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ABSTRACT

The influence of composition on the structure and on the elec-
tric and magnetic properties of amorphous Pd-Mn-P and Pd-Co-P prepared
by rapid quenching techniques were investigated in terms of (1) the 3d
band filling of the first transition metal group, (2) the phosphorus
concentration effect which acts as an electron donor and (3) the transi-
tion metal concentration.

The structure is essentially characterized by a set of poly-
nedra subunits essentially inverse to the packing of hard spheres in
real space. Examination of computer generated distribution functions
using Monte Carlo random statistical distribution of these polyhedra
entities demonstrated the reproducibility of the experimentally calcu-
lated atomic distribution function. As a result, several possible
“structural parameters" are proposed such as: the number of nearest
neighbors, the metal-to-metal distance, the degree of short-range order
and the affinity between metal-metal and metal-metalloid. It is shown
that the degree of disorder increases from Ni to Mn. Similar behavior
is observed with increase in the phosphorus concentration.

The magnetic properties of Pd-Co-P alloys show that they are
ferromagnetic with a Curie temperature between 272 and 399%K as the
cobalt concentration increases from 15 to 50 at.%. Below 20 at.% Co the
short-range exchange interactions which produce the ferromagnetism are
unable to establish a long-range magnetic order and a peak in the
magnetization shows up at the lowest temperature range. The electric

resistivity measurements were performed from liquid helium temperatures
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up to the vicinity of the melting point (QOODK). The thermomagnetic
analysis was carried out under an applied field of 6.0 kOe. The
electrical resistivity of Pd-Co-P shows the coexistence of a Kondo-
Tike minimum with ferromagnetism. The minimum becomes less important
as the transition metal concentration increases and the coefficients
of ¢n T and T2 become smaller and strongly temperature dependent.
The negative magnetoresistivity is a strong indication of the exis-
tence of localized moment.

The temperature coefficient of resistivity which is positive
for Pd-Fe-P, Pd-Ni-P, and Pd-Co-P becomes negative for Pd-Mn-P. It is
possible to account for the negative temperature dependence by the
localized spin fluctuation model and the high density of states at the
Fermi energy which becomes maximum between Mn and Cr. The magnetiza-
tion curves for Pd-Mn-P are typical of those resulting from the
interplay of different exchange forces. The established relationship
between susceptibility and resistivity confirms the localized spin
fluctuation model. The magnetoresistivity of Pd-Mn-P could be inter-

preted in terms of a short-range magnetic ordering that could arise

from the Ruderman-Kittel type interactions.
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.
I. INTRODUCTION

The technique for quenching liquid alloys at very high rates of
cooling in the range of 103 to 108 °C/sec has led to the synthesis of
three types of new alloys, namely supersaturated solid solution,
crystalline phases,which do not exist under equilibrium conditions,
and amorphous alloys. The latter type of alloy phases which is
studied in this essay, represents the ultimate in quenching rate since
the atomic arrangement present in the liquid state is retained after
solidification.

Although the number of amorphous alloys obtained so far by
liquid quenching is not large enough to formulate definite rules
governing the occurrence of an amorphous phase, four observations were

1 as follows: 1) Alloys with com-

formulated by Professor Pol Duwez
position around the eutectic point were found to have a greater chance
to solidify to an amorphous state provided the eutectic is steep,
meaning that the eutectic temperature is low with respect to the melt-
ing point of the predominant metallic constituent. 2) The "confusion
principle" which states that an alloy containing a large number of
different atoms has a greater capacity to prevent the normal process
of crystallization. 3) The "covalent bonding condition" which sug-
gests that as a condition for glass formation from the Tiquid state a
certain amount of covalent bonding is required. 4) A rather high
viscosity in the liquid state. These observations lead to the support

of the theory of Cohen and Turnbu]12 on glass formation. According to

Cohen et al, impurity addition seems to raise the free energy of the
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crystalline states in a system more than the energy of the amorphous
state and thus increases the tendency for glass formation.

Many attempts were made to describe the short-range order3-5
existing in amorphous materials. A crystalline fcc and hcp6 were
first proposed as a possible description. Then a quasi-crystalline

model7

based on the intermetallic compound quP gave a better agree-
ment for Pd-Ni-P and Pd-Fe-P. The weakness of this approach is that

it does not take into consideration the fact that atoms have been

moved independently from each other and that a main criterion for the
structure is to account not only for the size and concentration of

the constituents but also for the affinity between metal and metalloids.
We are then left with the hard sphere mode]8 which favors the attrac-
tive potential between the spheres as a guiding criterion, while the

9

repulsive potential is favored by the Bernal™ model packing structure.

The anomalous electrical properties of amorphous alloys con-

taining a transition metal were qualitatively explained by Friedel]o

and Anderson1] in terms of localized virtual bound state model (v.b.s.).
In this concept, conduction electrons are polarized through s-d
exchange interaction]z. Gerritsen]a explained the resistivity minimum

by postulating that the transition metal introduces spatially local-

ized states with energies near the Fermi energy. Kasuya14, Schmitt.]5

16

and Yosida =~ developed various theories based on a perturbing poten-

tial consisting of spin-dependent and spin-independent interactions
between the 4s conduction electrons and the 3d electrons localized on

17

the transition metal atom. Kondo ° explains the resistivity minimum

observed in these alloys from a simplified s-d exchange model
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consisting of localized spins and conduction electrons. He obtained

the spin contribution to the resistivity term (x &n T) by calculating
the transition probability to the second Born approximation. The
resistivity minimum is therefore the combined effect of this logarithmic
term with the electron-phonon contribution to the resistivity. Some
revised theories along this line of thought have been proposed by

18 19 and by Hamannzo. Recently Rivier, Zuckermann

Nagaoka ~, Suhl and Wong
and §unj1’52T overcame the sharp and unphysical boundary between magnetic
and nonmagnetic impurities in the Friedel-Anderson theory by replacing
it with a smooth transition between slow and fast localized spin fluc-
tuation regimes (LSF). In this model the time scale of the LSF is
clearly important, as it is implied that the resistivity is determined
by only the time-average cross section and the magnetic susceptibility
by the time-average polarization. This is valid only if the LSF are
fast compared with other relevant times. On the other hand, if the LSF
are slow enough, the conditions become very close to the Friedel-
Anderson condition where the magnetic moments have sufficient time to
equilibrate or to flip the spin of a conduction electron. The magneto-
resistivity in the amorphous alloys is generally negative and follows
similar lines to Yosida]6 theory. The magnetic properties are quite
complicated and can be described best by the B]and‘in22 regime involving
collective and random distribution of magnetic spins.

The specific objectives of this thesis are: 1) To prepare
amorphous alloys of composition Pd-Mn-P and Pd-Co-P, and study the

structure, electric and magnetic properties in terms of a varied con-

centration of transition metal as well as a varied concentration of
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glass former. 2) To study the mechanism of electrical conduction in
terms of "d band" filling by going across the first d transition metals
and by electron transfer from the phosphorus. 3) To study the mag-
netoresistivity as well as the magnetic behavior of amorphous alloys
and thus shed some light on the behavior of a metallic transition atom
carrying moment, on short range magnetic orders, on the magnitude of
exchange interactions and superexchange forces. 4) To build a struc-
tural model for the amorphous metallic alloys and attempt to study the
effect of exchange anisotropy and local atomic environment on the
atomic moment of Co and Mn. 5) To establish the mechanism and tem-
perature of ordering.

An added interest is in terms of the future practical applica-
tions of these materials. Some amorphous alloys have proved to have
very unusual electrical and magnetic properties and the size limitation
has not any serious consequences, as they could be used as components
of integrated miniature circuits, magnetic films, magnetic memories,
as well as a choice material for high resistance with low coefficient
of expansion. The amorphous alioys should be considered as a choice
material for thermometers, magnetic switches, and gages in ﬂigh radia-
tion regions. Also the already observed high strength of supersatu-

rated solid solutions opens new fields for engineering applications.



II. ALLOY AND SPECIMEN PREPARATION

The amorphous Pd-Mn-P and Pd-Co-P alloys were obtained by rapid
quenching from the liquid state using the "piston and anvil" method23.
The alloys were prepared by "reactive sintering" techniques based on
powder metallurgy as these alloys contain large amounts of phosphorus
and could not be obtained by direct melting of the constituents. The
Mn was electrolitically pure, the Pd was 99.99% pure, lot R-728 No.
162. Englehard,contained a maximum of 26 p.p.m. Fe, and the cobalt
was spectrographically standardized to 99.99% pure, laboratory No.
W.899 Johnson, Matthey and Co., London. The phosphorus was reagent
grade red amorphous powder, lot No. 35, 427 Baker Chemical Co.,
Phillipsburg, New Jersey. The elements were carefully weighed and
mixed. A total of 2 grams of mixed powder was consolidated into a
briquet in a 1/4 inch diameter steel die under a pressure of 50.000
psi. The sintering was carried out in an evacuated pyrex capsule at
a slowly increasing temperature up to 500°C at an average rate of
heating of 20°C/hour, so that the reaction between phosphorus and the
metal could proceed in the solid state until all the phosph&rus was
combined into a stable phosphide. The pyrex tubes were then opened
to release whatever gas pressure might be present. The sample was
then placed in evacuated quartz tubes and heated to a temperature near
the melting point about 560°C to 600°C where it was kept for about 3
days and then taken out of the furnace.

The sintered briqueted alloy was then melted in quartz crucibles

in an induction furnace under an argon atmosphere and the melt was cast
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into several 2 mm diameter rods by sucking the Tiquid alloy into a
quartz tube. No noticeable reaction occurred between the melt and the
quartz crucible which indicated that the phosphorus was entirely com-
bined into stable phosphide before melting occurred. The rods were
then broken into pieces of appropriate size for use in the quenching
process. Full details may be found elsewhere.

The amorphous state of the alloys was obtained by quenching
from the liquid state. The "piston and anvil" technique was used where
a small globule of 1liquid alloy was contained in a fused silica tube
for about 30 seconds before quenching. This time is short enough to
prevent reaction between the Tiquid alloys and the fused silica tube.
Every foil used in the present study was carefully checked by x-ray
monochromatized molybdenum radiation,and microcrystals, if any, could
be detected by weak Bragg reflections superimposed to the broad maximum.

The amorphous foil quenched from the Tiquid state for Pd-Mn-P
and Pd-Co-P were about 2.5 cm in diameter and 40 to 60y thick. From
these foils a rectangular specimen of about 40 x4 mm was cut for
resistivity measurements. Current potential leads, made of 0.005" Pt
wires were spot welded to the specimen. For the magnetic sugceptibility
measurements, few 3 mm diameter wafers were obtained by a punch of the
amorphous foil and a total amount of about 2 to 10 mg in weight was

used.
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ITI. STRUCTURE INVESTIGATION BY X-RAY DIFFRACTION
OF LOCAL ORDER IN AMORPHOUS METALLIC ALLOYS

Since the theoretical foundation of radial distribution analy-
sis of liquid diffraction patterns were laid in 1927 by Zernicke and
Prin524, progress in apparatus, experimental techniques and computer-
ized methods of calculation have ensured a greater reliability and
hence greater confidence in the method as a means of evaluating a
structure of amorphous alloys.

A brief discussion of the theory and a detailed analysis of
the procedure to identify, isolate and correct for the errors that
lead to parasitic undulations in the probability distribution functions

is described.

A. Notion of Amorphous Structure

The word "amorphous" means "no form" or lacking structure.
Therefore all solids composed of crystals of size lower than the dif-
fraction power or separation of the optical instrument have to be
assumed amorphous. Bernal defines the liquid state as "an assembly
of atoms irregular, coherent and homogeneous". '

So if we imagine a model made of spheres, we will view the
first nearest neighbor of an atom taken as origin to be slightly dis-
placed with respect to its ideal position in a crystalline phase, and
the disorder grows increasingly as we go further and further away from
the atom taken as origin. We can solve this vocabulary problem if we
adopt a molecular model with an identity unit practically unchanged

and undeformed. This solid is called amorphous if these molecular
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units are not periodically placed in space.

The degree of structure in solids as well as in liquids can be
deduced from an analysis of their diffraction patterns.

In general, one distinguishes between the small-angle scatter-
ing (the scattering close to the primary beam), and the large angle
scattering which includes all angles of scattering other than the small
angle. The large angle scattering is governed by the atomic distribu-
tion function W(r) which represents the number of j-type atoms per
unit volume at the distance r from an i-type atom averaged over all
i-atoms 1in the sample, and the size of the diffracting domains; whereas
the small-angle scattering is a consequence of the size of the hetero-
geneities in the atomic densities in the sample--that is, by the size
of the diffracting domains if they are sufficiently separated by
regions of low or zero atomic densities.

If now we try to distinguish between liquids, microcrystalline
and amorphous structure, Figs. 1 and 2, we find that there are four
features to look for: (a) At very low angles, the small size of the
crystals makes a high intensity peak appear, which is not found in the
liquid state. This part of the curve has no relation with the internal
structure of the grain, but with its size and its exterior shape.

(b) The first peak height is weaker for the scattering of the powder
than it is for the liquid. (c) The width of the first peak measured
at half height is greater for the powder sample. (d) The intensity

of the different peaks is damped much more rapidly in the liquid

curve.
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The techniques that are used have been used by Debye and then by
Zernicke and Prins2? and many others?®, The mathematical background
is therefore well known and accepted by now. The diffraction spectrum
of amorphous alloys leads, after appropriate corrections, to an inter-
ference function. This function, through a Fourier transformation,
yields aﬁ atomic or electronic radial distribution function. This

process is rather straightforward in a monoatomic system, but requires

some approximations in multicomponent alloy systems.

B. Theoretical Review

1. Theoretical Aspect of the Structure Determination of an

Amorphous Alloy

The total scattered intensity I . . ii0.04 (in arbitrary units)
at a given angle, consists of the coherent scattered intensity

plus the incoherent intensity I due to Compton

Icoherent incoherent

scattering and a background intensity I A1l of these are

background °
also affected by a polarization factor P(26) and an absorption factor

A(28). The total scattering intensity is given by the following

equation:

I d(ZG) = [IC(ZB) + 1. (20) + Ib(26)] P(26) A(26) (1)

scattere inc

The most important term is the coherent scattered intensity IC which
leads to the atomic distribution function. )

By definition, the diffracting power It(K) of a diffracting
object is the ratio of the measured diffracted rays of the object to

the isolated electronS. The diffraction power is reported to unitary
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atom, by taking the diffracted power of the object and dividing it by
the number of atoms. Now if a sample is made of very many grains
placed in an x-ray beam, how can we calculate its scattering power?
Debye suggested that the total diffracted power of an amalgamation of
identica] objects each containing N atoms, distributed at random,

is equivalent to the mean value with respect to time of the scattering
factor of a simple object if we take, with respect to the beam, all
the possible different orientations with an equal probability in each

orientation. The scattered intensity in electron units is therefore:

(sin Kr..)

. i
Iscattered(K) : § § fifj Krij (2)

E_E%Q_Q and rij is the interatomic distance between atom

i and atom j , the summation being extended to the entire solid.

where K =

Equation (2) can be rewritten as

in Kr,.
» 2 . ij
Iscattered(K) = N § Xifi " ; % J;1 fifj( Krij )] (3)

whéré N 1is the total number of atoms in the sample and X; is the
atomic concentration of element i . In the present case i goes
from 1 to 3 (Pd, Mn, P) and j means all the atoms in the system
except the chosen atom i . The diffracted intensity, when corrected
for polarization and absorption, becomes the sum of only the coherent
scattered intensity I_, the Compion modified scattering I, and

c inc
the background Ib .
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I
T%%§%%'= et Line* - (4)
As far as absorption is concerned, the thickness of the speci-

men is calculated for both CuKa radiation (Table 1, 2 and 3) and
chosen experimentally to be considered as infinitely thick so that the
absorption factor A s independent of angle. Also the use of a dif-
fracted beam monochromator removes most of the fluorescent radiation
as well as Compton modified scattering at high ang1e527, leaving only
a small part of the incoherent and background intensities which
act together and will be called from now on "effective background IB“.

For the polarization factor P for LiF monochromator at a

Bragg angle © corresponding to a 200 reflection

(1 =+ coszs 005220l
il g

2 (5)
(1 + cos“2g)
Equation (1) could be written
(Iscattered/P'IB)a = 1y (electron unit) (6)

where all quantities are functions of 20 or K, which is the modulus
of the scattering vector,except o .

The normalization constant o converts the coherent intensity
from arbitrary units into that of electron units per atom of the alloy,
and is determined by the high angle method26 assuming the following

"atomic gas" relation to be valid

I =75 x f for K> 17.18 71
m
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For the amorphous alloy (3) can be written as follows?S»2%;

_ 2 s 2 sin Kr
Loon(e-u-) = T xyfa + 72 [ amr? () x M )o(r) -g,] SR ar  (7)
0

The coefficient Nm is a constant coefficient assumed to be equal to
the effective number of electrons for atoms of type m and can be

approximated to:

=
3
"
—H|_—h
m |3
> —
-~ S

where

S
s

F =D M __ (8)
(% xmzm)

fe(K) is the effective scattering factor per electron, z_ = is the
atomic number, fm the atomic scattering factor corrected for

anomalous dispersion30’3]

and fE(K) is the effective scattering
factor per electron.

If we denote ans @, and ap to be the number of atoms of
Pd, Mn and P in an interval dr at a radial distance r from the

center of any atom m , and define

1

(r) dr = a_N (9)
! 4ﬂr2 % N
and \
o(r) dr = =157 a_ (10)
4nr™ m

it can be seen by comparison of (9) and (10) that the ratio of g(r)
to p(r) may be equated to the total number of effective electrons

per atom
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abl oty (1)

We may as well define go(r) to be the average electronic density
and po(r) to be average atomic density in the alloy and obey a
similar relation to that of (14).

Using relations (7) and (11), we may write (8) as

[es]

K[a(K) - 1] = £ arrlp(r) - p ] sin Kr dr (12)

where
2
(1= ¥ %)
cC Homm

a(k) =1+ (13)

2
f
% (%)

Equation (13) is called by some the interference function, but in

this study the interference function I(K) 1is defined as
I(K) = a(K) - 1 (14)

2. The Correspondence by the Fourier Transformation between
the Interference Function and the Atomic Distribution

Function

The number of atoms included in a shell of thickness dr is
4ﬁr20(r) d(r) . The interference function I(K) wusing relations (12),

(13) and (14) and performing the Fourier inversion becomes

W(r) = %

J K[I(K)] sin Kr dK (15)
0

where W(r) 1is the atomic distribution function with
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W(r) = 4nrfo(r) - p ] (16)

Going from equation (12) to (15) would have been impossible by direct
Fourier inversion as our system is not a monatomic alloy, so a solu-
tion suggested by Warrenzg, and since then commonly used32’33, was
assumed.. It consists of using a reduced scattered factor as shown in
equations (10) and (11). So p(r) as used is really a weighted

average atomic density function and it could be written explicitly in

terms of a pair distribution function p_ (r) 34

mn
p(r) =3 T W p_.(r) (17)
&5 mn Fmn
where the weigihiting factor wmn is
x N N
_'m m 'n
W = T — 2 (18)
(x N,

To be able to perform the Fourier transform of (14) we had to assume
wmn independent of K . This is true only in a "perfect powder" con-
taining a great number of grains distributed randomly. This is how an
amorphous alloy is visualized, and the error introduced into the
atomic distribution function W(r) due to the assumption of a
constant wmn becomes vanishingly small as complete randomness is
approached:

With the above assumptions in mind, the atomic distribution func-
tion W(r) 1is a convolution-broadened weighted average sum of six

pair of atomic distribution functions35 corresponding to the combina-

tions Pd-Pd, Mn-Mn, P-P, Pd-ln, Pd-P, and Mn-P.
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C. Experimental Procedure

The Pd-Mn-P alloys were prepared by the piston and anvil quench-
ing method and varied in thickness between 40 and 55u. To avoid the
correction for any angular dependence on the absorption, the mass
absorption coefficients for the compositions investigated by CuKa and
MoK, radiation were calculated and tabulated in Table 1. From the
values of u/p and the density of the alloys (IOg/cmz) only three to
four foils were judged necessary for MoK o radiation and one foil was
judged more than necessary for CuKu radiation to eliminate the neces-
sity of including an absorption factor in the present analysis.

The specimen, consisting of four foils glued together with
thinned Duco cement on a bakelite substrate, was mounted on the sample
holder of a G.E. diffractometer with vertical axis after a series of
steps to insure against the presence of any possible microcrystalline
peaks. First each foil was carefully checked by taking its x-ray
diffraction pattern in the region of the first broad band with MoKq,
then carefully checked by scanning the first diffraction maximum with
CuK, radiation between 30° and 50° in 26 angle value. The diffrac-
tometer moved at the rate of 0.04°/min and an intensity reading was
automatically plotted on an H-P chart recorder every 100 seconds,
which corresponds to a 26 interval of 0.066°. Any crystalline phase
could be detected by the presence of a few weak but relatively sharp
peaks superimposed upon the smooth broad band characteristic of the
amorphous phase. The x-ray diffraction patterns used in this study
were recorded using a G.E. diffractometer fitted with a double curva-

ture LiF crystal monochromator located on the diffracted beam to
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eliminate KB » the white spectrum, the fluorescent scatterin934, and
most of the incoherent scattering, although not a1136’37. The unfts
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 dif-
ferent beam divergences. As it takes ten days to record the entire
diffraction pattern of each alloy, the unit was made to run until
satisfactory reproduction confirmed the stability of the x-ray tubes,
the scintillation counter which was checked using a radioactive
source, the associated electrical circuitry, and the pulse height
analyzer which acted as detector. The pulse height analyzer was
adjusted to eliminate XA/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 Ko which is indeed
negligible; in the absence of pulse height analyzer the A/2 con-
tribution was still small, although 10 times the above value. The
stability of the equipment was within 1% for periods of time up to
120 hours.

The diffraction pattern was recorded in the range 1? 5_205_680
with a scanning rate of 0.02° per 100 sec and then 63° < 20 < 163°
at the rate of 0.04° per 100 seconds. The beam divergence employed
was 1°. The number of counts was printed every 1000 sec with a
Beckman printer. The total time for a complete scan was 139 hours.
Before the datawere fed to the computer, the intensity vs. 20 curves
were plotted on a large scale graph paper to make sure that the

curves were smooth and no failure occurred in the electric recording

equipment. The stability of the system was better than 1.2% per
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period of 96 hours.

D. Treatment of Data

1. Interference Function

From experimental measurements we obtain the scattered diffrac-

tion 1n§ensity Iscattered which when properly corrected as mentioned

previously gives the Icoherent :

a) The conversion of measured intensity to unitary scattering
power, in electron units per atom is called normalization of the
intensity. b) The integration from iero to infinity of the function
I(K) 1is Timited experimentally to Kmax' This leads on the Fourier
transformed function W(r) to the appearance of a phenomenon known
as termination effect. c¢) The change of the integral to a sum gives
the difficult choice of imposing the range of values of the variables.
d) The atomic distribution function obtained by this method does not
allow reconstitution of the image of the structure in real space,
because the instrument of measurement used registers variation of
intensity only; that is, the square of the amplitude of the diffracted
waves. Also tne phase of those waves which are necessary to calculate
the interference function in real space is not known. So the atomic
distribution function (equation (18)) is zero for all distances
smaller than the distance between first nearest neighbors and shows

some characteristic oscillations representing the degree of short

range order which vanish as the distance of separation increases.
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2. Normalization Errors

The scattering power reported to unity is obtained generally
by identifying the magnitude of the measured intensity at high angles
to the sum of the coherent Compton scattering of the elements. In
fact, thg interference is negligible at these high angles, due to the
disordered structure at high distances. This method of normalization
has the inaccuracy that at high angles the scattered intensity becomes
weak; the error comnitted in evaluating the diffracted intensity with
respect to background increases with the angle.

The conversion of experimental values to absolute intensity
values in electron units introduces errors which could not be elimin-

ated.

a. Methods used to reduce the errors in normalization.

Averbach, Strong and Kap1ow38 suggested a method based on the
fact that the atomic distribution function W(r) should not oscillate
for values of r smaller than the first nearest neighbors and should
be a straight line of slope -1 before the bottom of the first peak.
Any deviation from a straight line in this region results from
parasitic effects. This is why published distribution functions have
an obliterated beginning. Some obliterate the beginning under the
pretext or assumption that the beginning is without use or physical
significanée. Here it will be shown quite the opposite, that by the
analysis of those oscillations it will be possible to learn how to

correct the normalization.
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Assume that after a long and tedious process of correction of
I(K) an atomic distribution function W(r) was reached which doés
not have any oscillation atuthe straight l1ine of slope -1 of the
curve. To this atomic distribution function W(r) corresponds an
interference function I(K) , and consequently a coefficient o of
normalization.

Averback and Kaplow varied k by a few percent around the
correct value, and using this modified value of k , calculated the
interference function. The result of this effort was to show the
addition of a rapidly damping oscillatory wave, which imposes itself
on W(r) . By subtraction of the mutual function from the modified
k function we isolate the phenomenon due to the deviation with
normalization which is shown in Fig. 3 by varying 1% on the normaliza-
tion factor of (Pd75M"25)77P23 . By varying k by a few percent
around the real value of a , we can study the different atomic dis-
tribution functions obtained relative to each value of k . Using
this approach we noticed the following:

1. Beyond the first maximum, the effect is very weakly sensi-
tive, the amplitude of the first peak varies slightly but
the amplitudes of the other peaks are affected unnoticeably.
Also parasitic undulations add themselves to the whole
curve and are especially noticeable in the first few peaks.

2. Before the first nearest neighbor, the first oscillation is
very sensitive to k and disappears for k = 1.042. The
normalization should therefore be considered as acceptable

when the parasitic oscillations disappear close to r =0 .
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3. It will be seen that the termination errors add to the

normalization error at high values of r only.

As far as normalization is concerned, a remark found in (Pd83Mn”)P23
(Fig. 15) should be noted. In this case a peak noticeable at

= 3.703 remains and is not due to an erroneous normalization, as it
is not located at the beginning of the decreasing slope and, as will
be seen later, is not due to the cut-off of the interference function
as the effects of this phenomenon are satellites of decreasing ampli-
tude as we move further off the first peak in both directions, so this

can be attributed only to a new parasitic phenomenon which is a defec-

tive experimental intensity datum.

3. Influence of the Termination Errors on I(K) and W(r)

The Fourier integration of the interference function I(K) ends
for K ='experimenta1 Kmax . Mathematically, the integration from
zero to infinity is acting on the product of the interference function
I(K) multiplied by a function M(K) such as M(K) =1 for K e K
and M(K) = 0 for K> Kmax . Or a characteristic of the Fourier
transform is that the transform of the product of two functions is
equal to the product of convolution of the transform of the two func-

tions.

Transf I(K) - M(K) = Transf I(K) (& Transf M(K)

The transform of M(K) is of the form

T(r) = é%%ﬁglﬁil x constant (19)
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Therefore the consequence of the termination phenomenon is to make
appear on each side of every maximum in W(r) , a series of secondary
maxima of periodicity UKmax 5

a. Method used to reduce the termination errors
7,39

Until recently the method was to multiply I(K) by a func-
tion e_Az before doing the Fourier transform. This had the effect
of damping W(r) more or less rapidly depending on the chosen value
of A . The thermal vibration of the sample obeys a similar function.
For this reason this factor is called the artificial coefficient of
temperature. The effect of such a manipulation is shown in Fig. 4(D)
and it is noticed that although the satellites have completely dis-
appeared on W(r) the stripes have been enlarged drastically with
loss of intensity. It is conceived, therefore, that with this tech-
nique meaningful details have been eliminated which could be extremely
useful if the atomic function was cleared from normalization and
termination errors; otherwise the information becomes extremely elusive.

To this unsatisfactory method, two methods are preferred. The
first one is very tedious as its basic concept is the following:

Let Il(K) be a known experimental interference function, known
until Kmax ; its Fourier transform is w](r). Suppose that the
normalization correction has been done and that in the interval between
0 < F < r{ first nearest neighbors, some parasitic oscillations per-
sist, coming from the termination effect. Let us replace the beginning
by a straight line that joins the bottom of the first maximum peak and

goes through the middle of most of the oscillations. Let IZ(K) be
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Figure 4
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this modified function. The inverse transform of Nz(r) is done to
obtain IZ(K) . It is noticed consequently that IZ(K) is different

from I](K) in two ways:

1) for K < —_— IZ(K) is not superimposable to II(K)
as the suppression of the parasites on w1(r) contains an indeter-
mination as to the point where the ideal slope meets the bottom of the
first peak.

2y foF K= LA— IZ(K) contains an extension made of
oscillations slowly decreasing in intensity and could be considered a

make up for the cut-off error.

This method is extremely useful to extract information that gets mixed
up with the parasitic effect beyond the first peak.

The parasitic undulations are then eliminated from w](r) by
varying the amplitude of the calculated satellites.

The second method is to give I(K) above K = 17.2 more and

more close values to zero as the K T1imit boundary is approached.

4. Choice of the Interval AK in the Numerical Integration

It has been proved40 that the substitution of the integral by a
summation leads to a periodic Fourier transform function of period
1/AK  that goes to zero at r =m E%E-. Outside the interval
(- ZAK’ZAK) the function repeats itself identically to what it is
inside the interval. It therefore becomes convenient to choose the

distance r until which the information is desirable, and AK can

be deduced easily. For this work, the study is carried up to r = ZOR
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W
min 2AKmax

1

= 0.0258 !
2 x 208

KITIE\X

but AK was chosen as 0.018 ~1 so as to insure that the information

is as precise and as original as possible until ZOR.

5. Remarks on Compton Scattering Effect

The incoherent scattering of Pd, Mn, and P in amounts propor-
tional to their respective percentages had to be subtracted. The
gaseous scattering factors were used, in spite of our awareness of the
fact that they differ experimentally from their sum effect in the
solid. Three models are possible to take account of the Compton
scattering:

(1) The Mn, Pd and P are totally segregated

(2) The P, Mn, Pd form an ideal disordered solution. In this

case the phosphorus is randomly distributed and it is

41

proved = that the scattering power is made of two terms

1(K) = N{F2 - (F)%}+ (F)% {N+ ] ] cos(K 1)}

" ?;' being the scattering factor of a fictitious atom whose
scattering factor is equal to the average of the scattering
factors of Pd, Mn, P, taken into account percentage-wise.
N{?ﬁ - (fn)z} is the additional Compton scattering due to

the difference in scattering factors between scattering
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centers. _

(3) Mn, Pd and P form a solid solution but the atoms of phoﬁ-
phorus are not randomly distributed. 1In this approach the
diffracted intensity varies according to the arrangement
of the three types of atoms, one with respect to the others.

I - Ny di and NP are the number of atoms of mangan-

Mn
ese, palladium and phosphorous, respectively, and an,

de and fP are their scattering factors, it could be
assumed that [NMn(NMn-l)]/Z] couples of Mn-Mn are affected
by the (an)2 factors, Ny x Ny couples of Mn-P with the
coefficient anx fp , and [NP(NP-l)]/2 couples P-P with
the coefficient (fp)z, etc. But as it is not possible to
identify which of the nine pairs mentioned above contri-

butes most, and if the diffracted intensity is taken into

consideration, the interference function could be written

as
I(K)
I(K) = ——5F——S2%t ; (20)
NunfMn * Npafpa + Npfp

6. Magnitude of Thermal Vibration Effect

As seen, the thermal vibration modifies the interference func-
tion by a factor e_AKz. To have an idea of the orders of magnitude
involved let us calculate the value of the constant” A" for palladium
at 20°C (293%).

The scattering factor for an element at the temperature T is

modified with respect to its value fR calculated at an angle © by
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the following relation
£ = Fo %D 4= E_éiﬂEQ | ;21)
T TREEP 32
B is the Debye factor for this element. It is constituted of two
terms

B = B, + By (22)

B0 corresponds to the thermal agitation, not zero, at zero degrees
absolute, and BT is the temperature factor. The International

Tables give for palladium at 20°C: B = 0.105 + 0.365 = 0.470 ; and as

fr = fpexp - %—KZ (23)

the obtained damping factor is

This has enlarged all the peaks of W(r) while their amplitudes were

diminished.

7. Method Used for Density Determination of Amorphous Thin
Foils (Experiments done by P. S. Schluter)

This method requires the knowledge of three weights: the weight
of the specimen in air, NA ; the weight of the specimen and its support
wire while suspended in a liquid of known density (toluene), NT ; the
weight of ihe support wire while suspended in the toluene WS s as
well as the density of toluene (0.96694 gm/cc at 20°C). The weight of
the specimen alone in the toluene can be obtained by subtracting

(We - NT) . This difference is subtracted from the weight of the

S
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specimen in air (wA), yielding an equivalent weight of the toluene
displaced by the volume of the specimen. As the density of the
toluene is known, one can calculate the volume of the specimen and

thus obtain the density:

Experimental Density = W,/ {[wA— (WT- WS)]/ D}

a. Procedure

The maximum size of the sample was limited by the size of the
glass vial that contains the toluene, which was 1.4 cm diameter and
2.2 cm cylindrical height. Its weight was about 100 mg for optimum
accuracy on the Cahn electrobalance. A small hole of the order of
1 mm diameter or smaller was drilled in the specimen to accommodate
the supporting wire. All thin flaky sections of the specimen were
removed so that no break-off during the weighting and immersion of
the sample in the toluene occur. The specimen and suspension wire
were thoroughly cleaned with proper solvents to remove any glue or
cement residues and rinsed with suitable reagent grade solvent.
Finally the specimen was dried in vacuum for a few hours to evaporate
the last trace of the solvents.

During all phases of weighing and immersion the specimen and
suspension wire were handled with a pair of forceps. After the free
air weight of the specimen was determined, the specimen was suspended
from its support hook. This wire was not over 2 mil in diameter and
was absolutely free of any kinks and as straight as possible. The
handling of the wire was made at either end and never in the middle

section which interacts with the surface of the toluene. About 20 ml
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of degassed reagent grade toluene was poured into the dispenser flask
before applying a vacuum to the system, so as to prevent any air from
entering the vacuum system. The purpose of this is to insure that
only toluene molecules are present in the vacuum system and that
toluene will fill every tiny crack and pore of the specimen, enhanc-
ing the‘accuracy of the determination. The results are listed in

Tables IV and V, and a graphical representation is shown in Figs.5 and 6.

b. Estimate of errors

The greatest contribution of error arises from the surface
tension on the support wire. This adds almost 200 ug to the measured
mass of a wire 1 mil in diameter, an effect that represents a 10%
error in the density determination. Hopefully some of this surface
tension effect was cancelled when the wire in toluene measurement
was subtracted from the wire plus specimen in toluene measurement.

So this error might not be that large. Much care was devoted to this
phase of the experiment, and due to the nonquantitative nature of
this possible error source it was not included in the conventional
error analysis, hoping that this neglect would be balanced by the
care exercised during the experiment. The four sources of uncorre-
lated uncertainties in the measuremgnts were 1) each balancing was
executed to an accuracy of +3 ug in terms of the null dial reading;
2) the linearity of the nulling system was taken to be within
+0.025% full scale (5 mg); 3) class M weights were used for "taring
weights"; each might include an error of +5.4 ug; 4) the density of
degassed toluene at 25°C was within $0.1% of the published value of

0.86694 at 70°C. The error due to the tolerance on class M weights
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Table VI. Crystallite Size of Pd-Mn-P

Alloy | “(R) Mok, (R) cuk,
(Pdgghnyc)97P 04 - 14.344
(Pdg4Mn, ;)P s 11.739 16.234
(PdgoMn o) os 11.592 14.329
(Pd., M, e )P, 10.082 13.569
(Pd;Mng)oP s 10.192 13.051
(PdgeMnac), P os 11.278 12.819
(PdgaMngs) P yg 11.142 12.550
(Pd62Mn38)77P23 - 12.126
(Pd;gMng0) 5P - 15.629
(Pd, Mnyn)ooPrg 11.213 14.858
(Pd;Mns0) 61Prg - 14.536
(P, Mn ) 0P 10.920 13.910
(Pd;oMns0)-0P o1 - 13.728
(Pd, M )Py, - 13.337
(Pd;Mn ) 5P 10.192 13.051
(Pd, Mno0)ocP oy - 13.258
(Pd;Mnq) 6P os 9.914 13.375
(Pd;oMn50) 4P o6 - 13.220



Table VII.

Alloy

(PdgsCoy5)goPog

(PdgCo,0)g0P20

(Pd;5C0,6)g0P 50

(Pd70Co
(Pd

30)80" 20

65°35)goP

20
(PdgaC040)80P 20
(PdgeCoys)g0Pog

(PdgoCog4)g0P 20

-40-

Crystallite Size of Pd-Co-P

(3) CuKa

14.896
14.402
12.758
12.613
12.332
12.297
12.078
11.640
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were correlated to the non-common tare weights for both NA and WT
measurements which were taken to be the multiplying factor for the
class M tolerance. Every'othef error was considered uncorrelated
and the total uncertainty was calculated to be in the form,

AT LA

8. Attempt to Estimate the Crystallite Size of Pd-Mn-P and
Pd-Co-P Amorphous Systems

From the width of the first diffraction peak, which is related
to the crystallite size assuming a microcrystalline model by a rela-

tion known as Scherrer formula

0.9)

t = g7/
B cos eB

where B 1is the broadening of diffraction line (radians) and t is
the diameter of the crystallites. The results are shown in Tables

VI and VII.

9. Coordination Number

Using the radial distribution data g(r) it is possible to
compute the coordination number CN for the amorphous metallic alloys
Pd-Mn-P. Four methods are available in the literature and are used
by different workers in the field:

a. symmetrizing the first peak in rg(r)

b. symmetrizing the first peak in rzg(r)

c. decomposition of rzg(r) into shells
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d. computation of the area to the first minimum in rzg(r)

In the hope of clarifying s;me of the confusion about this quantity,
the following remarks will be made for consideration as an incentive
to standardize the CN computations in future investigations of amor-
phous alloys.

Method (a) is based on the fact that rg(r) is a symmetric

function which has been disproved for many cases42.

Method (b) is

based on the assumption that the coordination shells are symmetric

about a radius, which is called P in rzg(r). To resolve the
43

asymmetry it is suggested = to fit the rzg(r) to a Gaussian which is
not without errors,as the trailing edge of the first peak in rzg(r)
extends beyond the symmetrical value of rB+ Ar and any reasonable
extrapolation gives a value of CN which is significantly larger than
the symmetric rzg(r) value. Method (c) although the most objective

in concept, as it attempts to decompose the total distribution func-
tion into its constituent shells, is the least objective in arriving

at a precise value of CN. The reason for this is that the individual
shells overlap to such an extent that there is no unique way to resolve
them. Thus, the CN may easily vary by 20% depending upon how the
separate coordination shells are constructed. For liquids near their
melting point, the extrapolation of the first peak trailing edge pre-
sents no serious problems, but for dense liquids or amorphous alloys
the decomposition of the total distribution function into its component

shells is far from obvious. Thus the evaluation of CN by this method

is stronger in favor of a philosophical approach than a practical one.
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Method (d) offers a compromise between a more realistic definition and
a more objective means of computation. It explains and justifies the
definition of CN to be the a@erage number of atomic centers to be found
at some distance +8r from a central point taken at random in the
media: solid, liquid, or gas. The CN is determined by evaluating the
integral: 4nr2po g(r) out to a distance r' corresponding to the
first minimum on the high r side of the first peak. By so defining
CN, the fact that the nearest neighbor particles are more likely to
stray outward from their equilibrium position than inward toward the
central or reference particle is recognized. The advantage of this
method is that the characteristic distance r' may be precisely
determined, thereby giving an unambiguous value of CN. Therefore,
other than for comparative studies the value associated with the area
under the first peak of the function 4wr2pog(r)(z xiKi)2 is used, where
Po is the average number density. A graphical comparison between

the four methods is shown in Fig. 7 and the results are listed in

Tables VIII and IX. Figure 8 represents a sample of g(r) showing the

limits of integration of the calculation for the coordination number.

10. Direct Correlation Function

Goldstein44

established that C(r) could be rigorously computed
from the Fourier transform of a function experimentally obtained from

x-ray diffraction data by the following relation

Clryg) = hiryg) = b | clryg) h(rpg)dry (24)

where C(r) 1is the direct correlation function (DCF), h(r)=g(r) - 1

also called the net radial distribution function (NRDF) and p is the
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Table VIII. Results and Comparative Features of the
Coordination Number Calculations

(PdygMn, )P, g CN(atoms)
1st Method i e R |
2nd Method 12.03 = 0.4
3rd Method 1237 = 0.4
4th Method 12.46 = 0.3

Table IX. Coordination Number for Pd-Mn-P Amorphous Alloys

Composition 4th Method CN
po(atoms/ﬂ3) CN(first)

(Pdgehn, c)57P s 0.06759 12.53
(Pdgghn;;) 74P, s 0.06765 12.32
(PdgoMn g )77P s 0.06778 12.36
(Pdyghnye) 25 o 0.06799 12.46
(Pd,oling )P, 0.06822 12.64
(Pd Mni.). P, 0.06847 12.68
(PagiMa. )P, 0.06857 12.70
(Pd;gMn30)goP1g 0.06849 12.69
(Pd70Mn36)80P20 0.06839 12.67
(PdygMngn)7oP s 0.06822 12.64
(Pd;Mnz0) 5P os 0.06810 12.62
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s,

density. Fisher45 provided an interpretation that the correlation
C(rlz) between particle 1 and 2 can be regarded as caused by (a) a
direct influence of 1 and 2, described by the so-called DCF, C(rlz) y
which should be short range and having the range in the pair potential
U(r) 5 and (b) an indirect influence propagated directly from 1 to a
third pafticle46 at rs which in turn exerts its total influence on

particle 2. The NRDF and DCF are directly related to the observed

intensity of scattered radiation as shown by Go]dstein46 and Fisher45:
h(r) = (2n2rp)”" J KI(K) sin (Kr) dK (25)
0
c(r) = (2n2rp)”] J—Kﬂﬁ)——sin(m«) dK (26)
0 [1+1(K)]

I(K) is the experimentally measured intensity properly normalized and
corrected. As shown in equation (26), even small errors in the deter-
mination of I(K) for K-> 0 leads to substantial errors in the kernel
of the Fourier integral. Here as a trial, the net radial correlation
function for (Pd75Mn25)77P23 was derived, Fig. 9, but some uncer-
tainty was encountered as to the real behavior of the experimental data
below 20 = 12°. This uncertainty may have been the contributing factor
in the seemingly anomalous behavior observed in the present investiga-
tion for (Pd75Mn25)77P23. It is interesting to notice that similar
behavior was observed by Johnson and coworkers47 in pure metals includ-

ing Hg, Al and Pb.
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11.  Electron Microscopy Analysis

High resolution bright field and electron diffraction micros-
copy was carried out with a Siemens Elmiscop II. The rapid quenching
technique has the advantage of providing foils of uneven thickness
(Fig. 10) in which there are regions thin enough for direct observa-
tion by iransmission electron microscopy without mechanical or
chemical thinning. The desired 2000 to 4OODR thin part was cut and
put between two copper grids. The instrument was operated under 100 KV
and 10 microamp beam current. The effective source diameter was

around 5><10"5cm, the illumination angle at the specimen was 5x 10_6

48 \hich

rad. The method used is based on a suggestion by Kitamura
allows for improvement in angular resolution. For a sample taken at
random, in this case (Pd75Mn25)77P23, the electron diffraction pattern,
Fig. 11 reveals a diffused scattered ring perfectly symmetrical, which
suggests that for those compounds the structure is clearly disordered

and typical of an amorphous structure.

E. Results of the Structure Analysis

~1. Palladium-Manganese-Phosphorus Alloys

a. Manganese concentration effect

Seven different compositions of (Pdmo_anx)an3 where
15 < x < 38 were investigated by MoKa X-ray radiation to yield elec-
tronic radial distribution function. Several amorphous bands are
easily recognizable in the uncorrected diffraction patterns. The

coherent intensity curves for the smallest and largest concentrations

of manganese are shown in Fig. 12. The maxima following the fourth



Fig. 10. Transmission electron micrograph of amorphous

(Pd75hn25)77P23 at the same area of Fig.



]

b)) | (d)

Fig. 11. Transmission electron diffraction pattern of amorphous
> v ) showing di S inc aracteristic
(Fd7bhn25)77F23 showing diffused rings characteristic of

amorphous alloys. a-b (top area), c-d (specimen tilted).
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peak are not visible because of the peak of the figure. On the same ,
figure the average scattering power I niff, corresponding to indepen-
dent scattering by the atoms of the ;lloy is shown by the smoothly
varying curve, and the resulting interference function I(K) is plot-
ted in Fig. 13. All the numerical results are gathered in Table X.
The effect of increasing the manganese concentration results in a
decrease in the intensity of the first peak, a broadening of the first
and second peaks and a smearing in the high value amorphous bands. It
is significant to note that there is no shoulder on the high angle
side of the second peak of I(K) . The Fourier inversion was per-
formed according to the method given in III-B.2, after proper correc-
tion for the Compton scattering III-C. Special care was taken to
reduce the errors due to normalization III-D.2 and termination effect
III-D.3. The resulting functions W(r) are shown in Fig. 14, in
which we could retain the information contained in the maxima at high
angles of the atomic distribution function by using a very small damp-
ing factor thus showing interesting details of the short range order.
The horizontal Tine in I(K) and W(r) represent compietely uncor-
related structures. Errors in the determination of the normalization
constant k show up as spurious ripples in the W(r) plot, especially
in the region of low values of r . Judging from the small amplitude
of these ripples it may be concluded that this error was not large,
thus enabling us to draw a theoretical straight 1ine whose slope is
~4ir Po to obtain the density of the alloy. A comparison of the
atomic distribution function density with the experimental density

III-D.7 is shown in Tables IV and V. The atomic radial distribution
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INTERFERENCE FUNCTION I(K)

(pd63 Mﬂ37)77 P23

(Pdgs Mn3s),,Pos

(Pd'?o anl?7p23

(Pd75 Mnzs)Pas

(Pdgo Mn2g),,Po3

4 a
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(Pdgs Mns)., Pa3
0 .
== 4l
-2t -
1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 3 I8
K (A"
Fig. 13. Interference function I(K) for the amorphous

(Pdy oo Mny)77Po3 (With shifted zeros) vs. K

(K=4w sin 6x~1). Horizontal line at I(K)=0 would
represent a completely uncorrelated structure.
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Atomic distribution function W(r) for amorphous

(Pd100~anx)77P23 with shifted zeros.
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RADIAL DISTRIBUTION FUNCTION gfr)

Fig.
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16. Radial distribution function g(r) for the amorphous

alloy system (PdIOO—xmnx)77P23 .

15



Table X.

(Pdgghny5) ;7P o3

(Pdg4Mny7)77P 23
(PdSOMn
(Pd

2077723
75MM25) 77P 23

(Pd;gMn30)5P 53

(PdggMnss)s7P o3

(Pdg3Mngs)s7P o3

Table XI.

Alloy composition

(Pd85Mn
(Pd

15)77P23

83Mn17)77P 23

P

(PdgMn,g) 77P 53

(Pd;5Mnog) 7P 53

(PdygMn30)77P 23

(PdggMngs) 7P o3

(Pdg3Mnss)75P o5

-58-

Structural Results for Amorphous (Pd*Mn)NP23
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function (RDF) for (PdBSMn]S)nP23 is shown as an example in Fig. 15
by the oscillating curve. The smoothly rising curve represents the
average atomic density 4Hr200 . The area under the first peak Fig. 16
of the reduced radial distribution function g(r) = p(r)/po(r) gives
the coordination number and the results are shown in Tables VIII and
IX. The results of the structure investigation with MoK, radiation
are summarized in Table XI and show rather constant ratios of ri/r]
and Ki/K] implying a continuity in structural order. The product
K]-r] varies slowly between 7.78 and 7.93 as we increase the mangan-
ese content and appears to fulfill the relationship K]-r] =~ 8.0

found in most other amorphous alloys. As shown in Figs. 13 and 14,
the first peaks I(K) and W(r) are not symmetrical. To analyze
this asymmetry, a symmetrical curve was traced taking the mirror image
of the left side with respect to the location of the maximum,dashed
Tline Figs. 17 and 18, and the difference between this curve and the
experimental one is represented by the dotted lines. The metal-to-
metal nearest neighbor distances and the maximum in the shoulder on
the right hand side of the first peak is shown in Fig. 19 as a func-
tion of manganese concentration. Finally the correlation function

C(r) was shown in Fig. 9.

b. Phosphorus concentration effect

Four different alloys varying in composition between
18 <y <25 in (Pd7oM”30)100~yPy were investigated with MoK, and
CuKu radiations. The diffraction pattern showed several amorphous
bands and the position of these peaks was also displaced toward

larger values of 26 or K with increasing percentage of phosphorous.
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Table XII gathers the numerical results with respect to the diffraction
patterns and to the maxima of the interference function I(K) . The
ratio of r’zlr-l is 1.77 and ﬁlose to 1.8 found for liquids. The inter-
ference function is shown in Fig. 20. The Fourier transforms leading
to the atomic distribution functions were performed in the same way as in
the manganese concentration effect. The resultant atomic distribution
function W(r) 1is represented by Fig. 21 while the radial distribution
function r W(r) is shown in Fig. 22. In both cases a temperature
factor equal to exp(-0.002 k2) was used in an effort to reduce the
oversharpening effect of I/fg and at the same time take into consi-
deration the thermal vibration. Similarly the crystallite size is
listed in Table VI and the density obtained W(r) 1is compared with the
experimental density, Table V. By integrating under the curve of the
reduced radial distribution function, the first coordination number is
obtained, while the second and third coordination numbers are computed
for (Pden30)75P25 just for the valuation of an approximate order of
magni tude. From the asymmetry of the first peak in W(r) the metal-
to-metal and the maximum position of the shoulder on the right hand
side of the first peak is shown in Fig. 24 using the same technique
mentioned for the increase in manganese effect. The results of the
interatomic distance versus the phosphorous concentration is shown in
Fig. 26. A% in (Pd100—anx)77P23 the relevant structure parameters
are shown in Table XIII; the product K]-r] increases from 7.88 for

18 At.% P to 7.93 for 25 At.% P and is close to the expected value of
%
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Fig. 20. Interference function for (Pd70Mn30)]00_yPy alloys

with various phosphorus concentrations
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Atomic radial distribution function (RDF) for amorphous
(Pd7OM"3O)100—yPy alloys (oscillating curve). The

smoothly rising curve represents the average atomic density
4nr2p0 . The zeros have been systematically shifted for
alloys having y greater than 20.
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Fig. 23. Radial distribution function for amorphous (Pd70Mn30)]00-va
“where 1 vrepresents perfect disorder. Respective curves :
were systematically shifted by 0.05.
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Table XIII. Relative Positions of Maxima in I(K) and W(r)

Ki/K] ri/r] K]-r‘.I

Alloy composition =1 i=2 i=3 i=1  i=2 =3

(Pd70l“1n3£3)82P]8 1.00 1.72 2.57 1.00 1.76 2.53 7.88
(Pc!70Mn30)80P20 1.00 1.71 2.56 1.00 1.77 2.53 7.90
(Pd70Mn30)77P23 1.00 1,72 2.53 1.00 1.77 2.54 7.90
(Pd70Mn30)75P25 1.0Q 1.71 2.54 1.00 1.76 2.53 7.93
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2. Palladium-Cobalt-Phosphorous Alloy System

X-ray diffraction measurements using CuKa radiation was made
on eight amorphous alloys having the composition (Pdloo-xcox)BOPZO
where 15 < x < 50 which was obtained by rapid quenching from the
liquid state. Unfortunately, we could not study the distribution
function with MoK, because of the high fluorescence expected and con-
sequently low peak to background ratio. From the careful scanning
by CuKa radiation of the first amorphous peak we extracted the grain
size parameter, Table VII, as well as the convincing evidence of the
nonpresence of any microcrystals which would have shown as peaks

superimposed on the amorphous band.
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IV. ELECTRICAL RESISTIVITY

The amorphous a]]oyé which were the object of this investiga-
tion exhibit characteristic metallic transport properties. The study
of electrical resistivity and specifically its variation with tem-
perature and composition is of particular interest. The existence of
localized moment,due to the presence of a transition metal element,
suggested low temperature experiments in order to investigate the
existence and the type of effect the Kondo phenomenon does have in
these alloys. High temperature resistivity measurements yielded
information on the transport mechanism and the transformation from

the amorphous to the crystalline state.

The Pd-Mn-P alloys constitute a suitable amorphous system for
studying the influence of composition on the electrical resistivity,
since the ternary alloys could be obtained in an amorphous structure
over a relatively large range of metal and metalloid compositions.
More specifically amorphous alloys could be obtained from 15 to 38
at.% manganese to a constant phosphorus concentration of 23 at.% and
keeping the metallic contents at (Pd70Mn30)100_yPy the concentration
of phosphorus could vary from 17 to 26 at.%. The incentive for the
present work is to study the effect of the 3d band filling of the
first transition metal group, the phosphorus concentration effect
which acts as an electron donor, and the transition metal concentra-
tion effect on the transport properties. The presence of a magnetic
element makes the alloy quite sensitive to spin interaction, which,

depending on the concentration and valency of the "d" shell of the
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transition metal, the phosphorus content and the temperature, determine

the magnitude of the localized moment.

A. Experimental Procedure

Rectangular samples of about 18 mmx5 mmn were cut from the 40 to
60p thick foil. Current and potential leads of 0.005 inch diameter
platinum wire were spot welded on the specimens with the potential Tleads
12 mm apart approximately. Measurements were made with a constant current
of 100 mA measured as the potential drop across a standard 0.1u resis-
tor. The voltage range was between 10 and 20 mv. The current and poten-
tials were measured using a potentiometer with maximum sensitivity of
10-5mv. The dimensions of the samples were determined by use of a
micrometer. Variation of the thickness within the sample was about #5%
and the precision was #2% for the other dimensions. Although the rela-
tive error is very good, the error on the absolute value of the resis-
tivity is #10%.

Temperatures were measured with a calibrated Ge crystal from 4.2°
K to 78°K and with a copper-constantan thermocouple from 77 to 300°K.
The sensors were placed close to the samples located inside the brass
resistivity probe. For the high temperature range, 300°K to 1000°K, a
spot welded platinum rhodium thermocouple was used. The temperature ac-
curacy was 0.1%.

Comparison between the resistivity data using point contact tech-
nique and spot welding technique was made in the range 3.5 to 100%K and
no variation in the shape of the resistivity minimum was observed for

all the alloys measured.

B. Brief Review of Relevant Theories

1. Localized Electronic States in Disordered Alloys

Quantum mechanical motion could exist in certain physical phenomena
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without any particular thermal activation among sites at which the mobile
entities--either electrons or spins--may be localized. In such situations
it is believed that transport occurs not by motion of the free carriers

or the spins, which are scattered randomly through the medium, but in some
sense by a series of quantum mechanical jumps from one site to another.
Another interesting feature of this model is the randomness of interac-
tions of any entity with its nearest neighbors in a random arrangement of
electronic or magnetic spin. The suggestion that, for an electron in a
disordered one-dimensional lattice, all characteristic solutions of the

Schrodinger equation are localized was first made by Mott and Twose49

who
gave a proof for a particular model of a disordered Kronig-Penny lattice.
This was extended by Borland50 and Borland and BirdB] to the case of a

random distribution of delta functions. It might be worthwhile to define
here what is meant by the localized state of an electron. The definition

is that if the Schrodinger equation for an electron in the field of a

disordered potential V is

LT R

dx

Then all bounded solutions in the range -« < x <« have a maximum value
for some value X and decay exponentially to zero as

exp{-Y|x - xn|} as [x - x| tends to infinity, each solution Y

has a characteristic energy En . It may happen that a localized state
may have two or more peaks of comparable height at a distance, say X,
from each other. If so, we should expect two states, in one of which

Y would have the same sign in both peaks, in the other, opposite signs;

the energy separation between them would be of order E exp(-YX) . As
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X dincreases, the proportion of configurations in which this happens

will decrease exponentially. Within a given range of energies, states |
are either localized or non-localized. This is a quantitative dif-

ference; if states are localized an electron placed in a given region

|

|
will not diffuse away. There will thus exist critical energies Ec
dividing ranges in which states are localized from those which are not.
For localized states 1 falls off as sin kr exp(-yr) and y tends
to zero as E - EC . For non-localized states the mean free path L
leads roughly to the electron wavelength A as E - Ec 2

The only quantitative work on the condition for localized

states is that of Andersonsz. Anderson considers essentially the tight
binding model, in which a single band of energy levels is formed from
s-1like atomic orbitals with bandwidth 20Z where Z 1is the coordina-
tion number and J an overlap energy integral. Instead of consider-
ing a random variation of J due to an amorphous structure, Anderson
imposes on each site a potential energy V , which has a random
spread of value <V> . He finds that if <V>/J 1is large enough, all
eigenstates are localized; for smaller values some are not. His

results are expressed in terms of the connectivity of the lattice, but

it appears that states become localized when <V> 1is greater than

about six times the bandwidth. With this model there is no boundary

Ec between localized and non-localized states.

53 54

In considering the conduction band, Frohlich™, Gubanov and
Banyai55 suggested that in amorphous materials localized states may
exist in a tail below the conduction band, and that in ionized mate-

rials a polarization round the trap will always increase the depth
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of the localized state. The interesting problem then arises as to
what conditions the states in the minimum of density of state N(E)
versus E curve will be localized. Naturally the answer is dif-
ficult to predict but will depend on the distance and strength of
interaction between atoms. Large deviations will always be associated
with short mean-free path as in amorphous alloys, unlike the crystalline
case, the same field is responsible for deviations and for the mean
free path. In general, a perturbation strong enough to lower

N(E) by 50% will produce a mean free path of the order of the inter-
atomic distances. Mott does not expect that mean free paths shorter
than this could occur. Thus it seems that localized states do occur

when the factor g defined by g = falls

N(E)/N(E)free electron
below 0.5.
The density of state in amorphous material as found by Faber56

is close to the free electron theory

2
4rk= dk
N(E) = —
8“3 dE

2. The Kondo Effect

Sarachik, Corenzwit and Longinotti57 have shown that the
appearance of a minimum in the resistivity versus temperature curve

is directly related to the existence of a magnetic moment and a tem-

17

perature dependent susceptibility. Kondo'’, in his treatment,

accepts the existence of a well localized moment and interprets the
resistivity minimum phenomena by the interaction between the spin

->

S of the conduction electrons and the localized magnetic moment S
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independent of the structure or degree of order of the system. A

general expression for a Kondo type resistivity is

P =p + xpp + xpy + 3(3n Jsd pi/EF) an T (27)

where oL is the lattice resistivity, pp is the resistivity due to
the potential introduced by the transition metal, x 1is the concentra-
tion of the transition metal, P; is the temperature independent part
of the spin resistivity, n is the number of conduction electrons per
host atom, and EF is the Fermi energy. If the s-d exchange interac-
tions Jsd < 0 this corresponds to an antiferromagnetic coupling
between the conduction "s" electron and the localized "d" electrons

and equation (27) gives a minimum at a temperature T, - The fact that
the temperature dependent term for the amorphous varies as T2 instead

of T which is found in crystalline alloy will give a Tm at

T, = (3n 9 4 ps/2E, a)1/2 y1/2 (28)

The Kondo treatment drawback of resistivity diverging as T goes to
zero, was solved by Nagaoka]s. Nagaoka has shown that if Jsd < 0 the
perturbation treatment of Kondo breaks down below a critical temperature
TK and that near the Fermi surface there appears a quasi-bound state
between the conduction electron spins and the localized d spins.
This bound state is the consequence of a collective effect, where the
moment of the conduction electrons in the vicinity of the transition
metal atom compensates the moment of the localized spins rather than

that of a singlet spin state in which a single electron is bound to

the magnetic atom. Therefore the resistivity saturates for T << TK .
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It was thought for some time that TK exists only at low temperatures

but it was pointed out by Schrieffer58 that TK could vary betweeﬁ the
order of millidegrees to beyond the melting point as it depends on the

density of states N(E) and the Fermi temperature by the following

relation:

Ty = Tp exp(-1/N(E) [94l)

3. Possible Origins of a Negative Temperature Coefficient of
Resistivity

(a) In 1958 Chandrasekhar and Huhn? using an expression sug-

gested by Jones60

explained the negative temperature coefficient of
resistivity of a number of <y phase uranium-molybdenum alloys by a
two-overlapping-bands model of which one is narrow. Such a band struc-
ture was shown to be reasonable for o and vy phase uranium by

Friede1®!. Blatt®? 63

used the model suggested by Ziman to predict the
observed temperature dependence of the Hall coefficient of the above

mentioned alloys using a conductivity equation given by

2 2
o = aln) + % (k)2 (?—39%—)) (29)
€ €

=n

where

2

2

o(e) = ——Eg—— [t(e) <v_(e)>" N ()]
. 12w‘h3 ¢ €

Nc(s) is the density of state in the conduction band, <vc(s)> =

(1/h)vke is the expectation value of the velocity of an electron of

energy € in the conduction band and t(e) is the relation time. If
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the density of final states from the scattering processes which limits
the conductivity is denoted by Nf(e) the following expression could

be written
[c(e)17 = Q Ngle)

where Q _ could represent number of defects, impurities, localized
states, or any scattering mechanism. Therefore departure from the
normal temperature dependence of resistivity may arise from:

(1) A temperature dependent scattering mechanism leading to an
anomalous variation of Q with T , which includes significant depar-
tures of the phonon spectrum from Debye model as a result of high
scattering centers.

(2) A sufficiently rapid variation of Nf(e) with € to make
the second term on the right hand side of equation (29) of significant
magnitude. This mechanism which is due to Jone560 assumes that the
band structure of the metal is such that two bands overlap near the
Fermi energy: one band which is broad, the conduction band (s elec-
trons) and the other a narrow band (d electrons)., Blatt assumes, as did
Jones, that the only function which exhibits rapid energy dependence
near fhe Fermi energy is Nf(e) , the density of state in the narrow
“d-band", and that the effectiveness in this narrow band is so large
that the current is carried almost exclusively by the electrons (or
holes) in the broad conduction band; under these assumptions the

60

resistivity = is given by

Nl
o(T) = plng» T - I (kT)? {3(@2

.
. (N{)} ] (30)
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where each prime (') denotes differentiation with respect to € , and
all quantities in brackets ’are evaluated at Wy i the Fermi ene}gy
at T =0%. Equation (30) was obtained from the results for the
transport coefﬁ'cients64 and the usual expansion of the relevant
integrals in the degenerate 1imit65.

'If it is further assumed that the d-band is of standard form,

(30) reduces to

2
o(T) = pln N1 - &= (EH% (31)

Here E 1is the energy difference between the Fermi energy at T=0%

and the edge of the "d" band, and p(T) is proportional to T2 §

(3) A dependence of the band structure on temperature leading
to anomalous variations of Nf(e), Nc(s) and/or vc(e) with tempera-
ture (semiconductors).

(4) Another approach was pointed out by Ziman63 where the con-
ductivity can be accounted for by the assumption that the scattering
of an electron by each atom is small and that it can therefore be
calculated from the atomic pseudopotential by using the Born approxi-
mation for the scattering and the experimentally determined pair
distribution functions for the relative position of the atoms. This

was done by Bhatia and KrishnanGG. Sinha67

concluded that the nega-
tive slope of the resistivity versus temperature curves for amorphous
(Pt100-xNix)75P25 with 20 < x < 50 was due to a high Fermi energy
of about 6.9 eV and that this corresponded to the position of the

first peak in the x-ray interference function I(K) at which I(K)
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decreased with increasing temperature.

(5) Theorists and experimentalists agree fairly well on how

the measured quantities as a function of temperature68 do behave 1in

18

an alloy containing paramagnetic spins. Nagaoka -~ attributed the

low temperature T2

63,52

behavior to condensation or spin compensated
states. Others attributed the T2 behavior to other variations
of s-d interaction. Kaiser and Doniach69 attributed the T2 behavior
in CuAl and MnPAl to localized spin fluctuations LSF. A localized
spin fluctuation is the repeated scattering between an electron and

a hole of opposite spin on the impurity site. It has a lifetime T

which is given by
Ty = pgle) [1 - U py(e)T™! (32)

where U 1is the Coulomb repulsion between localized "d" electrons in
the Anderson mode]52 and pd(e) is the density of the Fermi level of

a "d" electron state of position Ed and width A
pg(e) = ALn(E] + 4917 (33)

In the Hartree-Fock sense, the alloy is non-magnetic (Upd(O) < 1)

and will exhibit at low temperatures (kT << T;]) nonmagnetic trans-
port properties and susceptibility, with some weak additional con-
tribution of the spin fluctuations (correlation effects). This is the
spin-compensated state. However, as soon as the temperature reaches
the degeneracy temperature which is T;] rather than A as in the

case of a virtual bound state, the spin fluctuations behave classi-

cally as would a well-defined spin (Curie paramagnetism). In other
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words, when the temperature becomes of the order T;] the spin f?uc—
tuations are slower than the’therma1 fluctuations of the temporary
moment that they describe. At this temperature and above, there is no
physical difference between a spin fluctuation and a genuine spin; the
system behaves as if it were magnetic (resistance minimum, Curie law
for the susceptibility, etc.). The transition is smooth, as it should
be in a system involving a limited number of degrees of freedom, and
occurs at what may be called Kondo-like transition temperature TK 52.

Rivier and Zukermann70 showed that the Kondo temperature obtained from

the spin fluctuations theory given by

_ =1

agrees with the experimental and theoretical values deduced from the
resistivity in the spin compensated state and from the susceptibility,

both at high temperatures and at T = 0 . They showed that TLSF

indicates only a change of regime; analytically it is not the well-

71

defined temperature of Abrikosov’ or of Suh119.

The Kondo temperature according to Abrikosov

kTK = D exp(-1/p(e) J) (35)
a

usually quoted as TK , is associated with the maximum in the high
a

temperature  expression for the resistivity. For the localized spin

fluctuations, one finds that kTK << T;] lies outside the validity
a

range of the high-temperature resistivity formula. The true resis-

tance maximum does not occur at the Kondo temperature, as appears in

19

the results of Suhl and Wong Moreover, while equation (35) is
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independent of the ordinary (spin-nonflip) potential, TKa is modi-
fied by potential scattering in the curves of the latter authors. It
is also the case of TLSF where pd(e) via Ed is affected by the
potential.

C. Experimental Results

1. Low Temperature Measurements

a. Palladium-cobalt-phosphorus

The amorphous Pd-Co-P alloys investigated show metallic conduc-
tion. At room temperature their electrical resistivity is three times
the resistivity of the stable crystalline phases obtained by anneal-
ing at 600°C for 15 days. The values obtained for the amorphous
alloys at room temperature range from 143 to 298 uf-cm. The disper-
sion of the values is, however, too large to show clearly the
influence of composition. These variations are attributed to the
variations in the local atomic order in the amorphous structure which
results from unavoidable variations in the actual rate of quenching
from point to point in a given specimen. As seen from Table XIV,
these variations can be as high as 60 uQ2-cm for two different speci-

mens from different foils. As shown by Boucher72

even within the same
foil variations do exist. The order of magnitude of the resistivity
values is ‘the same as that previously reported for amorphous Pd-Ni-P
and Pd-Fe-P and no trend is easily detectable in terms of the kind of
transition metal in the alloy.

Like Pd-Ni-P and Pd-Fe-P, the Pd-Co-P alloys show a small but

well defined resistivity minimum. This minimum appears at temperatures
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ranging from 23 to SGOK depending on alloy composition. Moreover, it

was found that, for temperatures between the minimum temperature

1 2

min
Above the T

and about 80-118°K the resistivity assumed a T
2

behavior.
range, a good linear relationship with temperature
appears~t0 be dominant which tends to incline parallel toward the x
axis. The slope of this region which for comparison was computed
between 200 and 300°K was found to increase with decrease in metallic
content, at a fixed concentration of glass former of 20 at.% P. The
low temperature resistivity curves are shown in Fig. 26.

The existence of a resistivity minimum, and the presence of Co
Ted to consideration of a possible Kondo effect]7. Therefore, the
resistivity ef(T) at low temperature was tehtative?y approximated by

a function of the form:
_ 2
o(T) = Py * BT - a &n T - Ap, (36)

The determination of these parameters was performed by plotting p(T)
versus T2 to obtain Po and B and then by plotting the difference
p(T) - py- gT?= R

spin(T) versus &n T. Equation (36) gives a resis-

tivity minimum at temperature

- 1/2
Tmin = ('G/ZB) (37)

which we call (T

)

detained from Figs. 27 and 28, and all the resistivity parameters are

)experimental'
interesting resistivity parameters, namely p

d the o and g parameters were

min‘calculate

listed in Table XV, together with (T Table XIV gives

min

max (resistivity at 4.2%)
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Table XIV. Coefficients of Electrical Resistivity

Pmax Pmin  P3pp~P
(4 2 K) 0 . M 300 200
o Sample maﬁ m1g Pmin AT
Composition # 10°% em 10720 em 10-2 10'4cm/°K
; | 1 1.3838 1.3815 1.66 15.38
(Pd..-Co p
507750780" 20 2 1.6346 1.6321 18.30
1 2.334 2.3278 2.66 17.14
(Pd )
55°45780" 20 2 2.9253 2.9180 2.50 21.43
(P €0 e P 2.4655 2.4574 3.29 14.50
2 1.7983 1.7907 4.24 13.30
(Pdg5Cog5)g0P 20
1 1.8103 1.8024 4.38 9.10
; 2 1.8693 1.8596 5.21 8.70
(Pd., .Co p
707730780° 20 1 1.5721 1.5632 5.69 6.40
(Pl oo Fon 1.7834 1.7731 5.80 10.00
( | 1 1.8194 1.8074 6.63 5.1
Pd p
80°°20780"20 2 1.7938 1.7822 6.50 8.7
1 1.8345 1.8223 6.69 8.7
(Pdg5Coy5)g0P 20

2 1.5927 1.5804 7.78 6.0
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and p (the resistivity minimum), (pmax" and

min Prind Prin

(p300— 9200)/AT which will be used in the discussion.

b. Pa]1adium-manganeséﬁphosghorus alloys

The temperature dependence of electrical resistivity of these
alloys is shown in Figs. 29 and 32. As was explained in (IV-B.1) the
presence of a magnetic transition element, a high valence electron
donor "phosphorus", and structural disorder, resulted in localized
electronic states in Pd-Mn-P alloys. The interesting feature is that

dp/dT is negative and of the order of 10 to 20 (10-2

pf2-cm) with

phosphorus concentration having a larger effect on the slope of the
resistivity temperature curve than manganese. The room temperature
electrical resistivity increases with both manganese and phosphorus

concentrations. The somewhat high resistivity in Pd-l’\‘ln-P‘55

compared to
other Pd-M-P alloys where M stands for a transition "3d" metal
suggests an appreciable spin disorder contribution which is still
noticeable in the helium range. As shown, these alloys possess at
lower temperature an additional temperature dependent negative contri-
bution to the resistivity which is maximum for 15 at.% Mn and smears
out as the concentration of Mn increases to 38 at.%. This additional
negative contribution generally obeys the logarithmic law of Kondo.
For T <10°K the resistivity is proportional to T2 ]

The behavior of the resistivity above 200°K may be interpreted
in terms of the magnitude of the localization of the electrons. This

is clearly seen in the expression 300" pR/AT where is the

Pe
onset of the almost linear region, as the concentration of phosphorus

changes from 17 to 26 at.%. To interpret these observations, a
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phenomenological formula for the resistivity for T < 200°K may be

written as
o =0 - [a+a(1/6)%-yanT+eT] (38)

where o represents the temperature independent part of the resisti-
vity, BNT2 is the Nagoaka spin compensated state by conduction
electron at 6 =1 , while BLSF is the localized spin fluctuation
parameter at the spin fluctuation temperature 6 = TLSF . The third
term is the Kondo type contribution to the resistivity and eT 1is
the non-magnetic temperature dependent resistivity. Using the
phenomenological equation (38) it was possible to determine the tem-

perature dependent part of the resistivity »p (T) by plotting

spin

p(T) versus an T , Figs. 30 and 33. The varied as y an T

pspin

in the range Ty < < T& where Td is the temperature at which

Pspin

deviates from the logarithmic temperature dependence and Té is

the onset of the logarithmic temperature dependence. Figs. 31 and 34

pspin

show the T2 temperature range of resistivity. Tables XVI and XVIII

at 4.20K, at which, due to its scattering values,no trend

show_ -

with composition was detected. (p4_2— p3000K), which increases with
both phosphorus and manganese concentration, is explainable in terms
of higher electron phonon scattering, since the number of conduction
e1ectrons‘increases;and (pl— pBOOOK)/T reflects the slope of

the high temperature range of resistivity where is the onset of

Py
the flattened range of the resistivity curve.

The slope of the resistivity versus temperature increases be-

tween 1.04 and 6.29 (10'89 cm/OK) in the range of temperature between
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200 and 300°K as the concentration of phosphorus increases between
17 and 26 at.%. This behavior will be used as an indication of the
magnitude of the electron localization with change in metallic
composition and glass former content. The parameters of resistivity
Td’ Té, 12 range, R, o, are listed in Tables XVII and XIX. The
temperature Ta varies linearly with Mn concentration as shown in
Fig. 58 . Below Tyq » be increases more slowly than -2n T ,
approaching a constant value at lower temperatures. These observa-
tions can be explained in terms of the formation of quasibound73

spin localized states. The lowest temperature range of the resis-

tivity was computer fitted once to Nagaoka spin compensated state

formula73
p = p[1 - B(T/T,)?] (39)
0 N K
giving Po and TK ,» and another time in the LSF expressions9 for
Tow temperatures
v 2
P = poll - Bgp g (T/Tgp)7] (40)

to obtain BLSF and TLSF . The results are listed in Tables XVIII

é

and XIX, TC being the Kaiser-Doniach transition from T° to T

dependence_of the resistivity which occurs around TC =0.5T . The

LSF
resistivity of high manganese, high phosphorus n is
istivity of high high phosph (Pd62M 38)75P25 i

shown in Fig. 35.
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2. High Temperature Measurements

The high temperature resistivity measurements were performed at
a constant rate of heating of approximately 1.5 to 2.0°C/min. Under
these conditions the resistivity versus temperature curves of all the
amorphous alloys have almost the same shape up to the crystallization
temperature. The behavior after crystallization depends on the inter-
mediate phase or phases that come out which in turn depends on the
composition. The resistivity increases with temperature (Pd-Co-P)
Fig. 36, or decreases with a small temperature coefficient of the

4

order of 107 'uQ cm per °K (Pd-Mn-P) Figs. 37 and 38, until a crys-

tallization temperature tcrys is reached. At this temperature the
resistivity drops sharply at first, then reaches a minimum before
increasing again up to the melting point of the alloy.

The important results of the resistivity measurements are
summarized in Tables XX and XXI. For each composition, the following
characteristic parameters are given: the coefficient u which is the
slope of the change of resistivity with temperature determined
between 300°K and the onset of crystallization, the crystallization
temperature tcrys with a dispersion parameter Atcrys’ and the tem-
perature tN which is related to the small increase of resistivity
for some Pd-Co-P shortly after crystallization. The absolute coeffi-
cient p “is higher in Pd-Mn-P than in Pd-Co-P. By increasing the
transition metal content the resistivity slope increases, which is
attributed to higher scattering from the localized electronic states.

As expected, similar behavior is observed with increase in phosphorus

content due to greater number of electrons being transferred from the
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Table XX. Electrical Resistivity Parameters
Above Room Temperature

H ucooHng
Composition 1079 cm/°k tcrys:tAt ty 10780 cm
(Pd50C050)80P20 8.00 607.7 + 20 - 12.4
(Pd70C030)80P20 8.32 623.1 £ 12 - 10.5
(Pdyosn el on 8.58 614.2 + 8  642.3 9.60
(Pd85C015)80P20 8. 72 618.8 + 5 630.7 9.63
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Table XXI. Electrical Resistivity Parameters above
Room Temperature

H U

cooling
Composition - 1078 em/°K tr:.rys;iAt Q em/%K
(PdggMny s)77P o -3.78 587.5 + 10.6 2.1 x107°
(Pdg,Mnag) 1P s -4.82 589.3 + 17.8 7.8 x107°
(Pd; M50 g P g -1.83 623.0 + 18.0  1.9x10°8
(Pd;gMnz0)76P o -3.36 625.0 + 22 0.7 x1078
(PdygMn30) 74P o6 -6.19 589.0 + 25  -0.9x 1070
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glass former to the metal. The cooling curve shows interesting results.
The temperature coefficient upon cooling is higher in Co than in Mn

and is positive, which confirms the metallic character of the final
crystalline phases. The decrease in the magnitude of the slope with
decrease in transition metal contact is easily attributed to a de-
crease in metallic character. This belief is made clearer by the change
of the phosphorus concentration which shows that the resultant phases
after crystallization have a predominant metallic behavior for 18 at.%P,
semi-metal for 22 at.%P, and a negative slope for 26 at.%P. From the
experimental curves, it appears that the crystallization temperature

is rather well defined; and it tends to change less with change in

metal concentration than with change in glass former. As the tempera-
ture increases above Tcrys’ the resistivity decreases in one step
(PdasMn]S)nP23 or in several steps (PdGZMn38)77P23‘ The intermediate
crystalline steps in (Pdwo_anx)”P23 increase as the Mn content
increases, while the crystallization temperature becomes broader and
less sharply defined. In all alloys the irreversibility of the resis-
tivity change was observed as it cooled from T (after crystallization)
to T .(lower temperatures) by a drastic change of slope. This con-
firms the concept of metastable intermediate phases and that additional
increase in resistivity above the linear increases is not a reversible
phenomenon and might be the result of structural changes in the amor-
phous alloy. Another remark is that in all Pd-Co-P alloys there is a
slight change of slope around the Curie temperature which will be con-

firmed by magnetic and induction measurements.
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(Pd7oMnzp)g2Pig

Fig. 37. Electrical resistivity of the amorphous (Pd7OMn30)]00_yPy.
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The high temperature resistivity measurements were partially
helpful in following the crystallization process. The increase in
resistivity in low cobalt amorphous alloys in the range 635°K might
be related to the formation of highly stressed crystalline regions.
Such high stress regions in crystals probably act as additional
scatter{ng centers during the earliest stages of their existence
before they are annealed out. The sharp drop in resistivity observed
at T corresponds to the rapid growth-of crystalline metastable

crys
phases which revert to a phase mixture at higher temperatures.
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V. MAGNETORESISTIVITY

A. Experimental Procedure

The specimens used in this study were the same as those used in
the resistivity measurements. The transverse magnetoresistivity was
measured for all of the amorphous Pd-Mn-P and Pd-Co-P alloys with the
four-probe method at T = 4.2%. The magnetic field was applied per-
pendicular to the current and varied from zero to 10 kOe. Since in
some cases the magnetoresistivity was very small, special attention
was given to the selection of a current source. A1l measurements are
reported in terms of ApH divided by the zero field resistivity
Py = 0 at T = 4.2°% which is plotted in terms of the applied mag-
netic fields.

B. Effect of Localized Spins on the Magnetoresistance of Amorphous
Metals

In normal metals the quantity (p-po)/p increases in a weak
magnetic field H as H2 . This positive magnetoresistance generally
obeys Kohler's rule which states that for alloys of differing residual
resistance P where Ap 1is the change of resistance in a field H ,
the parameter Ap/p0 is a function of H/p0 . This rule was explained
in terms of the orbits of an electron in a magnetic field by assuming
that the electron traverses only a small part of its orbit between

74

col1isions: The dimensions of this effect® " are then

Ap/po = constant (eHL/mcv)2 (41)

v is the Fermi velocity in the metal, L 1is the mean free path, and

the others are well known parameters. The magnetoresistance becomes
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quite different when, for instance, a small concentration of paramag-
netic spins are introduced to a non-magnetic metal matrix or when the
matrix becomes highly disordered. The effect of the magnetic field is

15 16

then to decrease the resistivity. Schmitt found that

and Yosida
the relative change of resistance caused by the interaction between
the conduction electron and the localized spin should be proportional

to M2

» where M 1is the magnetization of the system consisting of
these localized spins. Béal-Monod and Neiner75 explained the theoreti-

cal basis of the negative magnetoresistance. Their results give

u
doy = - =My 9262 {1+ ()7 (42)

2E.eh A Hoff

where e and m are the charge and mass of the electron, EF the

Fermi energy, Jsd the s-d exchange integral, x the atomic concen-
tration of the transition metal , Vo the atomic volume, T the
magnetization of the transition metal in pB ner atom, and Moff the
effective magnetic moment. At lowest temperatures, deviations from

76

the above equations may occur which Sasaki’™ attributes to the Kondo

effect caused by the paramagnetic moments. The above equation is valid

16

for T>T but can be extended to the case where T TK if I,

K
is the measured magnetization. Physically the negative magnetoresis-
tance is due to the freezing out of the internal degree of freedom of
the localized spin. The normal positive magnetoresistance may take

over at strong magnetic fields or at a high concentration of weak or

nonmagnetic metal content. This model satisfies the Anderson1] theory

of a low concentration of localized moment as found on manganese in
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7

copper and as one would expect, Balkanski and Geisman 4 found that the

negative magnetoresistance disappears in the case of heavily doped

n-type silicon.

C. Experimental Results

Since the magnetoresistance at 300°K and 77°K are not large
enough to be measured with any accuracy, only the data at 4.2° are
presented here. The results are shown in the form of ApH/pHO :
where PHo is the resistivity at zero field. For Pd-Co-P the nega-
tive magnetoresistivity continuously increases with increase in
cobalt concentration, Fig. 39, while for (Pdmo_anx)77P23 the nega-
tive magnetoresistivity increases from x = 15 to x = 30 at.% then
decreases to be almost field independent for n = 30 at.% Mn as shown
in Fig. 40. For (Pd70Mn30)]00_yPy the magnetoresistivity is positive
at low phosphorus content, y = 17 to 20 at.%, then changes sign and
continuously increases with increase in phosphorus content up to
y = 26 at.%, Fig. 41. An attempt will be made to explain the magneto-
resistance behavior in terms of the transition metal concentration and

the magnitude of localization.
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VI. MAGNETIC PROPERTIES

The force F in dynes exerted on a sample of mass ((in grams)
by a magnetic field of gradient dH/dZ (oersteds/cm) 1is given by
F =mo (dH/dZ) where o 1is the specific magnetization in cgs units per
gram. For a paramagnetic substance, the specific magnetization is pro-
portiona{ to the applied field H (oersteds) so that the force is given
by F = mxH (dH/dZ) where X , the magnetic susceptibility in cgs
units per gram, is the proportionality constant. Thus o and X can
be calculated in a straightforward manner from experimental measurement
of the force exerted on the sample by a field gradient.

The susceptibility of a paramagnetic species can be represented

by Curie-Weiss equation

where T 1is the absolute temperature and 6 is the paramagnetic Weiss

constant. The constant C is

_ 2
C = “eff/3k per atom

where k is the Boltzmann constant and Mofsf is the effective paramag-
netic moment per atom. The effective moment can be determined by
plotting the reciprocal susceptibility versus temperature and obtaining
the slope,-I/C, of the linear portion. The Weiss constant is the
extrapolation of this linear portion to 1/x = 0 . To determine the
saturation magnetization of a substance, Meat? that is, the magnetization

at infinite applied field, an extrapolation of the measured
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magnetization o versus the reciprocal of the applied field was
utilized. The effective fie!d is the applied field minus the demaé—
netizing effect, or Heff =H - NI where N 1is the demagnetizing
factor and 1 is the magnetization per volume. Then, Isat = d where
d 1is the density. The demagnetizing factor is dependent on the shape
of the sample. In the present experiments the thickness to diameter
ratio of the thin states was 10_3 and as the samples were placed
parallel to the lines of force, the demagnetization constant was assumed
to be zero. To verify this assumption, an identical slab of nickel in
disc form was used and the measured saturation magnetization differed
by 0.8% from the theoretical M value for Ni. Magnetic moments are
normally expressed in terms of the Bohr magneton. Specific magnetiza-
tion is readily converted to the number of Bohr magnetons per atom by

U = Mo/BN where u 1is the number of Bohr magnetons per formula unit,
B is the valu- of the Bohr magneton (9.27 x]O-Z]ergs/gauss), N is

Avogadro's number, and M is formula weight.

A. Apparatus

A1l magnetic measurements were made using a 6-inch electromag-
net equipped with a constant force pole cap. The force gradient was
10.25 kOi/cm for 0.4 inches under a pole piece gap of 1 inch. The
force exerted on the sample was measured using an R. G. Cahn null-
balance, Fig. 42. The output of the electromagnetic balance was con-
nected to a digital voltmeter which allowed a sensitivity of 5 micro-
volts for 0.1 microgram, at an accuracy of 10%. The temperature
measurements were made with a GaAs TG cryogenic sensor with an excita-

tion current of 10 pA. Its heat dissipation is 1.5x 1072 watts at 4%K
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and its useful range is from below 1% to 400°K. No magnetic effe;t was
claimed by the manufacturer up to 20 kOe. The sample was put into a
gelatine capsule and suspended from the electrobalance with 0.003 inch
quartz fiber. The balance under a bell jar was in connection with a
quartz tube, housing the heater and the thermometer, while the gelatine
capsule holding the sample was hanging freely from the balance. The
sample chamber was supported into a standard dewar assembly. The mag-
netometer and peripheral apparatus are shown in Fig. 43. The magnetic
field strength (H) was determined with a Bell incremental gaussmeter
with an accuracy of 0.01%; however, because of the field gradient
reported, the field accuracy was 0.05%.

The magnetic field gradient (dH/dZ) was determined by measuring
the force on samples of known specific magnetization. Finally the force
H(dH/dZ) was determined at several positions to determine the region of

constant force by plotting H(dH/dZ) versus H .

B. Calibration

Spectrographically pure nickel and pure palladium containing
3 ppm of Fe were used as standards and the calibration was verified by
comparison of the measured susceptibility with the susceptibility of
pure HgCo(SCN)4. The ultimate sensitivity of the magnetometer under
the available conditions was 6x 10'7 emu/g with a field of 7 kOe.

The calibration of the GaAs sensor was made against a standard
Ge crystal and a calibrated standard Cu-Constantan thermocouple. The
GaAs was then checked against the transit Curie point of nickel 358°C

and the transition temperature of palladium 90°K.
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Fig. 43. Magnetometer and peripheral apparatus



-125-
The accuracy of the magnetization obtained for the above unit is
estimated to be 1.5%. However, at small magnetization values or 10Q
fields below 1 kOe the uncertainty may reach 5 to 7%.

C. Measuring Technique

After preparation and x-ray investigation to determine if the
sample is amorphous, small pieces were chosen in such a way as to evade
irregularity due to rapid quenching and were put flat into the capsule so
that the field in the magnet would be in the plane of the sample. The cap-
sule was weighed empty and then with the sample. The amount of sample
and the range of the mass dial was decided by the properties of the amor-
phous alloys. The dewar and bell jar assembly were pumped out and the
sample chamber was filled with 10 mm Hg of helium gas. To determine the
thermomagnetic properties from 4.2°K to 300°K at a constant field
strength of 6 kDe the system was heated at the rate of 2°K per minute.
The field dependency was obtained by increasing the field in steps of
0.5 kOe up to a maximum of 6.9 kOe, the force of interaction between the

sample and the field was recorded at each step.

D. Experimental Results

1. Low Temperature Measurements

~ Magnetic moments of Pd-Co-P and Pd-Mn-P alloys were measured be-
tween 4.2 and 300%K in a magnetic field of 6.0 kOe. The magnetization
curves are shown in Figs. 44, 46 and 48 for various compositions of the
three series of amorphous alloys studied. The magnetic susceptibility
is plotted as a function of temperature in Figs. 45, 47 and 49. The mag-
netization versus magnetic field of the two ends of the cobalt concen-

tration at 300, 77 and 4.2°K is shown in Fig. 50. Similar results for

(Pd63Mn37)77P23 are shown in Fig. 51, as an example, as no variation in
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the shape of the magnetization versus field is observed with varying
either the manganese or phosphorus concentration. For a given tempera-
ture and a given field the magnetization increases with increase in

phosphorus content and with increase manganese in (Pd]OO_QWnX)77P23.

2. Magnetic Transition Temperature Determination

Since for Pd-Co-P the magnetic transition temperature is above
room temperature for most of the alloys (of the series studied) as
shown in Table XXII, a method based on an AC inductance coil which con-
stituted one part of a Wheatstone inductance bridge with a lock-in
amplifier as a null detector was used. The output signal of the lock-in
amplifier was plotted on an x-y recorder against temperature.

The sample was cut into rectangular shapes, five or six in num-
ber, and holding among themselves a platinum-platinum rhodium thermo-
couple carefully calibrated against a standard thermocouple; they were
spot welded for easy manipulation. As the temperature increased through
the Curie point, the sample underwent a magnetic transition which
caused an appreciable change in the sample coil inductance. A typical
output signal for a sample of composition (Pd C°40)80P20 is shown in

60
Fig. 52 and the Curie temperature versus cobalt concentration is plotted

in Fig. 53.



RELATIVE INDUCTANCE
™
]

1 | | | l | | | | 1 l
340 360 380 400 420

TEMPERATURE (°K)
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Table XXIL. Curie Temperature for Pd-Co-P Amorphous

Alloys

Composition TCurie

(PdgCoc)Poy 398 - 399 %K
(Pd Co, )Py, 381 - 383 %
(Pdg1C0,40)P o 368 - 370 %
(Pd,Couc )Py 354 - 356 9K
(PdCo40 )P 0 345 - 343 %k
(Pd;Co,c )P, 329 - 330 %
(PdyCo50)P o 302 - 304 %k
(PdgcCoy )Py 272.50 °k
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VIL. DISCUSSION .

A. Structure Investigation

It is shown that by reference to only the technique of x-ray
diffraction measurements and electron microscopy analysis, precise
information on the short range order governing amorphous metallic
alloys could be obtained. Functions which convey quantitative inform-
ation about the structure have been determined and compared with
similar ones generated by computer simulated models. The experimental
intensity data wereprocessed using standard technique established in
this 1aboratory79.

Many attempts were made to describe the short range order exist-
ing in amorphous materials. A crystalline f.c.c. and h.c.p. was first
proposed as a possible descriptions. Then a quasi-crystalline model
based on the intermetallic compound Pd4P gave better agreement for
Pd-Ni-P and Pd-Fe—P7. The weakness of the quasi-crystalline model is
in its structural validity, as it consists in applying a Gaussian
broadening function to each peak to account for the mean-square dis-
placements thus hiding and transforming many of the characteristics of
the structure. Experimentally, the quasi-crystalline approach cannot
explain the smooth varying functions with composition (i.e., density,

nearest neighbors, apparent grain size, configurational entropy80 and

Gibbs free energyg]).

Two other approaches are left which come closer
to a solution: the hard sphere model which favors the attractive
potential between the spheres as a guiding criterion, and the repul-

sive potential favored by the Bernal rnode'l9 packing structure.
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Recent work by Finney82 on the statistics of random packing
showed that the structure of liquids can be characterized in termé of
relatively simple geometric;1 entities and their statistical distribu-
tion. This "geometrical entities" model has the advantage that it
accounts not only for the size and concentration of the constituents
but also for the affinity among the atomic components. As noted by

Sadoc8

s this structural "heap" of molecules has the advantage of taking
into consideration the fact that the small spheres promote a special
arrangement for the larger ones. These small spheres have more of an
influence than just filling the holes of a random packing which
neglects the directionality and length of the covalent bonding, which
constitutes a reasonable percentage of the alloys. The "structural

entities" model is in accord with Turnbull's suggestion83

of a free-
volume model for molecular transport in dense fluids and liquid-glass
transitions. Accordingly, the atoms of manganese and palladium would
preferentially surround the atoms of phosphorus to the extent of pre-
venting the network of the matrix to form Pd-Pd, Mn-Mn or P-P clusters
in Pd-Mn-P. Also Gargi'HB4 noted that the x-ray diffraction patterns
of all amorphous metallic alloys are similar, confirming that the
degree of short range order is of the same magnitude in all glassy
alloys and no internal boundaries exist. The method of compilation
of the atoms will influence the symmetry of the first peak as noticed

by Finney and Bennett82’85

, as well as the shapes and intensities of
the high angle peaks.
In the present alloys, the average value of the first coordina-

tion number is 12.6 atoms, indicating a dense packing of the
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neighboring atoms. The density is high and of the order of 9 g/cm?.
The three-dimensional entity through which we might encode the coor-
dinate data obtained by direct measurement could be a network of
tetrahedra with sphere centers at every apex86. Finney82 suggested
that a "Voronoi polyhedron" model has advantages over the simple
tetrahedra] net as only one polyhedron is associated with each center.
He could generate distribution functions structurally consistent with
those obtained from liquids and glassy alloys, using Monte Car1o87’8]
methods on the basis of geometrical polyhedra. Supporting evidence

for this model can be found in known theories (Bri]]ouingl, Shannongz)

and configurational entropy eva]uationgo.

1. Effect of Increase in Manganese Concentration in Amorphous
(Pdmo_anx)??P23 Keeping the Phosphorus Content Constant

(a) As in previous alloys Pd-Ni-P and Pd-Fe-P, the position of
the first peaks in I(K) and W(r) 1in Pd-Mn-P were related by the
equation K]'r] =~ 8.0 . The composition dependent rate of shift in
the position of the first peak of the x-ray diffraction pattern is
least accentuated in Mn, becoming increasingly noticeable as M changes
from Mn to Fe to Ni. The higher value peaks do not follow a uniform
trend with the transitional metal change nor with the increase in M
concentration. The shift in the first peak to higher K values is
much greater than the corresponding shifts for higher order peaks. In
addition, the ratios of rz/r‘1 and r3/r] » although tending to
decrease with increase in M concentration, are far from being simple

relations in terms of compositional size or concentration. There is
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no straightforward correlation between the position parameters in the
real (r) and Fourier (K) space of highly disordered structures, even
though " and 1/K] are Both linearly dependent functions of com-
position. The rate of change with Mn concentration might be explained
in terms of the greater disorder in the Mn system, as the ratio of
r2/r] for Fe and Ni are respectively 1.66 and 1.65, while for Mn
r2/r1 = 1.82 1is much closer to the liquid metals in which

1.8 < ry/ry 2.0 .

(b) The intensity of the first peak in the interference func-
tion decreases, and its width, whose inverse can be regarded as a
measure of the apparent grain size, increases. A comparison of the
present results for Pd-Mn-P (grain size 14.33 to 12.1 R) with those
of Pd-Fe-P (grain size 14.3 to 13.3 &) and Pd-Ni-P (grain size 12.4
to 11.8 3) at the same range of transition metal content indicates no
systematic trend of the grain size parameter with the size of the
transitional metal content. This behavior can be better understood
by looking at the transition metal and the metalloid,not in terms of
hard inert spheres, but allowing for a variation of the interacting
elements with chemical affinity as well as possible size variations

with the change of the valence of the metal and metalloid.

(c) The average number of nearest neighbors tends to increase,
which could be explained in terms of the fact that manganese, which
is smaller than palladium, tends to enter much more easily into the
domain of influence of the phosphorus. This is made possible by the

wide range of valences available for manganese, and because the
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chemical bonding between Mn and P is much stronger than between Mn

and Pd, thus reducing the bond length.

(d) The density of the amorphous alloys decreases linearly
with increase in manganese concentration, which is expected in view
of the size effect. The crystalline density is higher than the amor-
phous one, which indicates the higher degree of disorder of the amor-

phous structure.

(e) To analyze the asymmetry in the first peak of the atomic
distribution function, a symmetrical curve was traced by taking the
mirror image of the left side with respect to the location of the
maximum (Figs. 17 and 18, dashed 1ine). The difference between this
curve and the experimental one was plotted and is represented by the
dotted 1ine. It is generally accepted that the peak in the symmetri-
cal curve reflects the metal-to-metal nearest neighbor distances,
while the asymmetrical component of the first peak in the atomic dis-

tribution function has received various exp]anations7g’93.

Pd-Fe-P and Pd—Ni—P7, the shoulder is on the right hand side of the

In

first peak, while in Pd-Mn-P, the shoulder is on the left hand side
of the maximum. The interesting splitting of the first peak was also
found in the network of polyhedron by Finney82 and was reported as a

broadening_ by Mason94’]].

The Voronoi polyhedron finer histogram
revealed a splitting of the first peak into three parts, and a tenta-
tive geometrical interpretation of these peaks in terms of the
characteristic features of the sphere arrangements was proposedgz. Lk

was suggested that the shoulder at the high angle side of the peak
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corresponds to the existence of three-membered collineation as origin-
~ally noted by Berna]g5 in earlier studied models. A slight departure
of the collineation angle from ™ would tend to depress this shoulder.
The two other peaks (short distance and high maxima) involve more
complex geometrical entities. Bernal shows that the high intensity
peak miéht be due to high frequency occurrence of tetrahedra in random
arraysgS. Fl‘nney82 suggests that the low angle peak may be due to two

tetrahedra having a common base (an element of pseudonucleus growth)

and opposite apexes separated by a certain distance.

(f) Contrary to what was observed in Pd-Fe-P and Pd-Ni-P
amorphous metallic alloys, there is no shoulder on the high angle side
of the second peak of I(K), and the atomic distribution function does
not have a double peak beyond the first maximum. Similar behavior was
observed in Ni—Pt—P39_ The splitting of the second peak was inter-
preted by Sadoc® in terms of atomic size and/or concentration effects,
but Gargil]96 showed that hard equal-size spheres can give rise to
second peak splitting. WOOdCOCk98 advanced a totally new approach for
the understanding of 1liquid structure. According to his approach, the
atomic distribution function of Pd-Mn-P could be pictured in terms of
its resolved components: (i) unlike atom pair distribution function
wu(r); (ii) 1ike atom pair distribution function wﬁ(r); and (iii) a
covariance function between like and unlike atom occupation numbers
Nug(r) . The first peak of the unlike atom pair distribution function
" 4s high in intensity and narrow in width. It represents the tendency

to form clusters and occurs at shorter range order (smaller r). The



-144-

like atom pair distribution representing the energetically repu]sjve
encounters between ions occurs at higher "r", and the first peak in
wg(r) is broad and diffuse compared to wu(r) . Finally, damped
oscillations depending on the ratio and positions of Nz(r) and

Nu(r) show the degree of long range order existing. It is interest-
ing to notice here that the "resolved pair distribution function"
model would agree with the "Voronoi polyhedron" model in interpreting
the shoulder on the low angle side of the first peak as due to shorter
range order elements. Another confirmation of this interpretation can
be deduced from the fact that the right hand shoulder is associated
generally with rz/r} of the order of 1.65, while the left hand

shoulder is found in liquid copper93

and gold and amorphous alloys like
Pd-Mn-P, whose rz/r1 ratio is approximately 1.82 which is much closer
to 1iquid metals in which 1.8 g_rz/r] < 2.0 . Judging from studies of
attractive and repulsive pairs, the splitting of the second peak might

be the result of a strong repulsion between the like pair597’98.

(g) The direct correlation function C(r) 1is obtained solely
from the radial distribution data. For insulators, C(r) has no nodes,
whereas for metals and ionic liquids, it has marked oscii]ation547.
This suggests that C(r) 1is closely connected with the pair interac-
tion &(r) . By analysis of the equations of the Born-Green, Percus-
Yevick and hyperchain methods, it can be shown that they all yield
C(r) = -®(r)/kT for sufficiently large r . It is implied, therefore,

that this is a general result, and does not depend on approximate

theories. The long-range oscillations could be interpreted as
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reflecting the magnitude of conduction electron screening of the ions
and present striking evidence that, even in liquid metals where the
mean free path is short, the Fermi surface is quite sharp. Some evi-
dence of the damping of the oscillations is found and it could be used

to determine a rough value for the blurring of the Fermi distribution.

2. Effect of Increase in Phosphorus Concentration on Amorphous

(Pd7OMn3O)100-yPy Keeping the Metal Content Constant

(a) The effect of increasing phosphorus concentration is
illustrated by a decrease in the intensity of the first peak, a broad-
ening of the first several peaks, and a decrease of short range order
reflected by a decrease of the number of intensity maxima. It might
be significant to note that the wiggles present on the second peak
seem to disappear above 20 at.% phosphorus, as well as a general ten-
dency for the higher interatomic distance peaks to damp much faster
and broaden as we increase the P content. The information contained
at the high angle maxima of the atomic distribution function was made
possible by the use of a very small damping factor which directly
affects the short-range order and by extra care in eliminating the

possible sources of parasite functions.

(b) The metal-to-metal distance increases slightly with the
increase in phosphorus content which indicates, as expected, that the
phosphorus does not go interstitially into the amorphous structure,
but plays an important role by making the structural bonding more

rigid, which gives rise to a larger metal-to-metal interatomic
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distance and thus increases the local disorder in the alloy. The
position of the shoulder on the high angular side of the atomic dis—
tribution function increases with the increase in phosphorus content
up to 23 at.% and then decreases. The increase could be interpreted
in terms of an increase in the formation of three-membered collinea-

tion entities.

(c) The number of maxima at higher interatomic distance which
gives an insight on the short range order decreases from 7 to 6 in the
range studied. The rate of damping of those maxima increases while
they become wider and flatter approaching a perfect liquid-like struc-
ture. This loss of long-range structure periodicity and the smearing
out of the diffraction pattern could be attributed to one or more of
the following factors: (1) smaller crystalline size; (2) higher den-
sity of deformation type stacking faults; (3) higher internal strains
and (4) a higher like-atoms repulsion distribution function. It was

demonstrateds4

rather satisfactorily that the above mentioned effect
cannot be due only to small crystallite size whose effect on calcu-
lated interference functions was mainly to broaden the peaks. There
is no reason to believe that arguments (2) and (3) would be effective
with change in phosphorus content and not with change in manganese
concentration. Therefore, it is more plausible that the phosphorus
increases *the pair repulsion effect among the atoms, thus creating

voids which are confirmed by the trend in the density and coordination

number valences.
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(d) The other factors fall within the comments made on the

varied manganese concentrations.

In summary, the structure of amorphous alloys could be
described quite satisfactorily in terms of "Voronoi polyhedron molecu-
lar entities". As the density increases, the following progressive
development occurs until close packed structure is attained: (1) an
inward movement of all peaks and minima toward lower "r", (2) rapid
sharpening of the high angular side of the second peak and the
incipient condensation of the left hand side of the first peak into a
shoulder and eventually into a & function. The existence of this &

function peak is a result of two hard-bonded equilateral triangles shar-

ing a common sidegg.

B. Electrical Resistivity

The phenomena governing the transport properties in crystalline
alloys are well investigated by now, but there is still work to be done
in the field of amorphous systems. Generally, these rapidly quenched
alloys are of the formula Pd-M-G or Pt-M-G, where M is Cu, Ni, Co, Fe,
Mn or Cr, and G is a glass former B, Si, C or P. These alloys have
all the characteristics of metals except that they have a large resi-
dual resistivity of about 0.5 to 4x107% cm. In all alloys a Kondo
type resistivity dependence was observed at low temperature. It is
of interest to notice that in general, at a constant phosphorus con-
tent of 20 at.%, all transition metals having more than half-filled

valence shells give rise to a positive coefficient of resistivity,

while Cr (3d°4s'), Mn (3d°4s°) and Cu (3d'%4s') which have a stable
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"d" shell configuration give rise to a negative coefficient of resis-
tivity. A particular aim of this work is to interpret the experimental
results in Pd-M-G in terms of the concept of localization of electron
states as well as the width of the band energy which was derived by

99. Although the interpretation

Ander‘son52 and later developed by Mott
could be applied to a large variation of amorphous alloys containing
a transition metal and a glass former, in this text all discussions
are restricted to Pd-Mn-P as a type of negative temperature dependence

and Pd-Co-P as a type of positive coefficient of resistivity.

1. Pd-Co-P Alloy System

The absolute value of the resistivity and its temperature
dependence point out the metallic conductivity of the amorphous
Pd-Co-P. Their resistivity at room temperature is three times that
of the crystalline alloys obtained by annealing the samples for two
weeks at 600°C. This result is ascribed to the high degree of dis-
order which characterizes the amorphous structure. The values obtained
for the resistivity of the amorphous alloys at room temperature range
from 143 to 298 uQ-cm. The dispersion of values is too large to show
clearly the influence of composition. The order of magnitude of the
resistivity is the same as previously reported in amorphous Pd-Ni-P
and Pd—Fe-E and no trend is easily detectable in terms of the kind of
transition metals in the alloy.

Like all other Pd-M-P, the presence of M = "3d", transition
metal dissolved into the amorphous media, tends to polarize the sur-

rounding atoms via conduction electrons. Spin polarization of this
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sort has been observed in magnetic susceptibility, electrical resis-
tivity, specific heat, Mossbauer effect, neutron scattering, NMR and

EPR measurementsloo.

In addition, the range of the spin polarization
around the magnetic atom has been shown to vary drastically with con-
centration. As shown in Section IV-C.1, the total resistivity below

approximately 130°K can be fitted to a relation of the type:

p(T) = p, + BT - a #n T - Ao, (36)

with po,Apo, a and B being parameters depending on the composition
and the structure of the amorphous alloys. These parameters were

2

determined by plotting p(T) versus T° to obtain p, and B and

then by plotting Rspin(T) = p(T) - iy, = BT2 versus &n T . The
resulting parameters are listed in Table XV and a sample of those
plots is shown in Figs. 27 and 28. From magnetic measurements (Sec.
VI) the samples are shown to be ferromagnetic with a Curie temperature
between 272°K and 398°K. Magnetoresistivity measurements (Sec. V)
show the coexistence of ferromagnetism with paramagnetic ions. The
BT2 term is due to s-d interaction, and in the ferromagnetic atomi-
cally disordered alloys, the o &n T term eventually becomes much
larger than 3T2 and dominates the behavior of the resistivity lead-
ing to a minimum in the p-T curve. This is qualitatively analogous
to the resistivity minima encountered in very dilute paramagnetic

alloys like CuMn]0 (a few ppm of Mn) known as Kondol7

alloys. In
Pd-Co-P the problem is quite different, as instead of a very dilute
paramagnetic alloy, one is faced with concentrated ferromagnetic

alloys and the structure is disordered.
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The explanation of the (-a &n T) term in equation (36) is a
Kondo-type effect due to the state of spin ordering of the free
paramagnetic ions. The resistivity of Pd-Co-P can be interpreted

in terms of spin order-disorder phenomena in ferromagnetic alloys

which was studied by several authors: I<asu,ya14

and Dekker101, and De Gennes and Friede1102.

, van Peski-Tinbergen
Below the Curie tem-
perature Tc the spin is generally ordered except for a few paramag-
netic ions. Above TC the alloy is paramagnetic and there only sub-
sists a small local spin ordering due to the molecular field -

of the nearest neighbors of each spinloz. This leads to an increase
of the resistivity p , aside from the phonon part due to spin-
disordered contributions. Here the logarithmic variation of resisti-
vity with temperature was observed down to 4.2°K in all Pd-Co-P alloys
as shown in Fig. 28, and this tends to imply a low Kondo temperature
of about TK < 4% . In dilute Kondo-type phenomena found in very
dilute Fe in gold and Fe in copper, Kondo theory predicts that the

depth of the minimum (qnax-p ) is proportional to the concentration

min
"x" and that the observed minimum T
1/5

min would vary in crystalline

alloys as x In amorphous alloys the temperature dependence

resistivity term varies as T2 » which would result in T
x]/2

nin being
proportional to
103

On the other hand, the "pair model" introduced

104

by Dekker , Brailsford and Overhauser

105

was found in agreement with

recent work of Beal » who introduced the long-range RKY indirect

exchange interaction between the localized moments explicitly. He

105 : ' 1/3
found that Tmin is proportional to x and (p o) )/pmin

max ~min
are independent of the concentration in crystalline alloys.
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In Pd-Co-P the resistivity minimum decreases linearly as the

Co concentration increases.. The quantity (p___-p_. )/p

max  min W ERafers

min
tional to the concentration (Table XIV) and decreases from 8 to 2% as
the concentration of Co increases from 15 to 50 at.%, which indicates
that the minimum is due to a correlation between independent localized
spins. |

The present result could therefore be attributed to the
presence of paramagnetic ions in the ferromagnetically ordered alloys.
The coexistence of a resistivity minimum phenomenon with ferromagnetism
in disordered alloys may be associated with the facts that (1) d-d spin
interaction is about 5-% weaker in the amorphous alloys than in the
corresponding crystalline phase, and (2) extremely small concentrations
of magnetic impurities are sufficient to yield a measurable Kondo
effect. Therefore, due to uneven randomness and differences in the
degree of short range order in the amorphous structure, a certain
infinitely small number of transition metal atoms might find themselves
shielded from all other transition metal atoms to behave like free
spins. These localized "d" spins interact with the "s" conduction
electron spins antiferromagnetically to give rise to the negative
exchange integral "J". Moreover, the concentration of these localized
moments is probably different from the overall "3d" transition metal
concentration and also from one sample to another, which explains why
the T .. is sometimes different as much as 6 °K from specimen to
specimen cut within the same foil (Table XIV). The problem of inter-

actions between impurities in a random alloy has been treated by
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]106 107

Marshal and Klein in terms of a probability distribution of

internal fields (the value of these fields can be described by a con-
tinuous probability distribution function). Klein also found that the
concentration dependence of the temperature of the resistance minimum
depended on the form used for the distribution of these internal

108

fields . This explains the observed increase in Tmin

56 °K with decrease in Co concentration from 50 to 30 at.%, as the

from 22 to

probability of finding a free spin increases with decreasing concen-

tration. The almost constant behavior of Tmin

cobalt might be interpreted in terms of an independent probability

from 25 to 15 at.%

function due to a weak d-d exchange interaction at sufficient dilution.
It is of interest to note that the Kondo minima are observed at low
temperatures (almost the same temperature range in all Pd-M-P alloys)
in order not to be smeared out by the phonon effect and because the
scattering is low enough to prevent the ordering of the paramagnetic
ions.

At temperatures above Tm the T2 term is the dominant con-

in
tribution to the resistivity until 77 to 118%K where an almost linear
variation with temperature is reached. The variation of the resistivity

as T2

can be explained in terms of the band structure of the

Pd-M-P where 80 at.% are transition elements. The electron-electron
interactions in the transition metals contribute substantially to the
resistivity at low temperatures through collisions between the "s"
electrons of the conduction band and the "d" electrons which are
mainly localized (Section IV-B.1). Such s-d electron-electron inter-

actions contribute a T2 term in addition to the other factors10
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2

which might also contribute a T term like electron-paramagnon

interactions. The decrease of o and B with increase in cobalt

content is due to the increase in the interacting localized spin in

terms of an increased internal field as seen e]sewhere]og’]lo.

1/2

From

equation (36) it can be derived that T , which is

min (-a/28)

conveniently called (T It is apparent (Table XV) that

min calculated)'
the experimentally observed minimum falls quite close to the calculated

|
min

values, which indicates a reasonably good fit of the phenomenolog-
ical equation.

In Pd-Co-P the resistivity increases approximately linearly
with temperature within the range 130° to 200%K, with an average slope
of IO-ZpQ cm/oK which is of the order of one-tenth that of the same
crystalline phase. This small temperature coefficient of resistivity
can be attributed to the large disorder of the amorphous structure,
which makes the contribution of phonon scattering quite small. Above
200°K the resistivity tends to flatten toward the temperature axis.
In this temperature range the transport properties are governed
mainly by thermal excitations from the localized electron states to
the conduction band. Eventually at high enough-temperatures all the
electrons have been excited to the conduction band which causes the
flattening of the resistivity curve. To confirm this, the slope of
the resistivity curve (p300—p200)/AT was calculated as a common
denominator range for all the alloys of this series (Table XIV). 1In
Pd-Co-P, since the "d" band is nearly filled by electron transfer

from phosphorus, there is probably only between 0.5 and 1 "s" con-

duction electron per atom, which would explain the small positive
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coefficient of temperature observed for the resistifity.

In summary, we expect a resistivity minimum to occur in ferro-
magnetically, atomically disordered alloys, the minimum becoming less
important as the transition metal concentration increases and the
coefficients of an T and T2 become smaller and strongly temperature
dependent. The spin ordering in these kinds of alloys can be simulated
as the ordering due to an applied "external field" or as an increase in

"internal fields", due to an increase in transition metal concentration.

2. Palladium-Manganese-Phosphorus Alloys

The amorphous structure is pafticu]ar1y conducive to the exis-
tence of localized momentssz, especially in the presence of magnetic
transition elements. These localized moments on Mn and the resulting
s-d exchange interaction between the conduction electrons and the free

paramagnetic ions]11

are manifested by an enhancement of the negative
temperature dependence of resistivity at lower temperatures. A resis-
tivity minimum, of course, would not be expected, as the base alloy
already has a negative temperature coefficient of resistivity. In
addition to the negative temperature dependence, these alloys show T2
behavior at the lTowest temperature range, &n T at low temperatures,
and an almost linear behavior at high temperatures. Chandrasekhar and

Huhn59

attempted to explain the negative temperature coefficient in vy
phase uranium molybdenum alloys in terms of a "two overlapping bands
model", of which one is narrow (Sec. IV-B.3). The result of their work
is summarized by equation (31) which predicts that p(T) 1is propor-

2 63

tional to T~ at low temperatures. Sinha67 using Ziman's approach

suggested that the negative coefficient of (Pt]OO-xNix)75925
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(20 < x < 50) is due to their high Fermi energy 6.9 eV, which corre-
sponds to the position of the first peak in the x-ray interference |
function. But according to Friedel]o the Fermi energy should be smaller
than the reported value for the localized moments to exist. Earlier

k]lz explained the T2 behavior at low temperature by "Nagaoka spin

wor
compensafed states" acting at lowest temperature range and a Kondo
mechanism acting at a higher temperature range. Here by reference to
the "localized spin fluctuation mode]"69 (LSF), the negative temperature
coefficient of resistivity, the T2 behavior, and the &n T will be
explained and the transition to T dependence of the resistivity will
be predicted.

Use of the LSF was first proposed by Lederer and Mil]s]]B

» who
showed that the scattering of conduction electrons from time-dependent
fluctuations of the magnetization at the site of a nearly magnetic

transition metal "impurity" leads to a resistivity varying as T2 at

sufficiently low temperatures, as observed in dilute Pd-ﬂi_a]1oys]]4.

s

Babic et al , interpreted the decrease of the resistivity with

increased temperature in MnAl, and Caph‘n”6

in CrAl, in terms of
localized spin fluctuations. The mechanism by which the LSF operates
is that the virtual bound state forces the phase shift to go to m/2
at zero temperature, so that the additional scattering due to spin
fluctuations has the effect of pushing the scattering off resonance
and hence reduces the resistivity as T increases.

The question then follows as to why the resistivity coefficient

is negative in Pd-Mn-P and not in other Pd-M-P alloys where M=Co, Fe,

and Ni? The explanation is possible in terms of many of the existing
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theories:

52

(1) From Anderson's virtual bound state model®, it is apparent that

the enhancement of the negative contribution to the resistivity will
be maximum when the virtual bound state is half full, Ed =0 1in equa-
tion (33). 1In Al, as expected, this occurs between Cr and Mn and is

confirmed by susceptibi]ity]19

125

,» residual resistivity, and thermopower
measurements

(2) Recent work by Cyr'ot]30

on amorphous alloys revealed that the
shape of the d band is not changed in comparison to that of the crys-
talline case, except that the width ié reduced by a factor V1-c
where ¢ 1is the concentration of sites inaccessible to electrons

when the atomic levels are infinite. This should make the off-
resonance scattering easier. Preliminary results of Pd-Cr-P and
Pd-Cu-P confirm the expected negative temperature dependence for these
alloys.

69

Kaiser and Doniach™~ suggest that for LSF the resistivity

behavior is of the form:

o(T) = pg[1- 1w (T1/T (p)%]

o]

at low temperatures and

p(T) = pg[1- 3 u(T/T )] (43)

at temperatures above 0.2 TLSF‘
Nagaoka's condensed statels, on the other hand, predicts the

behavior:

o(T) = p,[1 - (T/T)?] (44)
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So although experimentalists and theorists agree on how the measurable
quantities should behave as.a function of temperature, the difference
is in the mechanism and in the value of TK and TLSF » which results

from the weighing factors in the relevant physical expressionsﬁg.

Rivier70, applying Anderson's electronic contribution equation to the

transport properties (Ref. 11, equations (9)-(13)), demonstrated a

physical equivalence between the Kondo-Nagaoka spin compensated state

and LSF in a dilute alloy, nonmagnetic in the sense of Friede]s]

52 21

and

Anderson™“, but where LSFs are important® at Tow temperatures

(kT << 1'1) where t_ is the lifetime of the LSF. Such a description

0 0
58

includes both a conjecture by Schrieffer™ that some dilute alloys

(1ike transition metal in A1), traditionally viewed as nonmagnetic, are

in fact Kondo compensated magnetic impurities, and Anderson's view52

of
the Kondo temperature as the boundary between the nonmagnetic and mag-
netic behavior in dilute alloys.

Mathematically, the spin compensated state and the LSF are not
equivalent (Sec. IV-B.3), since the former is a magnetic state, while
the latter is nonmagnetic. Physically, however, their effect on
observed quantities like the transport coefficients or the susceptibi-
lity is the same. Conceptually, it is much easier to visualize a
nonmagnetic alloy with spin fluctuations appearing magnetic at high
temperatures (1/X versus T) than with condensation at low tempera-
tures of a magnetic impurity surrounded by conduction electrons.

The resistivity minimum and the &n T behavior in the LSF

109 110

model was explained by Levine in terms of Wolff's model of local-

moment formation in dilute alloys using the self-regulating solution
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and Levine and Suhl]]g. Their results show that within the

]1$, the resistivity due to the free paramag-

of suh1!V’

framework of their theory
netic ion exhibits a Kondo-like behavior approximating &n T over an
appreciable temperature range61’71’]9’]]g.

For amorphous alloys the phonon contribution to the resistivity

2

behaves'a1so as T° at low temperatures. No attempts will be made to

separate the p(,;010n) from o(shin fluctuation)
The experimental resistivity curves (Figs. 29 and 32) could be

fitted to the phenomenological equation (38):
= T,2
p=p,- (a+B(E" -v nT+eT) (38)

There is a Kondo-like region in the temperature range

Td <palnTc< Té as shown in Figs. 30 and 33. The existence of a
(-y &n T) term indicates a Kondo-type effect due to the state of spin
ordering of the free paramagnetic manganese ions. Although in the
crystalline alloys so far studied the Kondo effect disappears in the
magnetically ordered alloys, this does not seem to be the case in
amorphous systems where the coexistence of the Kondo effect with mag-

netic order was observed frequent]_y]zo’]21

and could be explained by
the existence of a small amount of random paramagnetic ions in the
alloys. These ions are relatively free from each other, since the
resistiviéy data between Td and T& could be explained without tak-
ing into account the terms arising from the mutual interaction between

those free spins. This effect is probably linked with a small d-d

interaction in the amorphous alloys. The leveling off of the resis-
tivity below T4 in the 2&n T plot is probably due to the internal
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field arising from the magnetic ordering of the free ions and the
presence of LSF in the nearly magnetic bound states formed on those
paramagnetic Mn spins. As the temperature is lowered, the number of
free spins diminishes and finally the LSF, T2 term dominates the
resistivity behavior. This lower portion of the resistivity curve was
compute} fitted to the LSF low temperature equation (43) and to the
Nagaoka expression for compensated state, equation (44).

It is worth noticing that the concentration dependence of TK
is very close to that of T& (Tables XVI and XVIII), which indicates
that they are similar. Experimentally T& = TK increases linearly
with Mn concentration "x" while theoretically Té should be propor-
tional to x]/2 , due to the fact that the temperature dependence
resistivity term for the amorphous alloys varies as T2 . Here the
apparent linear increase of TK with concentration may be attributed
to the d-d spin interaction. On the other hand, T& = TK remains
almost constant up to 22 at.% P in (Pd70Mn30)]00_yPy, then increases
as almost the square of the phosphorus content. The nonlinearity in
the concentration dependence suggests that there are correlations
between the paramagnetic ions in addition to those due to RKY inter-
actions. The increase of Ty as the Mn concentration increases was
previously noticed for Cu alloys containing Cr where the £&nR versus
T temperature independent region increased with increase in magnetic
fie]d68. So the above result in Pd-Mn-P may arise from the same
origin, as it occurs in a region of temperature where almost all other

phenomena are weak and could be interpreted in terms of an increase in

the internal field. This would also explain the decrease of the
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absolute value of the slope Y of &n T (Tables XVII and XIX) in
Pd-Mn-P with increase in manganese content as due to the increase-fn
the interacting localized spins in terms of an increased internal

fie1d122’]23. This was seen experimentally and proved theoretically

by Abrikosov71, Liu124 and Silverstein108 in other alloys, also with
increase in magnetic element concentration.

The difference between TK and TLSF is understandable as the
constants in the two equations vary. The Kaiser-Doniach results
applied to Pd-Mn-P amorphous alloy system imply that the transition

2

from T to T dependence of the resistivity occurs around

TC & OL5 TLSF » which is in agreement with the experimentally deter-
mined 1linear portion of the curve TL (Tables XVII and XIX). The

2

concentration independent T~ behavior in Pd-Mn-P was also noticed

in very accurate measurements in progress on AlMn and A]Cr126.

The LSF almost-linear dependence of resistivity on T at
higher temperature may be understood in terms of the Bose character
of localized paramagnons, since at temperatures larger than T5 the
excitations take on classical equipartition occupation probabilities;
the number of thermal excitations is proportional to T . Thus, the
appearance of a linear law may be expected as a fairly general conse-
quence of a low-lying Bose excitation spectrum. Kaiser and Doniach
established an analogy between the spin fluctuation resistivity and
the Bloch-Gruneisen expression for resistivity due to electron phonon
scattering, which also shows a linear T dependence at higher tem-

peratures. Fitting Kaiser and Doniach's linear dependent equation to

the high temperature (200-300°K) range yielded T sF values higher
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. : " 0
than expected; for instance, for (PdﬁzMn38)77P23, TLSF = 600°K ,

while the T2

portion of the curve yielded a TLSF = 443.4%K ,

which is in close agreement with the experimental curve. The devia-
tion of the high temperature values of TLSF may be attributed to

the phonon contribution to the LSF resistivity. Such a contribution
would véry linearly with temperature, and although it would not alter
the linear temperature dependence of the impurity resistivity, it
might alter the estimate of the TLSF by some 10%. An evaluation

and separation of this contribution was not attempted, because the
resistivity of Pd-Mn-P is about one order of magnitude higher than the
phonon resistivity in pure Pd or Mn and this can lead us to believe
that this phonon contribution is small. Another reason for the devia-
tion could be that the enhancement factor was not taken into consid-
eration]27.

The breakdown of Matthiessen's rule in Pd-Mn-P is attributed
to the relaxation of the conservation of momentum requirement in elec-
tron phonon scattering brought about by the loss of translational

128

symmetry in the alloy Recently another way to explain the nega-

tive temperature dependence, following the same approach as that of
Caplin and Rizzuton6 was attemptedeg. It takes into account the
dynamical splitting between the spin up and spin down vbs's induced
by the spin fluctuations, by introducing an effective energy width
A' = A/n and then using the Sommerfeld expansion to calculate the
scattering cross section. As a first approximation, it assumes that

the effect of the thermal fluctuations can be approximated by consid-

ering, in place of one vbs of Lorenzian shape, two such states shifted
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by kT around EF (Anderson localized state model), and it results
in a linear T dependence at high temperatures. This model, however,

is too crude to be given further attention.

C. Magnetoresistivity

*1. Pd-Co-P

The magnetoresistivity of Pd-Co-P is negative and varies from
2 to 16 x]0-3 as the concentration of cobalt increases from 15 to 50
at.%. The negative magnetoresistivity in Pd-Mn-P is much smaller and
of the order of 1 to 3x107%. The magnetoresistivity results for

Pd-Co-P, Fig. 39, for H > 4 kOe were best fitted to a relation
ApH/pH=0 = -(aH + bH2) (45)

where H , the applied magnetic field is in kOe. For (Pd85
16

Co15)goP 20

for instance, a = 1.36 and b = 9.4x10°% . Yosida!® has shown

that for a ferromagnet, the magnetoresistance is proportional to -H ,
and for a paramagnet, it is proportional to -HZ . This last term is
attributed to an s-d exchange interaction. In Pd-Co-P the experimental
results suggest, therefore, that ferromagnetism and paramagnetism
coexist in the amorphous alloy even for T << TC . This is consistent
with the resistivity minimum found in these alloys below Tc o A

better fit for the magnetoresistance versus H was obtained by fitting

the curve to a formula of the form:

n

doy/oy=y = -a (46)

Below 4 kOe the magnetoresistance was very close to H2 , indicating
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the paramagnetic nature of the magnetic ions. Above 4 kOe, n
decreased with increase in Co concentration, reaching 1.3 for 50 at.%
Co, which is a clear indication of the loss of paramagnetic ions in
favor of ferromagnetic spin ordering. The fitting parameter q also
decreased with increase in Co concentration. Even though the para-
magnetic contribution can be extracted from the observed magnetoresis-
tance, quantitative agreement with the theoretical results of Beal-

75

Monod and Weiner'™ is rather poor.

Qualitative agreement in terms of measured magnetization was

satisfactory and was attempted by fitting the magnetoresistance to a

general expression of the form:

op/Py=g = ~(co, + dog) (47)

where Ty is the measured magnetization. As an example, for

n = -
(Pd85C015)80P20, d(%/uB) = 0.145 and n = 2.74 . The fact that the
value of n 1is generally close to 2 seems to be due to the existence
of ferromagnetism, since 4.2°K is well below the Curie temperature of

131

these alloys. This is in accordance with Yosida's theory » which

shows that for ferromagnets the magnetoresistance is proportional to

-H2

, and this behavior is attributed to an s-d exchange interaction.
The deviation of n from 2 at Tow fields indicates, in terms of the
theoreticai equation (42), that the quasi-bound state model might not
be fully valid. It is also evident that the absolute value of the
negative magnetoresistivity increases somewhat linearly with Co con-

centration. This is consistent with the expected concentration

dependence of the magnetization Oy which is proportional to n .
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The existence of the ¢ parameter in the above equation is attributed
to the existence of paramagnetic spins.

Although the quantitafive analysis of the negative magnetoresis-
tance due to ferromagnetism is complicated by the existence of s-d
exchange interaction in Pd-Co-P, the observed data obey equation (47)
qualitatively if B is the measured magnetization. The appreciable
negative magnetoresistance at high concentration of Co is probably due
to the large magnetization arising from a kind of d-d spin clustering
among Co atoms in the alloys. The saturation of the negative magneto-

resistance at high fields corresponds to the saturation magnetization.

2. (Pd]OO—anX)77P23 Alloys

Two characteristics are noted in Fig. 40: (a) the negative mag-
netoresistance of the (Pdmo_anx)”P23 alloys increases as the
manganese concentration increases from 15 to 30 at.%, and (b) although
still negative, the absolute value of the magnetoresistance decreases
to become almost field independent as Mn increases from 35 to 38 at.%.
The absence of strong negative magnetoresistance for 35 to 38 at.% is
due to the fact that (1) the magnetization o, at 4.2% is very small
at these compositions as confirmed by the magnetic measurements, and

135,136

(2) the mobility increases rapidly with the increase of manganese

concentration.

Similar behavior was observed by Gerritsen]32

in crystalline
Au-Mn and in dilute alloys, but the transition metal concentration at
which the minimum occurs is very small--of the order of less than 0.1

at.%. The fact that this minimum in amorphous alloys occurs at quite
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a high concentration of manganese indicates that the d-d spin interac-
tion between transition atoms is weaker in amorphous alloys than in
crystalline systems. The interaction between localized moments and
the conduction electrons was shown to result in negative magnetoresis-
tance, which agrees with the experimental results. According to

To_yozawa133

,» the magnetoresistance dependence on concentration could
be explained by tHe overlaps between the electron wave function
belonging to different paramagnetic spins (which become appreciable as
the concentration increases) and the localization of the electrons,
thus causing the negative magnetoresistance to become obscured. Mott

and Zinamon134

have suggested that as long as moments persist in an
alloy, the density of states should consist of two overlapping Hubbard
bands, so that the Fermi energy (unless the compensation is high) will
be in a pseudogap, which will give rise to a positive term to the mag-
netoresistance. Therefore the magnetoresistivity curves could be

interpreted in terms of the number of electrons being influenced

by each mechanism.

i (deof\"m:,m)]OO_yP)y Alloys

The behavior observed with the change in phosphorus concentra-
tion is similar to that obtained with change in manganese content.
The magnetoresistance (a) is positive for low phosphorus concentration
and the absolute value increases with P concentration from 17 to 19
at.% P, and (b) decreases in absolute value for 20 at.% P, then
becomes negative and increases in absolute value as phosphorus

increases from 21 to 26 at.%. The second characteristic is reasonably
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consistent with the dependence of O, on phosphorus concentration.
The theoretical results of Béal-Monod and Neiner75 gave a rather poor
fitting, even though the paramagnetic part of the magnetoresistivity
was extracted. Recently Meﬂm7 has found a positive magnetoresis-
tivity ip amorphous films of InAs and InP. Therefore the experimental
magnetoresistivity results for amorphous alloys suggest the existence
of ferromagnetism or antiferromagnetism with paramagnetic random spins,
even for T < Tc or TN . This is consistent with the localized spin

fluctuation and Kondo-like behavior observed in these alloys.

D. Magnetic Properties

1. Pd-Co-P Alloys

The magnetization versus temperature curve for Pd-Co-P implies
the existence of ferromagnetism in these alloys. The magnetic

isothermals can be expressed by

a(H,T) = xH + o(0,T)

where o(H,T) is the magnetization at a temperature T and a field
H, &(O,T) is the spontaneous magnetization, and X is the total
susceptibility. The classical method for obtaining the ferromagnetic
Curie temperature TC by plotting UZ(O,T) versus T and extrapolat-
ing the 1ihear part to the temperature axis is not applicable in the
present alloys, since the Curie temperature is above room temperature.
High temperature magnetic transition determination (Sec. 1V-D.2)

revealed that the Curie temperature varies from 398%K to 273°K as the
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cobalt concentration decreases from 50 to 15 at.% (Table XXII). A
maximum in the magnetization'curve appears at lower temperatures %or
15 at.% Co. This maximum is related to the ordering of the free
paramagnetic spins responsible for the Kondo-like behavior observed
in the resistivity measurements. The magnetic nature of this order-
ing can be inferred from the quenching by an external field of the
peak in the magnetization. It has also been suggested that the
maximum in magnetization could be attributed to possible antiferromag-
netic coupling of ferromagnetic domains]38’]39, but this approach does
not explain the observed quenching of the peak in magnetization at

high applied magnetic field. Mossbauer study of Pd—Fe-P]40

revealed
that the Pd atoms do not play a large role in these amorphous alloys,
since the presence of phosphorus as an electron donor greatly reduces

the polarization of the pa11adium14]

which appears to have a full "4d"
band. A similar band filling effect of this type might be expected

for Pd-Co-P alloys which might explain the reduced moment. Unfortunately
this could not be checked since the amorphous range does not extend to
Tower cobalt concentration, but amorphous Pd8081'20 was shown to have a
very low susceptibility X(10"7,10'8emu/9) indicating a filled "d"

band. Another factor that contributes to the reduced magnetization

could be found in terms of Handrich's treatment]az

of the amorphous
ferromagnet on the basis of the molecular field approximation. Starting
from the Heisenberg-Dirac Hamiltonian,

-
H="EJ.EJ-S-

3
p i

and taking into account the amorphous nature of the material by


anguka
Sticky Note
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allowing random fluctuations in the exchange integrals Jij » he
found that the effect of these fluctuations is to produce a reduced

magnetization of the form

o = % {BL(1+ 8)x] + B,L(1 - 6)x]}

where 'Bs is the Brillouin function for spin S , x = 35/(5+1)(o/71),
T = T/Tc and & 1is a parameter reflecting the magnitude of the
fluctuations. For & < 1 ferromagnetism exists. The failure of the
theory to account for the low-temperature behavior at 15 at.% cobalt
is a characteristic of all molecular field theories and is a result of
the inability to take into consideration the Tow density tails of the
spin random fluctuation probability. The effect of the hybridization
of the s and d bands on the occurrence of ferromagnetism has

.143_

recently been studiedby Koishore and Joshi Their treatment uses

the Hartree-Fock approximation and the so-called Hubbard approxima-

144 145

tion ", but no characteristic behavior is deduced. Recently Rivier
treated the magnetism in amorphous alloys in terms of the Ruderman-
Kittell-Kasuya-Yosida (RKKY) type iteration. The oscillatory charac-
ter of the interaction together with the randomness in the distribution
of magnetic moments is responsible for the magnetic behavior of this
"well-defined state of magnetic matter". Each magnetic atom is

tightly coupled to a probability distribution effective field due to
all other neighboring atoms. The onset of "local magnetic order"
depends on the strength of the "magnetic correlation" which is related

to the effective field (external and internal) as well as the thermal

noise. Therefore the magnetic characteristics of Pd-Co-P are described
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very well by Rivier theoretical approach in terms of a collective and
random distribution of magnetic spins. The isothermal magnetizafion
increases linearly with thé applied field, and a small tendency
toward saturation may be observed at high fields or low temperatures,
see Fig. 50. At 4.2°K, considerable remanance is observed in
(PdSOCOSO)BOPZO’ (13 emu/g) and the alloy seems to saturate at 3.5
kOe. Its saturation moment is 0.534 gu/atom. The general non-
saturation behavior of magnetization was found to be common to most
amorphous ferromagnetic alloys. The decrease in saturation tendency,
as expected from the Rivier model for magnetism in amorphous alloys,
is attributed to the lack of interaction among increasingly separated

cobalt atoms.

2. Pd-Mn-P Alloys

The magnetic susceptibility versus temperature at 6 kOe was
measured as a function of varied concentrations of manganese and phos-
phorus, see Figs. 47 and 49. The inverse susceptibility deviates from
the Curie-Weiss law and the magnetization undergoes a maximum at
T=T it Tables XXIII and XXIV, which are typical behavior of many

m

Kondo systems. Above Tmax the 1/x versus T for manganese above
30 at.% in (Pd100-anx)77P23 and phosphorus above 22 at.% in
(Pd70Mn30)100_yPy seems to consist of two straight lines with a change
of slope at a characteristic temperature Té . Consequently the

values of Haff and ep are not the same below and above Tq * The
straight line drawn through the higher temperature points

(ré < T < 300%) gives a negative intercept. The effective magnetic
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moment was determined using the relation Maff = g[S(SH)]]/2

where

g 1is the ratio of the angular moment to the angular momentum and
Y/S(S+T) 1is the value of the angular momentum of the electrons. The
value obtained for Haff leads to an absolute value of the spin quan-
tum number S between 0.63 and 0.78 wg Pper atom as the manganese
increases from 25 to 37 at.%. Similarly the spin quantum number S
varies between 0.66 and 0.76 as the phosphorus concentration increases
from 22 to 26. In crystalline alloys, the electric field of the other
at;ms or ions surrounding the metal ion in its compound restricts the
orbital motion of the electrons so that the orbital angular moment and
hence the orbital moment become partially or wholly quenched. Such a
mechanism is not operative in the case of amorphous alloys, but due to
the lack of any other approach, the magnetic moment was assumed to be
due to electron spins alone.

The existing theor‘iesMB’]47

predict that as T approaches zero
the magnetic moment should decrease due to the formation of the quasi-
bound state while the susceptibility becomes finite. The susceptibility

could therefore be expressed as:

X = uiee T(T)/3KT

The effective magnetic moment peff/?(TT obtained in this way is shown
in Figs. 54‘and 55. The difference between the S value of 5/2 assum-
ing MN++ and the experimentally determined value of 1.78 which increases
to 2.3b uB/Mn atom as the manganese increases between 17 to 37 at.%
suggests that some conduction electrons provided by phosphorus fill the

d shell of Mn. The value of Maff obtained for lower temperature is
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smaller than the effective moment obtained above Tq implying the
existence of magnetic interaction between paramagnetic spins. The
characteristic temperature Tq is probably the Kondo temperature for
the following reasons: (a) X is very close to the temperature at
which the resistivity p deviates from -2n T dependence; (b) the

effective magnetic moment decreases below Tq 3 (c)lthe susceptibility

X obeys a general function:

.
X = Vogs f(T)/3kT

where

f(T) = constant T/Tzi/2

for Tmax <T < T4. This result gives X <« (T/Td)']/2 for T <<,
as suggested by Andersonsz. As shown in Figs. 56 and 57, this law
seems to be obeyed approximately between Tmax and T& in the X
versus n T plot. Daybell and Steyer‘t68 suggested that Bp is equal
to Té , SO an attempt to plot Té A ep and T& (the deviation from
&n T behavior in the resistivity measurement) in Figs. 58 and 59
revealed that the three parameters are closely related. Similar be-

havior was previously observed in Mn-Pd-Si]48.

But if the quasi-
bound state model holds, the Curie-Weiss law should be obeyed--which is
not the case--since the high temperature portion of the 1/X versus T
curves for Eoncentrations of phosphorus below 20 at.% and manganese
below 25 at.% has a distinct curvature, concave towards the temperature

axis. The fact that the presence of such curvature in a region where

the magnitude of the localized moment is temperature independent suggests
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and (o) from Table XXIII.
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that ferrimagnetic behavior does not exist. Also, the peak in the
magnetization curve persists for all compositions of the alloy systems,
and while the temperature at which the maximum occurs increases with
increase in manganese content, the intensity of the magnetization
maxima qecreases drastically with increase in manganese concentration.
Similar behavior is observed with increase in phosphorus content, but
the intensity of the magnetization maxima is proportional to the phos-
phorus content. It can also be noticed that these maxima become broad-
er and more diffuse with increase in either manganese or phosphorus
content. Generally, such a peak in magnetization at low temperatures
is associated with antiferromagnetic alignment of the spin. The belief
that the susceptibility maximum is a Néel temperature is totally ex-
cluded, as preliminary heat capacity measurements failed to show a A
transition at the same temperature range. Qualitative considerations
therefore suggest that the susceptibility maximum is a variant of the
Van Vleck type of paramagnetism (VVP). VVP occurs when the ground
state of the ion is a singlet and the crystal field interaction is
strong compared to exchange. The ions, upon cooling, do not order but
instead settle into the singlet ground state in which they possess only
an induced moment. Thus, in this case, magnetization increases as tem-
perature falls and finally levels off at some low temperature when the
excited, permanent moment-carrying states are no longer populated to
any appreciable extent. Under appropriate circumstances it appeared
that the magnetization could pass through a maximum instead of level-
ing off to some limiting value as expected from the LSF resistivity

mechanism. The circumstances under which this occurs could require a
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highly magnetic excited state or states, only slightly higher in
energy than the singlet ground state. Magnetization could continue to
rise with decreasing temperature as long as a significant fraction
(perhaps 5% or so) of the ions are in the excited magnetic state.
Eventua]jy depopulation of the excited state must occur and the system
will exhibit the reduced magnetization characteristics of the singlet
ground state. Thus qualitatively, it can be seen how the maximum in
magnetization versus temperature arises, but unfortunately a quantita-
tive demonstration of the energies € and the magnetic moments My

is difficult due to the randomness and variation of the several crystal

field states of the ions in an amorphous structure.

N L s exp(-e;/KT)

Y exp(-si/kT)

The nonlinearity of X'T versus T curve and the magnitude of yx for
T > 50° indicate that Mn, which appears to be non-magnetic below
SOOK, may be acquiring a moment at higher temperatures as explained in

the LSF approach. Crystalline NdNi5 exhibits similar behaviorlqg.

It
is well known that manganese is a magnetic atom. Electron transfer
from phosphorus to manganese is barely sufficient to fill the latter's
d band, leaving infinitely small moment. The changing electronic con-
figuration‘of manganese undoubtedly makes a contribution to both the
magnetic and electrical properties.

Another difficulty in the study of magnetism in amorphous

alloys is that the composition dependent exchange interactions are

randomly distributed. The overall shape of the magnetization curves
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is typical of those observed in garnets (RIG,YIG) resulting from the
interplay of different exchange forces. Also, in amorphous alloys,

the exchange integral J depends not only on metallic elements through
direct exchanges but also on nonmetallic elements through superex-

150

changes. In NiO » the nonmetallic 0 1is Tocalized between the two

metallic elements Ni, and each J depends solely on a single nonmetal-

lic elements. Gambino]S]

measured the magnetic moment of GdNi, 0
and found that GdNi is ferromagnetic, but small amounts of oxygen

(x = 0.05) cause paramagnetism and short-range antiferromagnetic order
to set in as found by neutron diffraction analysis.

The increase in width of the magnetization peak with manganese
and phosphorus could be attributed merely to the random fluctuations
in local spin arrangement. It is also suggested that one of the
dominant effects to be considered in the distribution of magnetic
moments is the electron-transfer effect from phosphorus. As the P
content remains constant, this effect alone cannot explain the increase
in width observed with increase in manganese concentration. There are
also the conduction electrons, which may become polarized through the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and contribute to the

14131151

observed width in the magnetization maxima This nonuniform

spin polarization leads to the existence of the Kondo-like localized
spin fluctuation effect observed in the resistivity measurement. The

possibility of spin fluctuations as the source of both T and T2

terms in the resistivity receives added proof from the magnetic measure-
ments. In the case of the spin fluctuation, the coefficient BLSF

(equation (40) should be proportional to x2 100 where X 1is the
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spin susceptibility. This relation is obeyed in the amorphous Pd-Mn-P.

Also according to Kaiser and,Dom‘ach69

, the critical temperature TC
as defined in the last reference should decrease and BLsF should

increase with increase in the concentration of the 3d metal, which is
confirmed by the results shown in Tables XVII and XIX. Thus, the re-
lationsh{p between susceptibility and resistivity confirms the local-

ized spin fluctuation model for the Pd-Mn-P alloys.
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VIII CONCLUSIONS

The structure and properties of amorphous Pd-Mn-P and
Pd-Co-P alloys quenched from the liquid state have been investigated
in terms of the effect of (1) the 3d band filling of the first transi-
tion metal group, (2) the phosphorus concentration effect which acts
as an electron donor, and (3) the transition metal concentration.

The structure of the amorphous alloys was tentatively charac-
terized in terms of relatively simple geometrical entities and their
statistical distribution. This "geometrical entities" model has the
advantage that it accounts not only for the size and concentration of
the constituents but also for the affinity among the atomic components.
From x-ray generated distribution functions, precise information about
these structural entities was obtained as well as structural parameters
such as: the number of nearest neighbors, the metal-to-metal distance,
the degree of short-range order, and the affinity between metal-to-metal
and metal-metalloid.

The effect of the change in transition metal content could be
summarized as follows: (a) the transition metal solubility at constant
phosphorus content decreases as we go across the transition metal
series towards the left, from 70 at.% for Ni to 22 at.% for Mn;

(b) the composition dependent rate of shift in I(K) and W(r) becomes
decreasingly noticeable as the transition metal changes from Ni to Mn;
(c) the ratio of rzlr] which indicates the degree of short-range
order changes in the above sequence from 1.65 to 1.82, which is closer

to the liquid metal in which 1.8 5_r2/r] < 2.0 , indicating a greater
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disorder in Mn alloys; (d) the first peak in the intensity versus 20
has a shoulder on the left-hand side for Pd-Fe-P and Pd-Ni-P, while
the shoulder is on the right-hand side for Pd-Mn-P (this is associated
with the existence of higher number of unlike atom pairs in Fe and Ni
than in Mn alloys); (e) contrary to what was observed in Pd-Fe-P and
Pd-Ni—P‘amorphous metallic alloys, there is no shoulder on the high
angle side of the second peak of I(K); (f) the number of maxima at
higher interatomic distance (which gives an insight on the short-range
order) decreases with increase in phosphorus concentration. The rate
of damping of those maxima increases, while they become wider and flat-
ter approaching a liquid-like structure. The transport properties of
these amorphous alloys indicate that they are all electrical conduc-
tors. The magnetic properties of Pd-Co-P alloys show that they are
good examples of amorphous ferromagnets. These alloys show a Curie
temperature between 272.5 and 399°K as the cobalt concentration in-
creases from 15 to 50 at.%. The inverse susceptibility and magnetiza-
tion retain the characteristic shape of crystalline ferromagnetic
alloys, except that they are flattened slightly, which is attributed
to a weak d-d spin interaction. The magnitude of the magnetic moment
suggests a filling of the 3d band of cobalt by electron transfer from
phosphorus. The Pd atoms appear to play a small role in the magneti-
zation, since it is believed that its 4d shell is filled. Below a
critical concentration, the short-range exchange interactions which
produce the ferromagnetism are unable to establish a long-range mag-
netic order, and a peak in the magnetization shows up (15 at.% Co) at

the lowest temperature range. This local magnetic ordering is due to
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some indirect exchange interaction through the conduction electrons.
The H/T superposition of the points does not hold and the existence of
remanence suggests that superparamagnetism does not exist. The elec-
trical resistivity of Pd-Co-P indicates the possible coexistence of a
Kondo-1ike minimum in disordered ferromagnetic alloys even at high con-
centrations of transition metals. The minimum becomes less important
as the transition metal concentration increases and the coefficients of
&n T and T2 become smaller and strongly temperature dependent. The
spin ordering in these kinds of alloys can be simulated as the ordering
due to an applied "external field" or as an increase in "internal
fields" due to an increase in transition metal concentration. The tem-
perature coefficient of resistivity is positive for Pd-Fe-P, Pd-Ni-P and
Pd-Co-P, while it is negative for Pd-Mn-P. It is possible to account
for the negative temperature dependence by the spin fluctuation

1113,69 153

mode or by the simple phase shift analysis and also by consi-

dering the modification of the exchange interaction constant through
interference between potential and exchange scattering73. The LSF

model seems most appropriate and has been found capable of yielding many
features of the observed behavior. The high density of states at the
Fermi energy for manganese accounts for the observed resistivity coef-
ficient. This is confirmed by preliminary measurements made on Pd-Cr-P,
which has also a negative temperature dependence. The magnetic meas-
urements made on Pd-Mn-P suggest that a combination of localized moments
on Mn sites and atomic disorder have produced a large spin disorder,

which is fairly temperature independent at high temperatures. The peak

in the magnetization in the lowest temperature range is attributed to a
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variant of the Van Vleck type of paramagnetism. This lower range mag-
netic contribution is lumped with free paramagnetic spins whose effect
was observed in the resistivity measurements. There is a strong pos-
sibility that in these alloys most of the Mn atoms have Mn first or
second neighbors, especially at this high concentration of manganese.
This sugéests that there may be superexchange through Pd or P atoms,
which implies that the 3d holes belonging to the Mn atoms are not
strictly localized near the Mn nucleus, but are spread over the Mn and
its neighbors. It would not be surprising if there were some spin
transfer of this sort, since one would expect that Pd-Mn-P has covalent
bonding to a certain extent. From the available evidence it does not
seem possible to decide to what extent localized paired 4s electrons
are present. A conclusive interpretation of the magnetic behavior is
not possible due to the random distribution of magnetic spins as well
as randomization in the spin directions. The magnetic.results confirm
the existence of the localized spin fluctuation mechanism suggested by
the resistivity measurements.

The magnetoresistivity of Pd-Co-P and Pd-Mn-P suggests that
some type of magnetic order coexists with paramagnetic spins. At the
lowest fields, the change in resistance in a magnetic field is propor-
tional to the square of the applied fields, which indicates high
paramagnetic spin concentration. At high fields or high concentration
of transition metals, the change of resistance becomes proportional to
the magnetic field, which could be attributed to magnetic ordering. The

154 131

theoretical work of Hart and Yosida interprets the structure in

terms of a short-range magnetic ordering that could arise from the
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Ruderman—l(i1:1“.&1'l52

type of interaction. The experimental results and
the phenomenological interprqtation attempted indicate a relation
between the cooperative magnetic effects and the anomalous observed
resistivity behavior. Mell and Stuke137 believe that the negative mag-
netoresistance is contributed by that part of the current that is
carried by electrons with energies near the Fermi level rather than
spin dependent scattering. Generally the negative magnetoresistivity
is a strong indication of the existence of localized moment. On the
other hand, Mott and Zinamon134 suggest that alloys having a magnetic
moment would have a density of states of two overlapping Hubbard bands,
so that the Fermi energy will be in the pseudogap which would give a
positive effect. The decrease in the absolute value of the magnetore-
sistivity with increase in manganese concentration may be arising from
an increase in mobility with increase in transition metal content.
Qualitatively, the effect of a magnetic field (either of external or
internal origin) would be to stabilize the "moment" so that the magnetic
cross section and hence the resistivity would be increased. The actual
situation, however, appears to be more complex, and there is no quanti-
tative theory of the nature of the observed negative magnetoresistivity.
Clearly, further theoretical and experimental studies of amorphous
alloys are needed. The x-ray diffraction experiments are not sufficient
to establish the fine details of the structure analysis. Neutron dif-
fraction experiments would certainly help. Unfortunately, the size and
especially the thickness of the quenched specimens do create experi-

mental difficulties. Heat capacity measurements might also be of

interest, as more light could be shed on the magnetic properties.
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Finally, a lot of the complications due to the presence of three kinds
of atoms would be reduced by. studying amorphous binary alloys whenever

possible.
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