by plotting the difference r(T)—ro- BT2= rZ(T) versus Log T.
Examples of such plots are given in Figs. 20 and 21 for Ni-Pd-P alloys
and Figs. 22 and 23 for Fe-Pd-P alloys. Several samples of each compo-
sition were used for low temperature measurements, and the dispersion
in experimental results was probably due to small differences in
structure from one sample to the other. Tables XI and XII summarize

the experimental results for Ni-Pd-P and Fe-Pd-P systems respectively.
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Fig. 20. Relative electrical resistivity versus T2 of four

specimens of amorphous N132-Pd53-P15.



-64-

50

30

rp(T)X 105

L l§p A SN EEE!
2 o 10 20

T (°K)

Fig. 21. Residual relative resistivity versus Log T for

four specimens of amorphous N132-Pd53-P15.
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Fig. 22. Relative electrical resistivity versus T2 of six

specimens of amorphous Fe32-Pd48-P20.
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Fig.
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Residual relative resistivity r2(T) versus Log T for
six specimens of amorphous Fe32-Pd48-P20.
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These tables give C, B, r, as well as Tm and r(Tm) =T, Also given
is Ar = r(S.O)-rm, which is a measure of the depth of the minimum.

Without anticipating the discussion, the following remarks can
already be made. First, though all the amorphous alloys showed a
minimum, the effect is strikingly more pronounced in Fe-Pd-P alloys.
This can readily be seen by comparing the Ar which are about 10 to 100
times higher in the Fe-Pd-P alloys than in the Ni-Pd-P alloys. For
all the alloys, r(T) showed a reasonably good fit to equation (1),

but the dispersion was quite large as it appears in Fe32— for

Pdg-Fa0
instance (cf. Figs. 22 and 23). No noticeable law of variation for

o, T and r . appeared in Ni-Pd-P alloys. For Fe-Pd-P alloys both & and T
m m

decreased from FeZB-PdS7-P20 to Fe44-Pd36—P20’ but the large dispersion
of data for these compositions prevented from checking accurately the
composition dependence.

2. High temperature measurements

The high temperature resistivity measurements were performed
at constant rates of heating of approximately 1.2 to 2.OOC/min. Under
these conditions the resistivity vs. temperature curve of all the
amorphous alloys had the same general shape. The resistivity increased
with temperature, with a small temperature coefficient of the order
of 10-4/00, until a crystallization temperature tcr was reached. At
this temperature the resistivity dropped sharply at first, then
reached a minimum before increasing again up to the melting point of

the alloy. Typical behaviorsof r(t) with t are given in Fig. 24 for
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Fig. 24. Relative electrical resistivity of six Ni-Pd-P
amorphous alloys measured with an average heating
rate of 1.5°C/min,
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Ni-Pd-P alloys. Only one composition (Fe 0) was investigated

337F477P,
for the iron-palladium-phosphorus system (cf. Fig. 25), as attempts

to investigate FeM}-Pd36-P20 alloy were deceived by the great brittle-
ness of foils of this composition. Table XIII summarizes the important
data for the alloys studied. For each composition, the following
characteristic parameters are given: temperature coefficient u, de-
termined between 20°C and 220°C; crystallization temperature tcr’

with its dispersion Atcr, and temperature tN’ which is related to the
small increase in resistivity which appears for most Ni-Pd-P alloys
shertly before crystallization. More precisely tN is the temperature
characterizing the beginning of this anomalous deviation from a linear
relationship of the type r(t) = 1 + p t, prior to the crystallization
itself. From the data of Table XIII, it appears that tCr is rather
well defined, varying between 3050C, and 340°C for all the amorphous
alloys. For slow rates of heating (10 to SO/min), tcr did not vary
appreciably. The existence of a small increase in the resistivity
prior to crystallization was found in Ni-Pd-P alloys only. This puz-
zling behavior has been noticed in other amorphous alloys42 and a
tentative explanation will be given in the discussion. The temperature

t.. is characteristic of this pre-crystallization stage: usually tcr-t

N N

is the order of 20°C to AOOC. The possible reversibility of the pre-
crystallization stage was investigated, by stopping the heating at

temperatures intermediate between t _and t o for a Ni__-Pd__-P alloy.
C

N 32 53 20

Whereas the truly amorphous range (< tN) showed reversibility, cooling



-7

utw/9 ST 3o 2381 gutjeay =23BIaA® UB UIIM

poanseau AO]T® owm-m¢vm-wmmm snoydIiow® u®B Jo A3TATISTSaI TBOTIIDS9T2 ATIBISY  'GC *814

(Do) L
oam Omm O@m om¢ ooq omm 00m Omm 00c 06l OQ_ nmm 020

10€0
10%0
0s0
090
RL0 ~
080
060
00|
Ol'l

Oc¢ |




~73.

TABLE XIII

ELECTRICAL RESISTIVITY OF AMORPHOUS Fe-Pd-P

AND Ni-Pd~P ALLOYS ABOVE ROOM TEMPERATURE

. o 4 o

Composition w(/ c)xl0 tcr( c) &g
Ni,,~Pd ,=P) 1.5 - 3.0 335 (+10) 290 (+10)
NL, Pl 1.4 - 0.4 305 (+5) 280
N153‘Pd27-P20 1.0 - 0.5 325 295
Ni63-Pd17-P20 1.0 - 0.6 340 320
N173-Pd7" on 0.7 7 325 e
Fe33-Pd47-P20 0.4 - 0.7 315 (+5) e
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from temperatures t such that tN <t< tcr made obvious the irreversible
character of this pre-crystallization transformation. The crystalliza-
tion takes place in several steps, as it appears in Figs. 24 and 25.
These steps are especially well defined in nickel-palladium-phosphorus
alloys. The intermediate crystalline step which is very clear in
N132-Pd53—P15 regresses in importance as the amount of nickel increases.
It was found, by X-ray studies that this intermediate stage corresponded
to metastable crystalline phases. Stable crystalline phases were
attained, in all cases, before SSOOC. The temperature behavior of

r(t) for these stable crystalline phases was investigated for

and Fe_,-Pd

327Pd577Fs0 337Fd,77Po0

during slow cooling from temperatures above 550°C. The crystalline

Ni alloys by measuring the resistivity

alloys exhibited, as expected, larger temperature coefficient than
the amorphous (10_3/00 compared to 10—4/0C). A change of slope,

probably connected with a Curie point, appeared at 260°¢c for N132-Pd53-P15

and 345°C for Fe_ - The room temperature resistivities of

337F4,7 P20-

the stable crystalline phases were respectively 327 and 52% of the

values for the amorphous phases, in good agreement with previous

observationsao’Az.
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V. CRYSTALLIZATION OF Fe-Pd-P AND Ni-Pd-P ALLOYS

A limited effort was devoted to the study of the rate of
crystallization of the amorphous alloys and the structure of the
corresponding crystalline phases, When these alloys are rapidly
heated (at rates of about AOOOC/min and above) crystallization occurs
rapidly at a certain temperature, as previously reported for Pd 15

805450
17

and Fe C7 . This temperature can be easily measured by spot

80 F13”
welding thermocouple wires (0.005" in diameter) to a small alloy

foil (about 5 x 5 mm) and immersing the specimen in a furnace. A
typical temperature-time curve is shown in Fig. 26. From the height

of the heat pulse, an approximate value for the heat of crystallization
can be obtained. An average value for all the specimens investigated
was about 700 cal/mole. The sudden crystallization temperature was
340° + 5°C for the Fe-Pd-P alloys and 375° + 10°C for the Ni-Pd-P
alloys. Within the experimental uncertainties, this temperature did
not vary with the ratios Fe/Pd and Ni/Pd.

Experiments were also performed in an effort to find what
structural transformations might be responsible for the rather abrupt
changes in the slope of the resistivity-temperature curves such as
those shown in Figs. 24 and 25. Specimens suitable for X-ray diffrac-
tion analysis (1lx2cm) were heated for a fixed time (20 min) at various
temperatures with steps of 20°C. An X-ray diffraction pattern was
taken after each step. This isochronal heat treatment corresponds

to an average rate of heating of 1°c/min which is comparable with that
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Fig. 26. Thermal analysis of an amorphous Ni53-Pd27-P20 alloy.
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used for measuring electrical resistivity changes with temperature.

Up to about 28000, the diffraction pattern did not show any change
(dotted line in Fig. 27). At 300°C, the width of the broad amorphous
band of the pattern slightly decreased and the maximum of this band
shifted to higher 26 values (dash and dot curve in Fig. 27). At 320°C,
additional sharpening occurred (dashed curve in Fig. 27). At 3400C,
rather sharp diffraction peaks were present although the amorphous
band can still be recognized. At this state of transformation, the
alloys consists of an amorphous matrix, in which crystals are embedded.
The crystal structure of the crystalline phase (or phases) is not
known, but it is most probably that these are metastable intermediate
phases. This statement is based on the fact that, as the temperature
was increased, the intensity of most of the reflections shown in

Fig. 27 decreased and disappeared at about 500°C. At the same time,
new reflections corresponding to the equilibrium phases became visible
and increased in intensity. At 550°C, equilibrium was achieved and
further annealing of the specimen for more than one month at this

temperature did not bring any change in the diffraction pattern.
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VI. MAGNETIC MOMENTS

A. Experimental Procedure

The magnetic moments of Fe23—Pd57-P20, Fe33-Pd47-P20,
Fe44—Pd36-P20 and Ni32-Pd53-P15 were measured with a low temperature
magnetometer, which is described in reference 43. This magnetometer
is of the null-coil pendulum type. The pendulum is made of a fused
silica rod bearing a small coil located at its bottom and the sample
is placed close to the coll. The upper part of the rigid pendulum
1s connected to a bronze beam with silicon strain gages bonded to
its surface. The output voltage of the strain gages is entered in
an a.c. bridge circuit utilizing a lock-in amplifier as detector.
Uniform magnetic fields up to 8.4 kOe can be obtained at the sample
location. Direct currents ranging from O to 100 mA can be sent
through the pendulum coil, which is adequate to attain an equilibrium
under the highest field. Coil currents were calibrated with a pure
nickel sample as reference., Additional checks were made by measuring
the susceptibilities of diamagnetic Bi and paramagnetic Hg CO(SCN)4.
Small samples were cut out of quenched foils and carefully
weighed with a microbalance. Weights of 2 to 5 mg were sufficient for
ferromagnetic samples, whereas about 50 mg were used in the case of
paramagnetic samples. The magnetic moments of the alloys were meas-
ured from liquid helium temperature up to room temperature. This
range was, when necessary, extended towards lower temperatures by

pumping the helium and temperatures down to 1.6°K were obtained by
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this procedure. Temperatures were measured with a germanium resistor
up to SOOK and a copper-constantan thermocouple up to room temperature.
Between 1.6°K and 4.2°K the vapor pressure of helium was used for
temperature determination. An automatic temperature control helped
to attain good thermal stability.
B. Results

Two alloy compositions, Fe32-Pd48~P20 and FeAQ-PdBG-PZO’ showed
a clear ferromagnetic behavior at low temperatures, though they gave
evidence of substantial magnetic "hardness" since, even in the highest
magnetic field (8.4 kOe), saturation was not completely reached. The
alloy Fe23-Pd57-920

could be mistaken for normal ferromagnetism. For reasons explained

had a rather complex behavior which, at first,

later in this paragraph this alloy was assumed to exhibit superpara-

magnetism.
For each measurement in the ferromagnetic range of temperatures

the saturation was evaluated by assuming a law of approach of the

type:

2
Oﬁ,T = dm’T(l - a/H%)

where cH T is the magnetization per unit mass under the field H and
3

at a temperature T and O_ T is the saturation magnetization, for all

2
44,45
magnetic domains oriented in the same direction > ~. At least three

values of the field were used and a least square fitting yielded o T

in each case. In order to obtain the saturation magnetization at

2/2

OOK(Uw 0), values of 0_ , were fitted along a law in T through a
]

,T

2 i :
least square procedure (a T  fitting was less satisfactory):
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3/2

c = am’o(l- bT™" ")

m,T

The saturation moment was then evaluated in units of Bohr magnetons.
The variations of magnetic moments (per unit mass of iron) with
temperature are given in Fig. 28. Whereas a clear ferromagnetic
region can be recognized at low temperatures, a pronounced tail effect
occurs for the transition from ferromagnetism to paramagnetism. It
was consequently rather difficult to determine a Curie point with
precision. The Curie points were determined using the following
method., First the inflexion point of the curve ¢

H,T
8.35 kOe) was considered to give a good approximation of the ferro-

= £(T) (for H =

magnetic Curie temperature. A more elaborate analysis was subsequently
used to check these values. 1In the vicinity of the Curie point, on

1
the ferromagnetic side, Oy 1 behaves like (T-TC)E; on the paramagnetic
3

side, assuming a Curie-Weiss behavior, o /H behaves like 1/ (T-T )

H T
Consequently a plot of Oé c versus H/Oh T should yield a straight line
3

through the origin for T = TC46. The intercepts of these straight

lines with one of the axis of coordinates are then used for a more
precise determination of Tc’ by interpolation or extrapolation. This

procedure confirmed that Fe 48 20 and Fqu'Pd36-P20 were normal

ferromagnetic alloys, in spite of the important tail effect apparent

in Fig. 28. The alloy Fe had a Curie point which was

44" 36 20

extrapolated to about 380° K, whereas a Curie point of approximately

165°K was obtained for the alloy Fe The intercepts of the

48 20

2
. - o = lway
straight lines Oﬁ,T Y H/GH,T with the axis H/ H,T 0 were always
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negative for Fe Pd57-P20, down to 6,50K, and linear extrapolation

23"

confirmed that no Curie temperature existed for this alloy, thus im-
plying a lack of long range ferromagnetism for this composition. This

‘fact was confirmed by the magnetization curves obtained for Fe -Pd57-P

23 20
(cf. Fig. 29), which revealed a magnetization still far from saturation,
even at the lowest temperature (6.50K). The magnetic behavior of
Fez3-Pd57-P20 appears to be similar to the ''superparamagnetism' recognized
in AuFe alloys by Crangle et a1.47. A paramagnetic behavior following

a Curie-Weiss law was recognized above 135% (cf. Fig. 30). The con-
stant C in the Curie-Weiss relation ¥ = C/(T-135) yielded a moment of

5.98 Mg Per atom of iron, giving therefore some backing to the assump-
tion of superparamagnetic behavior for this alloy. The saturation

48

magnetization was obtained for this alloy by extrapolation to 1/H=0

All three values of o and TC (Curie temperature) are given in Table XIV.

,0
Preliminary experiments show that all the amorphous Ni-Pd-P alloys

are paramagnetic at room temperature. Only Ni32-Pd53—P15 was investi-

gated down to 1.60K. Paramagnetism, with a very approximate 1/T

dependence, was obsefved down to 1.60K though a small permanent

moment, probably due to some iron impurities in palladium, was observed.

The gram susceptibility (xg) was 1.45 x 10_6 e.m.u. at room tempera-

6

ture for Ni_, - increasing to 10.0 x 10°° e.m.u. at 1.6°K.

32 Fd537Fy 5>
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TABLE XIV

SATURATION MOMENTS AND CURIE POINTS

OF AMORPHOUS Fe-Pd-P ALLOYS

. o

Composition O'm,o(l-'h) T, (K)
Fe23-Pd57-P20 1.07 135 (paramagnetic)
Fe,,~Pd, o-P, 1.70 165(+5)

Fe,,Pd, ~Pyo 2.16 380 (+10)
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VII. DISCUSSION

During the last decade, a considerable amount of research has
been devoted to the study of amorphous solids, resulting in a better
understanding of the amorphous state. Amorphous or glass-like struc-
ture does not imply randomness of the atomic arrangement. Some degree
of local order may prevail, though the true characteristic of crystal-
linity - namely the invariance of the atomic structure under transla-
tion in three directions defining a space lattice - is absent. The
number of translations of a unit cell required to define a solid as
crystalline is a controversial subject. Consequently} amorphous and
crystalline solids have a common boundary which is the smallest micro-
crystalline state in which the size of the microcrystals is of the
order of magnitude of the unit cell size.

A. Structure of the quenched Fe-Pd-P and Ni-Pd-P alloy phases

Most of the experimental information on the structure of the
Fe-Pd-P and Ni-Pd-P alloys resulted from the X-ray investigations
leading to the radial distribution functions reported in section III-E.
The X-ray diffraction patterns of the quenched foils showed broad
maxima and no sign of crystalline Bragg reflections. It can, of
course, be argued that small grain size and stresses can broaden the
Bragg peaks of crystalline solids. By applying the Scherrer formula
to the observed width of the diffraction peaks. the crystal size for
the Fe-Pd-P and Ni-Pd-P alloys would be about 13 to 15 X. Since in

the rapidly quenched foils internal stresses are undoubtedly present,
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they also contribute to the broadening of the peak and consequently
the crystal sizes given above might be slightly less than the actual
values. Additional evidence for the lack of crystallinity was ob-
tained by electron microscopy. Whereas previous investigator540
utilized the ''lace like'" edges of the quenched foils for transmission
electron microscopy, this investigation was performed by using the
center of quenched foils thinned by electropolishing until they reached
a suitable thickness. No evidence of microcrystals was found at a
magnification of 80,000. The remarkable lack of contrast of bright as
well as dark field images and the broad diffraction patterns (ecf. Fig.
31) are strong indications of lack of well-defined crystallinity.

The X-ray diffraction patterns (cf. Fig. 4 ) exhibit a
first relatively sharp peak and subsequent oscillations around the

2 ;
coherent homogeneous scattering curve infi' The linear relationship
i

obtained between the values of ry and alloy compositions (cf. Figs. 11
and 15) suggests that a continuity of structure exists through the
whole range of metallic concentrations and that Ni or Fe atoms can be
substituted for Pd atoms without drastic changes in the structure,
just like in a crystalline solid solution. The point corresponding to

Ni in Fig. 11 does not fall on the straight line, and this

32 F9537Fy5
can be explained by the fact that this particular alloy contained only
15 at.% P instead of 20 at.%. The linear relationship between T, and

concentration can be considered as an extension of Vegard's law to

amorphous alloys. It is unfortunate that the amorphous range does not
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Fig. 31. Electron diffraction pattern of an amorphous

i__ - - 1 -
N132 Pd53 P15 alloy
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include the binary alloys Pd-P, Fe-P and Ni-P. The approximate values

of r, for these compositions, however, can be obtained by extrapolat-

1
ing the straight lines of Figs. 11 and 15. This leads to r, = 2.97 K
for Pd-P and r, = 2.61 £ for Ni-P, based on the Ni-Pd-P results and

1
r, = 2.95 g for Pd-P and r, = 2.68 R for Fe-P, based on the Fe-Pd-P

3 | 1

results. The usefulness 9f the extrapolated values on the choice of
possible models for the amorphous state will be considered later. The
radial distribution functions established for the Fe-Pd-P and Ni-Pd-P
alloys yield additional indications of continuity of structure all
through the amorphous range. The invariance of the ratios ri/r1 (for
i = 2,3,4) throughout Fe-Pd-P and Ni-Pd~P alloys also implies simi-
larity of structural arrangement. As explained before, only the first
peak of the radial distribution functions can yield meaningful infor-
mation on coordination numbers. Though some errors, partly due to an
imperfect knowledge of the density of the amorphous alloys, were
involved, the coordination numbers were found to be around 13 for the
overall coordination and 10 to 11 for the metallic coordination
(cf. Tables V and IXj.

The diffraction patterns and radial distribution functions of
Fe-Pd-P and Ni-Pd-P alloys show some resemblance with those obtained

49’50’51. The successive ''shells" corresponding to increas-

for liquids
ing interatomic distances around an arbitrary atom become less and less
marked after the "mearest neighbors'" shell. The smoothness of the

oscillations of the radial distribution function around the homogeneous
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parabola Aﬁrzpo(f xiKi)Z, shows a dispersion of interatomic distances
obviously more ''liquid like" than '"crystal like', making appropriate
the qualification of "frozen liquids" sometimes applied to the
quenched amorphous alloys. Palladium, nickel and y-iron are fcc metals
but, unfortunately, only iron has been studied in the liquid state.
Ruppersberg52 found a coordination close to 8 which seems to indicate
an arrangement comparable with a bce structure in the crystalline
state. More truly fcc types in the liquid state, are copper51 and
golc:‘ls3 (cf. Pig. 32). When compared with the radial distribution of
these metals, the amorphous Fe-Pd-P and Ni-Pd-P alloys show a sharper
"nearest neighbors' peak and a clear splitting of the RDF in two
shells between 4 & and 6 & (cf. Fig. 8 in particular). This splitting
is an interesting and real feature .of the radial distribution function

17:40,54 and has also

of this category of quenched amorphous alloys
been observed in Ni-P amorphous alloys obtained by electrodeposition55
or chemical depositionll. The shape of the first peak in the amorphous
Fe-Pd-P and Ni.-Pd-P alloys is also rather different from the shape
exhibited in the RDF of liquid metals. To a good approximation the
first peak of the RDF of the amorphous alloys is gaussian, which
suggests atomic displacements centered around an average interatomic
distance more sharply defined than in a liquid metal. The deviations
of atomic distances around an ideal interatomc distance corresponding
to the first peak in the RDF are given in Tables V and IX and corres-

pond to mean square displacements of the order of 0,06 R 2. This

value is larger for the second shell though overlapping of the second
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and third shells prevents an accurate determination. Thermal dis-
placements obviously cannot account for more than a small fraction

of the mean square displacement which is, consequently, essentially a
static displacement. The large value of this mean square displacement
for the first atomic shell is an argument against the hypothesis of
microcrystallinity with microcrystals of the order of 15 X, since such
crystals would yield a sharper ''mearest neighbors'" peak. Independent

experiments by Lesueur56 on a rapidly quenched Pd alloy (believed

805720
to have a structure close to Ni-Pd-P and Fe-Pd-P alloys) confirm the
existence of important displacement disorder. Lesueur observed that
under irradiation by fission products, the amorphous structure of the

quenched Pd was unaltered whereas irradiation would produce a

805120
progressive amorphization of the stable crystalline phases in the
equilibrium crystalline Pd808120 alloy.

A suitable model for the amorphous state of Fe-Pd-P and
Ni-Pd~P alloys must, obviously, take into account the role played by
phosphorus since, without phosphorus, the quenched binary alloys Fe-Pd
and Ni-Pd are always crystalline. 1In their study of an electro-

deposited amorphous Ni alloy Dixmier et al.11 suggested a model

83 F17
consisting of regularly spaced but randomly oriented layers of atoms
arranged as in the (111) plane of an fcc structure. Their model, un-
fortunately, does not show the role of phosphorus. In a separate
investigation, however, Legras57 showed that the chemical bonding
between Ni and P in the electrodeposited N183-P17 was ildentical to

the bonding existing in N13P. Informations on the bonding between
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phosphorus and metallic atoms can be obtained from the study

of transition metal phosphides. The transition metal phosphides have
been studied thoroughly by Rundqvist38 who pointed out some interesting
facts concerning their structure. In the crystalline state, transition
metal phosphides with less than 407 atomic phosphorus exhibit tetra-
decahedral arrangements with phosphorus atoms at the center and metallic
atoms at the corners of the polyedron. A tetradecahedron is a polyedron
with fourteen triangular faces, which can be better described as made

of a square triangular prism with three half octahedron sharing its
rectangular sides. The number of metal neighbors varies from 8 to 10
(usually 9) around one phosphorus atom. The tetradecahedral unit for
Fe3P, as an example, is shown in Fig. 33. Whereas the average phos-
phorus-metal ligancy revolves around 9, the metal-metal ligancy varies
between 10 and 12 indicating a rather good packing, not too remote from
fce close packing. On the other hand, the chemical bonding between
phosphorus and metal atoms seems rather strongsa, at least stronger than
the metal-metal bonds. Besides their importance in the structure of
transition metal phosphides, the tetradecahedra have been mentioned as
possible structural units in liquids, from a geometrical standpoint

59,60
).

(Bernal polyedra
An attempt will now be made to describe the amorphous structurg
of the Fe-Pd-P and Ni-Pd-P alloys in terms of the structural units
which exist in crystalline phosphides of corresponding phosphorus
content. 1In binary alloys of Fe, Ni, Pd with P, the stable metal rich
3 12P5 and PdBqu These compounds are either
orthorhombic (PdBP) or tetragonal (Fe3P, Ni

phosphides are Fe3P, Ni_ P, Ni

p . —_
3Fs N112P5) but all exhibit
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Fig. 33. Tetradecahedral environment of phosphorus in the

FeBP structure: C is a phosphorus atom; Ai and Bi

are iron atoms.
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38
tetradecahedral structural units more or less deformed . The Pd3P

phase shows a range of homogeneity from the stochiometric Pd3P to
”PdaP". The decrease in phosphorus is accompanied by a decrease in the
volume of the unit cell, and has been accounted for by phosphorus
vacancies61. On the other hand the eventuality of continuous solid
solution (Fe,Pd}aP and (Ni,Pd)3P must be considered as such continuous
solid solutions have been reported in the Fe-Ni-P ternary system62. Let

us consider the "nearest neighbors" shell in the crystalline Fe_.P
g y >

3
NisP, N112P5 and Pd3P compounds. The mean interatomic distancés for
"nearest neighbors'" (both around a metal atom and a phosphorus atom)
and the average ligancy for the type of pairs coﬁsidered (which is not
necessarily an even number since we consider the average ligancy
around non-equivalent atomic positions) are given in Table XV. As
previously mentioned; the extrapolated value of ry for the binary alloy
Pdso-P20 would be about 2.96 3, which is quite close to the nearest

neighbors distance in '"Pd4,P" (Pd rich Pd,P phase),though slightl
g 4 g g y

3
larger. This is to be expected since the amorphous alloys are more

disordered than the corresponding crystalline phases. Another experi-
mental fact corroborates the usefulness of the extrapolation of r, to

the palladium side of the diagram. Quenched Pd binary alloy

807 F20
consisted almost exclusively of the crystalline phase ”PdaP” (Palladium
rich Pd3P). In the light of these facts a model based on the atomic
arrangement in ”PdAP” was considered.

The model was considered from the quasi-crystalline approach

starting with the atomic shell distances and occupation numbers of an
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TABLE XV

NEAREST NEIGHBORS INTERATOMIC DISTANCES r

1

AND COORDINATION NUMBERS N IN METAL RICH PHOSPHIDES

Compound Metal-Metal Phosphorus-Metal
i

rl(ﬂ) N rl(K) N
Fe,P 2.72 10.66 2.34 9
Ni,P 2.68 10.66 2.29 9

. 2.60 7.66

L, P (2.67) (9.00) 2.39 9
Bdq P 2.965  11.33 2.49 9
(P-rich)
PelgF 2.905  11.33 2 .44 9

(Pd-rich)
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assumed 1attice30’50. A gaussian broadening function was then applied

to each shell to account for mean-square displacements around the cen-
ter of the shell (thermal or disorder displacements). Finally a
correlation function provided an increasing damping of the oscillationms
due to the different shells with increasing radial distance. Each

atomic shell is represented by the function

%

B(r-ri) =[Ci/(chiz)%]exp(-(r—ri)2/2oi

and the quasi-crystalline atomic radial distribution function is:

bocro(r) = D(r,d) | T|c,/@x o, 2)Pbxp(-(r-r.)%/20.2) - txrlo |+ dmr?
’ i i P i 1 o P

i
th
where: r, = radial distance to the i shell
Ci = number of atoms in ith shell
012 = mean square displacement around r,

= critical correlation distance
D(r,d)= damping function depending on the critical
correlation distance

p, = homogeneous density (atoms/& 3)

The quasi-crystalline approach was first applied to a simple fce model
in which metal-metal interatomic distances only were considered and

complete substitutional disorder between iron or nickel and palladium
atoms was assumed. When multiplied by the appropriate average number

of electrons per metal atom, the electronic radial distribution
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function based on the fcc model was unable to give even an approximate
fitting of the 2nd and 3rd shells of the amorphous alloys. Even an
average of the 2nd and 3rd shell, as suggested by some authors63
vielded a poor fitting since the 2nd and 3rd shells in the amorphous
alloys revealed shorter interatomic distances. The quasi-crystalline
model based on Pd3P (Pd-rich) yielded a much better approximation.
Metal-metal shells only were considered since their contributions are
preponderant in the outcome of the radial distribution function. The
analytical form of the damping function D(r,d) was evaluated as a
function of r/d according to the method outlined by Kaplow et al.30.
A critical correlation distance of about 18 & was deduced from the
experimental radial distribution functions of Ni-Pd-P and Fe~Pd4d-~P
alloys, corresponding to the distance beyond which no appreciable
oscillations around the homogeneous parabola 4ﬁr2 (; xiKi)zpo can be
observed. The Gi were also approximated from the experimentally
determined radial distribution functions.

The radial distribution function 4ﬂr2p(r) and the function
hnr(p(r)-po) for such a quasi-crystalline model are shown in Fig. 34.
Both the radial distribution function and the distribution function
W(r) compare well with the results obtained for the four different
amorphous alloys shown in Figs. 7, 8, 9, 12 and 13. The qualitative
features of the model show a rather sharp first shell, quite well
isolated from the second and third shells which are hard to separate,

especially on the atomic radial distribution curve. The coordination

for the third shell appears slightly larger in the model than actually
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4rr(plr)-p,)

[®]

4
r(R)

Fig. 34. Atomic RDF (a) and function W(r) (b) for quasi-
crystalline models with d = ©® (s0lid lines) and
d = 18 & (dotted lines).
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observed in the amorphous alloys, but this can be attributed to having
chosen too small a value for og (that is, underestimating the amount

of displacement disorder for the third atomic shell). Quantitatively
the metal-metal coordination number for the first shell was about 10.5
which compares quite well with 10.6, the average value obtained for the
amorphous alloys. More striking were the similarities of the ratios
1:'2/r1 and r3/r1. The model gave r2/r1 = 1,68 and r3/r1 = 1,91,

while the average values for the amorphous alloys were 1.66 and 1.89
respectively. The structure of the amorphous Fe-Pd-P and Ni-Pd-P
alloys can, therefore, be described quite satisfactorily by a quasi-
crystalline model based on the PdaP (Pd-rich) structure. As an example,
Fig. 35 shows the comparison between the distribution functions W(r)
obtained for Ni32-Pd53-P1S and for a quasi-crystalline model. The model
was computed by assuming a linear dependence of r, which was the same
as the one observed for the amorphous alloys. The progressiﬁe substi-
tution of iron or nickel for palladium does not change the structural
disordered network based on the Pd3P structure. The extrapolation on
the nickel side of the diagram indicates a nearest neighbors distance
of 2.61 & which can be considered as the nickel-nickel distance in a
nickel-rich N13P ("Ni4P"), though such a compound is not ordinarily
stable. The extrapolation on the iron side is more dubious because of
the lack of data for alloys containing more than about 44 at.% Fe,
which is the end of the amorphous range. The existence of a small

range in phosphorus content without change in the amorphous structure

can be accounted for by phosphorus vacancies in the tehadecahedral
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arrangement561 leading to shorter metal-metal interatomic distances.
This would explain the value of Ty obtained for Ni32-Pd53~P15, which

is about 1.5% shorter than expected for 20 atomic % phosphorus. The
lack of evidence of short phosphorus-metal interatomic distances in

the amorphous alloys can be accounted for by the small scattering factor
of phosphorus compared with those of Pd, Ni and Fe, as well as by
probably slightly larger phosphorus-metal distances than in the crystal-
line phases. The combination of these two effects leads to the
ingseparable mixing of all types of interatomic pairs in the first shell.
This fact however, was accounted for when coordination numbers were
calculated from the radial distribution functions.

The structure of the amorphous Fe-Pd-P and Ni-Pd-P alloys,
quenched from the liquid state, can be satisfactorily described by a
quasi-crystalline model based on the structure of transition metal
phosphides. The glass-forming elements are believed to be tetradeca-
hedral units which are probably already present in the melt. The
existence of a linear dependence of interatomic distances on compo-
sition is in agreement with the proposed structure.

B. Magnetic moments in amorphous Fe-Pd-P alloys

In the Fe-Pd-P amorphous alloys, two compositions, namely

Fe44“Pd36'P20 and Fe32-Pd48-P20 were found to be ferromagnetic, while

the third one, Fe23-Pd57-P20 is probably superparamagnetic. Amorphous

ferromagnetic alloys have been previously reported in Au-Co alloys

6
obtained by vapor deposition 5 and in Fe-P-C alloys quenched from the
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liquid state65. The existence of ferromagnetism in amorphous solids
was theoretically predicted by Gubanov66 who showed that only short
range interactions are required for ferromagnetism, and that there
is no need to assumed long range crystalline order. Since,as ex-
plained in sectionVyII, the structure of amorphous Fe-Pd-P alloys is
based on the existence of local order similar to that found in crystal-
line ferromagnetic phosphides,it is not too surprising to find that
the amorphous alloys are also ferromagnetic.

The crystalline phosphides Fe

P, Fe,P and FeP are ferromagnetic,

3 2
with saturation moments of 1.84, 1.32 and 0.36 Bohr magnetons per iron
atom respectively, whereas FeP2 is antiferromagneticés. The moments
in the iron phosphides are lower than in pure iron mainly because of
the filling of the 3d orbitals of iron by electron transfer from
phosphoru567. Similar filling of the d orbitals of iron group

metals have been reported in other phosphides68, as well as in borides
and carbides, which also have a tetradecahedral atomic arrangement

for metal rich compounds around the composition MeBX. A plot of satu-
ration ferromagnetic moments in the crystalline iron phosphides as a
function of the ratio of the atomic concentrations of Fe to Fe+P is
shown in Fig. 36. The variation of the moment per iron atom with the
concentration ratio is almost linear and extrapolates to a zero moment
at a concentration ratio of about 0.44. The saturation moments meas-
ured for the three amorphous Fe-Pd-P alloys also shown in Fig. 36

fall approximately on a straight line which is above that of the

crystalline phosphides and seems to have a slightly larger slope.
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The fact that for a given concentration ratio Fe/(Fet+P) the
moments for the amorphous alloys are larger than those in the crystal-
line phosphides can be interpreted in different ways. The most
probable explanation, however, is the existence of simultaneous
electron transfer from phosphorus to iron and palladium: the linear
decrease of the saturation moment of the amorphous Fe-Pd-P alloys with
decreasing Fe/Fe+P ratio can be attributed to the progressive filling
of the holes in the 4d band of Pd and the 3d band of Fe by electron
transfer. In the amorphous alloys, however, the number of holes in the
d bands is probably different from the values in the pure elements,
due to a different overlap of s and d bands. The presence of larger
moments in Fe-Pd-P amorphous alloys suggests also a possible contri-
bution of balladium to the overall ferromagnetism. Additional evidence
of the ferromagnetic coupling between iron and palladium is given by
the superparamagnetic behavior of the alloy Fe,,-Pd

23" Fd59Pog-

that palladium may contribute to the ferromagnetism of alloys contain-

The fact

ing iron-group metals has been recognized by a number of investigators
(cf. Ref. 69 for instance). This contribution to the bulk ferromagne-
tism has been diversely interpreted and the actual moment carried by

individual palladium atoms has been estimated anywhere from 0.1 Hy to
0.7 Ky« However, it seems rather well established that palladium con-
tributes to the building of ferromagnetic complexes (or ”atmospheres”)47

around iron (or cobalt) atoms in ordinary fcec alloys. This has the

effect of favoring clusters of iron and palladiuwm atoms which bear,
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as a whole, rather large moments. The large value of 5.98 uB/iron
atom obtained from the Curie constant in the paramagnetic range of
Fe23-Pd57-P20 could hardly be explained by assuming that iron is in

a triply ionized state (Fe3+) with a spin moment of 5.92 pB/atom. As
pointed out by WOllan70, such highly ionized state are very unlikely
for conducting metallic systems. The only other alternative consists
of clustering via polarization of palladium atoms. Actually such an
explanation has been proposed to explain the experimentally observed
magnetic moments in Pd-Co-Si amorphous alloysho. In view of the
superparamagnetic behavior of the approach to saturation at low tem-
peratures and of the large moment per iron atom, it seems, therefore,
probable that some clustering occurs in Fe,,-Pd

237Fd577Po0o

neutralizing effect of phosphorus. Such a clustering is all the more

in spite of the

likely in amorphous systems where only the closest atomic shells (and
mainly the nearest neighbors shell) contribute to the short range order.
Determination of the cluster size is not possible in the absence of
data for lower iron concentrations. The large tail effect present in

the magnetization versus T behavior of the alloys Fe and

32779487P20
Fe44-Pd36-P20 before a clear bulk ferromagnetism is attained, can
probably be accounted for by the high degree of disorder of the amor-
phous alloys and some degree of clustering accompanied by palladium
polarization. Some of the clusters might still act paramagnetically
while the rest of the solid already shows ferromagnetism, as it was

suggested for the Pd-Co-Si amorphous alloysho. Such an interpretation

might also account for the peculiar behavior of the low temperature
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resistivity of the amorphous Fe-Pd-P alloys.

The model proposed for the structure of amorphous Fe=Pd-P and
Ni-Pd-P alloys implies a short range order quite similar to that
existing in the metal rich phosphides. The magnetic moments of the
Fe=Pd-P amorphous alloys are in agreement with such a model, in which
electron transfer from phosphorus to the metals reduces the saturation
moments. A small moment can be attributed to the palladium atoms
which contribute to ferromagnetic ordering.

C. Electrical resistivity of amorphous Ni-Pd-P and Fe-Pd-P alloys

The amorphous Fe-Pd-P and Ni-Pd-P alloys investigated are metal-
lic conductors. Their resistivity at room temperature is approximately
100 to 150 pf-cm, which is about two to three times that of the crystal-
line alloys of the same composition. The larger resistivity of the
amorphous alloys is the result of the rather high degree of disorder
which characterizes the amorphous state. Between 480°K and about 1600K,
the resistivity of all alloys decreases almost linearly with tempera-
ture, The slope of the linear part of this curve is only about 10-8
Q-cm/°K which is of the order of magnitude of one-tenth that of the
same alloys in the equilibrium crystalline state. This small tempera-
ture coefficient of resistivity can also be attributed to the large
disorder in the amorphous structure and to the absence of long range
periodicity, since the contribution of the phonon scattering is
expected to be very small in amorphous structureslﬁ. According to

. 66
Ziman's theory, extended by Gubanov to amorphous metallic conductors ,
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the main temperature dependent term in the mean free path of conduction
electrons is the correlation function, which is a slowly varying func-
tion of temperature.

The most striking feature of the low temperature resistivity
of the amorphous Fe-Pd-P and Ni-Pd-P alloys is the exiétence of a mini~
mum at temperatures varying from 9 to 960K, according to the alloys.

As it was shown in section IV,the low temperature resistivity can be

reasonably well described by a relation of the type:
2
r(T) = r, +B T + A ro- O Log T (1)

where r(T) = p(T)/p(294°K). This relation is best valid below the
temperature Tm of the minimum. At temperatures above Tm, the T2 term
is dominant until the linear variation is reached. The variation in
T2 can be explained in terms of the band structure of the Fe-Pd-P

and Ni-Pd-P alloys which contain 80 at.?% transition elements. It has
been shown that electron-electron interactions in the transition metals
contribute substaﬁtially to the resistivity at low temperature through
collisions between s electrons (conduction electrons) and d electrons
which are mainly bound electrons. Such s-d electron-electron inter-
actions contribute a T2 term in addition to the normal lattice resis-
tivity71. In the amorphous alloys where the main characteristics of
the s and d bands are expected to prevail, such a T2 contribution
appears clearly at low temperature since the electron-phonon contri-

bution to resigtivity is small. The resistivity minimum is related to
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the existence of a -Log T term in equation (1). This logarithmic
contribution is indicative of a Kondo effect. According to Kondo's
analysis72, s-d interactions in dilute magnetic alloys result in a

-Log T contribution to the resistivity, provided the exchange integral

J of the s-d interaction is negative (antiferromagnetic coupling). This
s-d interaction is actually the coupling between localized and conduction
electrons spins.

The occurrence of a Kondo effect in Fe-Pd-P amorphous alloys
constitutes a puzzling fact in several respects. The hypothesis of
Kondo implies the existence of localized moments and requires the non-
correlation of the localized spins. Such a picture is rather hard to
conceive for ferromagnetic alloys where strong d-d interactions take
place. Moreover, iron could hardly be considered an impurity in alloys
containing 23 at.%, 32.4 at.% and 44 at.? iron. However, it can be
noticed that the importance of the Kondo effect, as characterized by
the depth of the minimum, decreases drastically with increasing iron
content. Though the dispersion of data is quite large, this fact
appears quite clearly in Table XII. 1In addition, the largest effect

occurs in the Fe alloy, which is assumed to be superparamag-

- ~P
23 Pd57 20
netic. It appears therefore, that the strong d-d interactions existing
in the ferromagnetic alloys are quite detrimental to the occurrence of
the resistivity minimum, but cannot suppress it completely. The magneti-

zation of the amorphous Fe-Pd-P alloys was shown to exhibit large tail

effects at the onset of ferromagnetic ordering. It is, therefore,
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likely that the bulk ferromagnetism cannot prevent the existence of
localized moments on a small fraction of the iron atom, provided, for
instance, they have a sufficient palladium environment. Such an
hypothesis is consistent with the fact that the Kondo effect is in-
creased for higher palladium concentrations. Thé existence of localized
moments in otherwise ferromagnetic alloys has been recognized by some
73,74'

In the amorphous FeZS—Pd57-—P20

alloy, the postulated clusters of iron atoms and associated polarized

investigators and theoreticians

palladium atoms are only partly coupled and one can therefore expect
a more pronounced Kondo effect. Investigations on alloys with lower
iron content would be very helpful in providing more clues on the Kondo
effect in the amorphous Fe-Pd-P alloys. Unfortunately, the amorphous
range does not appear to extend to very low iron contents.

The Kondo effect observed for the amorphous Ni-Pd-P alloys seems
to be easier to explain in terms of localized moments due to magnetic
impurities. The magnetization measurements performed on the amorphous

alloy Ni showed an intermediate behavior between weak para-

32" Fd53"Fy5
magnetism and Pauli paramagnetism, with a very small residual moment

even at room temperature. Such a behavior could be explained by the
presence of a very small concentration of iron in palladium (and possibly
nickel). Evidence that the palladium utilized for the preparation of
these amorphous alloys contains a very small concentration of iron has

been confirmed by magnetic75 and rwsistivity76 measurements. A Kondo

effect due to very small concentrations of iron has been observed in
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copper and gold77 for instance. The fact that no significant trend of
variations of Tm or ¢ with nickel content (cf. Table XI) was observed
confirms that iron impurities present in both palladium and nickel are
probably responsible for the Kondo effect. 1If this effect were due

to localized moments on nickel atoms, one might expect a linear vari-
ation of & with nickel concentration and a variation of Tm proportional
to the square root of concentration.

The high temperature resistivity measurements performed on
Fe-éd—P and Ni-Pd-P amorphous alloys were particularly helpful in
following the crystallization process, and were correlated with X-ray
diffraction experiments. The increase in resistivity shown by most of
the amorphous alloys in the range of 280 to 3200C seems to be related
to the formation of very small crystallites embedded in:the amorphous
matrix. Evidence of very small microcrystals in an amorphous matrix
appears in the X~ray diffraction patterns of this pre-crystallization
stage, as characterized by very broad Bragg peaks superimposed on the
amorphous band. Such microcrystals probably act as additional scatter-
ing centers during the earliest stages of their development, when they
are still rather far apart. In the Fe-Pd-P and Ni-Pd-P alloys, the
crystallization temperature tCr is always about‘hOOC higher than the
temperature of onset of the increase in resistivity tN. The sharp drop
in resistivity observed at tCr corresponds to the rapid growth of

crystalline phases. In the Ni-Pd-P alloys, these phases are metastable

and revert to the stable phase mixture at higher temperatures. The
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behavior of the resistivity of the stable crystalline phases did not
exhibit any singularities except changes of slope probably related to

a Curie point (cf. Figs. 24 and 25).
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VIIT. SUMMARY AND CONCLUSIONS

The structure and properties of iron-palladium-phosphorus and
nickel-palladium-phosphorus alloys quenched from the liquid state have
been investigated. Since these alloys can be obtained in the amor-
phous state within a relatively large range of concentrations for the
metallic atoms, both structure and properties could be studied as a
function of composition. In both ternary systems, a linear relation-
ship was found between the nearest neighbor interatomic distances L

and concentration., The ratios between the second and third neighbor

distances (r2 and r3) and r, also varied linearly with concentration.

1
These relationships constitute an extension to amorphous alloys of the
well known Vegard's law generally applicable to crystalline solid
solutions.

The structure of the amorphous alloys was tentatively explained
by a quasi-crystalline model based on the crystal structure of metal
rich phosphides. The structural unit used for the model is that
found in Pd3P, except that it has a distorted atomic packing. The
radial distribution functions computed for the model were in satis-
factory agreement with those experimentally determined.

The iron rich amorphous alloys Fe P

14 Plag Foq and Feg,~Pd, -F,,

were found to be ferromagnetic, whereas the Fe alloy is

<Pd... =P
23 54 20
probably superparamagnetic. The saturation magnetic moments observed

for these three alloys were 2.16, 1.70 and 1.07 Bohr magnetons per

iron atom respectively. The progressive reduction in the magnetic
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moments with decreasing iron content was attributed mostly to electron
transfer from phosphorus to the d band of the transition metals.
Palladium atoms appeared to contribute to the overall ferromagnetism
through the formation of "atmospheres'" around iron atoms which could

account for clustering in the alloy Fe23-Pd The Ni-Pd-P amor-

57"F20°
phous alloys investigated were weakly paramagnetic.

All the amorphous alloys were electrical conductors. Their
temperature coefficients of resistivity were about ten times smaller
than those of the corresponding crystalline alloys. These results
gave additional evidence for the non-crystalline nature of the quenched
alloys. A minimum in the resistivity temperature curves was observed
for the amorphous Fe-Pd-P alloys. This minimum was in the range from
17.5 to 96°K depending on the composition of the alloys, and its
importance increased with decreasing iron content. The resistivity
minimum was tentatively attributed to a Kondo effect due to localized
moments on a small fraction of the iron atoms. The amorphous Ni-Pd-P
alloys also showed a resistivity minimum in a range of temperatures
from about 9 to 14°K depending on composition. This Kondo effect was
attributed to the presence of small amounts of iron impurities in
the palladium, nickel and perhaps also phosphorus used for alloys
preparation.

The validity of the model proposed for the structure of the
amorphous Fe-Pd-P and Ni-Pd-P could be further tested by several types
of experiments. The analysis leading to the radial distribution

function was complicated by the presence ol three kinds ol atows. L
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the non-metallic atom had a very low scattering factor (which was not
the case of phosphorus) its contribution to the diffracted intensity
compared to those of the metals, could be neglected. Recent experi-
ments indicate that ternary Ni-Pd-B alloys might be quenched into an
amorphous phase, and if so, this system should be considered for
further investigations. Diffraction experiments with X-rays only may
not be sufficient to establish the fine details of the structure of
ternary amorphous alloys. Neutron diffraction experiments would
certainly help in solving the problem. but the small size of the
qugnched specimens, especially their thickness, may create experimental
difficulties.

A more detailed study of the ferromagnetic transition could be
done by M8ssbauer spectroscopy. This technique would also be useful
in verifying the assumption of clustering in the amorphous Fe23—Pd57-P20
alloy. Furthermore, some information on the postulated localized
momants responsible for the Kondo effects observed could be expected
from these experiments. In this respect, magneto-resistance experi-

ments might also be of interest, since a negative magnetoresistance

would be a strong indication of localized moments.
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APPENDIX I

Phase diagrams in binary Fe-P, Ni-P and Pd-P systems

(cf. M. Hansen, Constitution of binary alloys, Mac Graw-Hill - New

York (1958)).
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Fig. 37.

Fe-P binary phase diagram
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APPENDIX II

Program used for the determination of Electronic Radial

Distribution Functions

This program is written in FORTRAN IV language for processing through
an IBM 360/75 or an IBM 7094 system.
1) Input data

~ Composition in atomic %

- Density (in atoms/XB)

- Experimental intensity, in counts per second: 60i readings,
corresponding to one datum every fi 2" up to 29=800, and one
datum every 0.4° up to 20=160°.

- Background intensity, in counts/sec.

- Tables of scattering factors for the appropriate radiation.

2) Sequence of Operations

Part 1 TInput of diffraction data; correction for background;
Polarization correction.,

Part 2 Computation of (fz) = % xif o for each of the 601 wvalues
i

i
of s = 4z Sine ; correction for anomalous dispersion;
. 2y _ 2 2
computation of (fe Y = (; xifi) /(; Xizi)

i i
Part 3 High angle fitting, yielding the coherent intensity

scaled in electron units. Computation of the interference

function sT(s) for all 601 values of s.
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Part 4 Fourier inversion yielding W(r) and the actual radial
distribution function r W(r). The Fourier integration is
performed by the trapezoidal method which is accurate enough
for such a large number of points. W(r) and r W(r) are
evaluated usually for values of r increasing from O to 10 X,
by steps of 0.05 R.

3) Plots
The program provides plots of the scaled coherent intensity, the

interference function sI(s) and the functions W(r) and r W(r).



