
CONDUCTION-ELECTRON LOCALIZED-MOMENT INTERACTION IN PALLADIUM

SILICON BASE AMORPHOUS ALLOYS CONTAINING TRANSITION METALS 

Thesis by 

Ryusuke Hasegawa 

In Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1969 

(Submitted May 9, 1969) 



ii 

To my wife and parents 



iii 

ACKNOWLEDGEMENT 

The author would like to express his sincere gratitude to 

Professor Pol E. Duwez and Dr. C. C. Tsuei for their kind advice and 

never-ending encouragement throughout this work. He is also grateful 

to Drs. P. L. Maitrepierre, A. K. Sinha and J. D. Speight for useful 

discussions. Several communications with Dr. J. Kondo of the Electro

technical Laborato~y of Japan are very much appreciated. This work 

was made possible through the assistance of R.N.Y. Chan and P. K. Kuan 

in resistivity measurements; Y. Moriwaki in magnetoresistivity measure

ments; J. E. Brown in preparing the alloys; C. Geremia, S. Kotake and 

J. A. Wysocki in technical skills and Mrs. F. S. Williams in typing the 

manuscript. 

Financial aid WES gratefully received from the Atomic Energy 

Commission, the Radio Corporation of America, the Fulbright Commission 

and the California Institute of Technology. 

He is grateful to his wife Pamela for her encouragement during 

the present work. 



iv 

ABSTRACT 

The electrical and magnetic properties of amorphous alloys 

obtained by rapid quenching from the liquid state have been studied. 

The composition of these alloys corresponds to the general formula 

M Pd 
0 

Si 
0

, in which M stands for a metal of the first transition 
x 8 -x 2 

series between chromium and nickel and x is its atomic concentration. 

The conce ntration ranges within which an amorphous structure could be 

obtained were: from 0 to 7 for Cr, Mn and Fe, from 0 to 11 for Co 

and from 0 to 15 for Ni. A we ll-defined minimum in the resistivity vs 

temperature curve was observed for all alloys except those containing 

nickel. The alloys for which a resistivity minimum was observed had a 

negative magnetoresistivity approximately proportional to the square 

of the magnetization and their susceptibility obeyed the Curie-Weiss 

law in a wide temperature rang e. For concentrated Fe and Co alloys 

the resistivity minimum was found to coexist with ferromagnetism. 

These observations lead to the conclusion that the present results 

are due to a s-d exchange interaction. The unusually high resistivity 

minimum temperature observed in the Cr alloys is interpreted as a 

result of a high Kondo temperature and a large s-d exchange integral. 

A low Fermi energy of the amorphous alloys (3.5 eV) is also responsible 

for the anomalies due to the s-d exchange interaction. 
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I. INTRODUCTION 

The interaction between the conduction electrons (s-electrons) 

and the unfilled shell electrons (d-electrons) localized on a transition 

metal atom was ,first considered by Zener(l) to explain metallic magne-

tism. In this concept, conduction electrons are polarized through the 

s-d exchange interactibn and hence have magnetic moments which align 

the spins of the d-electrons parallel or antiparallel. One can therefore 

expect some anomalies in the transport and magnetic properties of alloys 

containing transition metals due to the s-d exchange interaction. One 

of these anomalies is a resistivity minimum phenomenon(2 , 3 ), It has 

been found(4 ) also that alloys with an anomaly in the zero magnetic 

field resistivity show a decrease of resistivity in a magnetic field 

(negative magnetoresistivity) at low temperature. Korringa and 

Gerritsen(S) explaine0 this resistivity anomaly by postulating that a 

transitional metal dissolved dilutely in a non-magnetic host metal 

introduces spatially loc~lized states with energies near the Fermi energy. 

The first attempt to explain the anomalous resistivity and magnetic 

properties by use of the s-d exchange interaction is due to Owen 

et al. (6 , l) Based on the position and width of the electron spin 

resonance line observed in dilute alloys of Mn in Cu, they concluded 

that the s-d e~change interaction was of the order of 0.2 of the inter

action in the free ion. They also found that the dilute alloys were 

antiferromagnetic by measuring the magnetic susceptibility and the elec-
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tron spin resonance spectrum. Taking into consideration the s-d exchange 

interaction, Kasuya(S) developed a theory which explains the anomalous 

resistivity of ferromagnetic metals below the ferromagnetic transition 

temperature. This theory, however, cannot explain the resistivity mini

mum in magnetic dilute alloys. Schmitt(9) proposed a phenomenological 

theory in which the anomalous resistivity in dilute alloys could be a 

result of a co-operative magnetic transition at low temperature. Schmitt 

and Jacobs(lO) extended this theory to explain anomalous magnetic behav-

ior in Cu-Mn alloys. They also found that the negative magnetoresistivi

ty is proportional to the square of the magnetization. Along similar 

lineu Yosida(ll) developed a theory in which he considered a perturbing 

potential consisting of the spin-dependent and the spin-independent inter

actions between the 4s conduction electrons and the 3d electrons local-

ized on the transition metal atoms. Although this theory gives a nega

tive magnetoresistivity which is proportional to the square of the mag-

netization, it does not explain the resistivity minimum. 

Friedel (l
2

) pointed out that the residual resistivity of Cu or Al 

containing a transition metal varies with the atomic number of the metal 

in a somewhat different way from that of a non-transition metal. The 

strong peaks observed in the curve of residual resistivity vs the tran-

sition metal atomic number suggest some resonance process between the 

conduction and the d-electrons of the transition metal. Friedel(12 • 13 ) 

considers that the introduction of a transition metal in metals such as 

Al or Cu results in "virtual bound states" which are not well defined in 
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energies nor in space, and that this virtual bound state resonates with 

the conduction electron state which has the same energy. Friedel(l
3

) 

also calculated the residual resistivity by introducing the phase-shift 

sum rule. 

A number of alloys of Cu, Ag, Au, Mg and Zn with small concentra-

(2 3, 14) 
tions of V, Cr, Mn, Fe, Co, Mo, Re and Os have been found ' to 

have a minimum in the resistivity-temperature curve. It has also been 

found that the resistivit~ minimum phenomenon is always accompanied by 

the existence of localized magnetic moments. From these observations 

Kondo(lS) considers that the resistivity minimum must be deduced from a 

simplified s-d exchange model consisting of localized spins and conduc-

tion electrons. Thus, he obtained a temperature-dependent term (~ln T) 

by calculating the transition probability to the second Born approxi-

mation. When this logarithmic term is combined with the lattice resis-

tivity, it 3ives rise to a resistivity minimum. 

The problem of localized magnetic moments in dilute alloys has 

been a subject of current interest since Kondo's successful explanation 

of the effect. Nagaoka(l6 ) has investigated further how conduction 

electrons in dilute alloys are affected by the s-d exchange interaction. 

He has shown that, if . the s-d exchange interaction is antiferromagnetic, 

a quasi-bound state is formed below a critical temperature TK. Therefore 

it is expected that the spin resistivity obtained by Kondo will saturate 

. (17-21) 
for T<<TK, as has been observed exper1mentally . Some revised 

theories along this line have been proposed by Suhl and Wong( 22 ) and by 

Hamann ( 23). 
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All the reported studies have been restricted to crystalline 

alloys containing small concentrations of transition metals. The 

temperature at which the resistivity minimum occurs is usually below 

50°K (except for the Au-V al1oys(l
4
)). The present study covers the 

case of non-crystalline alloys containing transition metals. In this 

case the resistivity minimum temperature is generally higher than for 

0 
the crystalline case and can be as high as 580 K. Since Kondo's theory 

requires only paramagnetic behavior of the transition metal, the results 

of the theory are applicable to amorphous alloys. The palladium-base 

amorphous alloys were chosen for this investigation because in these 

alloys it is possible to replace Pd by an appreciable concentration of 

a transition metal. In addition it was found that the amorphous 

Pd80si
20 

alloy has a low Fermi energy and a negligibly small magnetic 

susceptibility. The present stt•.dy provides the first evidence for a 

Kondo effect in a number of amorphous alloys in the system M Pd
80 

Si 
0 x -x 2 

where M represents a metal of the first transition series from Cr to 

Ni, and x is its atomic concentration. 
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II. ALLOY AND SPECIMEN PREPARATION 

The amorphous alloys prepared for this study have the general compo-

sition M Pd
80 

Si 
0 

where M stands for a metal of the first transition 
x -x 2 

series and x varies from 0 to 7 for Cr, Mn and Fe, from 0 to 11 for Co 

and from 0 to 15 for Ni. The alloys were prepared by induction melting 

of the appropriate quantities (total of about 5g) of the constituents 

(99.99% purity for the transition metals and 99.999% for Si) in a quartz 

crucible under an argon atmosphere. Since the weight loss after melting 

was less than 0.2%, it was assumed that the actual composition of the 

alloys was the nominal one. 

The amorphous state of the alloys was obtained by quenching from 

the liquid state. The "piston and anvil" technique(24 ) was used where 

a small globule of liquid alloy was contained in a fused silica tube 

for about 30 sec before quenching. This time is short enough to prevent 

reaction between the liquid alloys and the fused silica tube. However, 

some reaction was observed for the alloys containing Cr or Mn, which 

might have some effect on the chemical composition of the quenched foils. 

Since the rapid quenching technique does not always yield reproducible 

results(25) every foil used in the present study was carefully checked 

by X-ray diffraction. A diffraction pattern was recorded with a Norelco 

diffractometer at 2 e angles between 34° and 50° and in angular steps of 

0.05° (in 2 e), each step corre sponding to a total of 12,800 counts. 

Within this angular range, the diffraction pattern of the quenched foil 

exhibits a very broad maximum typical of a liquid structure. The 
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presence of microcrystals (if any) in the foil can be detected by weak 

Bragg reflections superimposed to the broad maximum. Therefore the 

quenched foils which showed any deviations from the liquid structure 

diffraction pattern were not used in the present study. 

A typical amorphous foil quenched from the liquid state is about 

2.5 em in diameter and 40 ~thick. From this foil a rectangular speci

men of about 20 x 2 mm was cut for resistivity measurements. Current 

and potential leads, made of 0.005" Pt wires, were spot welded to the 

specimen. For the magnetic susceptibility measurements, one or two 

foils were cut into small pieces (2 x 2 mm) and a total amount of about 

100 mg in weight was used. 
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III. EXPERIMENTAL RESULTS 

(1) Electrical Resistivity 

The resistivity of the amorphous alloys was measured by the 

0 0 
standard four-probe method as a function of temperature (1.5 ~ 600 K) 

and transition metal concentration. The temperature was measured with 

0 
an accuracy of ±0.2 K by a combination of copper-constantan thermo-

couple and a Ge crystal. Excluding the uncertainty in the dimensions 

of the specimen, which is about ± 15%, the results of the resistivity 

measurements are accurate to ± 0.01 ~em. 

A well-defined resistivity minimum was observed in all the alloys 

containing Cr, Mn, Fe or Co. Typical resistivity data for these alloys 

are shown in Figs. 1, 3, 5 and 7 as a function of temperature. No 

resistivity minimum was observed for NixPd80_xsi20 alloys. 

To obtain the contribution of the transition metal to the resis-

tivity of the MxPd
80

_xsi20 alloys, the resistivity of an amorphous 

Pd
80

si20 alloy was studied. It was found that the resistivity of Pd
80

si 20 

increases linearly with increasing temperature above ~ 40°K and is pro-

0 0 
portional to the square of temperature between 10 K and ~ 40 K. In the 

0 
temperature range from 0 to 10 K, the resistivity undergoes a slight 

minimum. This minimum can be attributed to the presence of Fe impurity 

in Pd, Hince it did not exist in an alloy of the same composition pre-

pared with higher purity Pd (99.999%). Typical resistivity data of the 

-4 2 
Pd

80
si

20 
alloy can be expressed by (86.30 + 2.8 · 10 T ) ~em for 

0 -3 0 
T < 40 K and (86.40 + 7.5 • 10 T) ~o-cm forT>> 40 K. The rl'Sistivity 
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of the Pd
80

si
20 

alloys was subtracted from all the resistivity data for 

MxPd
80

_xsi
20 

alloys. Since the resistivity difference 6p(=pM Pd Si 
x 80-x 20 

pPd Si ) has an error of about ± 15% due to the uncertainty in the 
80 20 

dimension of the specimen, relative values of 6p/at.% are plotted in 

Figs. 2, 4, 6 and 8 as a function of temperature. 

(2) Magnetoresistivity 

The specimens used in this study were the same as those used in 

the resistivity measurement. The transverse magnetoresistivity was 

measured for all the amorphous MxPd
80

_xsi20 alloys with the four-probe 

0 0 0 
method at T = 4.2 , 77 and 295 K. The magnetic field was applied per-

pendicular to the current and varied from 0 to 10 kOe. Since the nega-

tive magnetoresistivity is very small, special a ttention was given to 

the selection of a current source. A voltage/current reference source 

(Model Tc-100.2 BR, Princeton Applied Research) was used in the present 

experiments. 

To obtain the effective negative magnetoresistivity due to the 

transition metal in tre alloys, measurements were made on several speci-

mens of amorphous Pd
80

si
20 

alloy. It was found that this alloy exhibits 

no positive or negative magnetoresistivity at T = 77° and 295°K and a 

very small positive magnetoresistivi ty (6pH=lOkOe/pH=O ~ 0.0025%) at 

T = 4.2°K. Therefore all the magnetoresistivity data for the MxPd
80

_xsi
20 

0 
alloys at T = 4.2 K were corrected by subtracting the magnetoresistivity 

of the Pd
80

si
20 

alloy. The corrected negative magnetoresistivity 6pH 

was divided by the zero field resistivity pH=O and 6pH/pH=O at T = 4.2°K 

' • 
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is plotted as a function of magnetic field in Figs. 9, 10, 11 and 12 for 

alloys containing Cr, Mn, Fe or Co. No negative magnetoresistivity was 

observed at 77° and 295°K for Cr and Mn alloys and at 295°K for Fe alloys. 

An appreciable negative magnetoresistivity was observed at 77°K for the 

0 0 
concentrated Fe alloys and at 77 and 295 K for Co alloys. The alloys 

containing Ni showed no negative magnetoresistivity at any temperature. 

There was no saturation of the negative magnetoresistivity for all the 

alloys studied in fields ranging from 0 to 10 kOe. 

(3) Magnetic Properties 

Magnetic moments of the MxPd8 0 _xsi20 alloys were measured between 

1.8° and 300°K and in magnetic fields up to 8.40 kOe. The measurements 

were made in the null-coil pendulum magnetometer whose design and 

performance are described in detail in Ref. 26. 

Since Pd used in th ~ present study contained Fe as an impurity 

(order of 0 . 01 wt.%), a measurement on the Pd
80

si
20 

alloy was performed 

to obtain the net contribution of the transition metal in MxPd
80

_xsi
20 

alloys. The susce ptibility of the Pd
80

si
20 

alloy was found to be negli-

-7 -8 0 0 
g ibly small (X~ 10 ~ 10 e.m.u./g) between 20 and 300 K and increase d 

-5 -1 0 
as X~ (1.4 · 10 )T e.m.u./g for T < 20 K. The magne tic mome nt and 

susce ptibility of the Pd80si20 alloy were subtracted from those measure d 

f. or the MxPd80_xsi20 alloys. 

The magnetization vs temperature at H = 8.4k0e for various campo-

sitions of the alloys containin~ Cr, Mn or Fe is shown in Fig s. 13, 15 

and 17. The magne tic susceptibility is obtained from the magnetic 
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isothermals (magnetization vs magnetic field for various temperatures) 

and inverse of the susceptibility difference ~x(= XM Pd Si -xPd i ) 
x 80-x 20 80s 20 

is plotted as a function of temperature in Figs. 14, 16 and 18 for 

alloys containing Cr, Mn or Fe. Since the magnetic measurements for 

CoxPd80_xsi 20 alloys ¥ere already available for x ~ 3(26 ) only the 

co1Pd79si20 alloy was measured. The NixPd
80

_xsi
20 

alloys showed no 

magnetic moments. 
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IV. ANALYSIS 

(1) The Kondo Effect 

When a transition metal is introduced into an alloy, the following 

three processes are expected to contribute to the resistivity: (a) direct 

s-s transitions; (b) s-d transitions in which the final states are non-

conducting ''d" states; (c) indirect s-d transitions via the "d" states. 

The first process is the same as in normal metals and the second process 

is important for the resistivity of pure transition metals. These two 

processes, therefore, are not of interest here. It is the third process 

that leads to the resistivity minimum phenomenon. 

Kondo(lS) interpreted the resistivity minimum phenomena by suppos-

ing that the interaction between spins s of the conduction electrons and 

spins S of the localized electrons has the form 

H' = -2 J S 
sd 

..... 
s (1) 

where Jsd is the s-d exchange integral. He further considered the 

following four processes for the indirect s-d transitions depending on 

the intermediate "d" states: 

(i) the electron with ~pin up, k~ is first scattered to the unoccupied 

d state (q't) and then to another conduction electron state k't; 

(ii) the occupied electron q~ is first scattered to k't and the electron 

kt fills up the state qt; 

(iii) the intermediate state is changed to q'~ in process (i); 

(iv) the intermediate state is changed to q~ in process (ii). 
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By calculating· the transition probability for the above four processes 

to the second Born approximation, Kondo obtained the spin resistivity 

p . = xpM{l + (3 p J d/EF) to. T} 
sp1n s 

(2) 

where x is the concentration of the transition metal, pM the temperature 

independent part of the spin resistivity, p the number of conduction 

electron per host atom and EF the Fermi energy. Thus the total resis

tivity is 

(3) 

where pL is the lattice resistivity and pA the resistivity due to the 

potential introduced by the transition metal. If Jsd < 0, corresponding 

to an antiferromagnetic coupling between conduction and localized elec-

tron spins, Eq. (3) gives a minimum. 5 
Assuming pL = a T , the temperature 

at which the minimum occurs is given by 

T 
m 

(4) 

The above theory has been applied with success to the case of crystalline 

alloys. 

Kondo's perturbational treatment, however, has a drawback; i.e. 

the resistivity diverges as T goes to zero. The first attempt to solve 

this problem was done by Nagaoka(l
6
). He has shown that, if Jsd < 0, the 

perturbational treatment breaks down below a critical temperature TK 

(called Kondo temperature) and that near the Fermi surface there appears 

a quasi-bound state between the conduction electron spins and the local-

ized spins. This quasi-bound state is a result of a collective e ffect, 
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i1 the sense that 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 transition metal atom. As a consequence, the 

resistivity begins to saturate for T << TK. The Kondo temperature has 

been defined by 

TK ~ TF exp ( - 1/N(O) IJ
8

d I> (5) 

where TF is the Fermi temperatm:'e and N(O) the density of states of one 

spin per atom. Physically TK is a measure of the quasi-bound state ener

gy (~ kTK). As pointed out by Schrieffer(
2
l), TK could range from milli

degrees to beyond the melting point of metals since exp (-1/N(O) IJsdl) 

varies rapidly with N(O)IJsdl · 

Several experimental evidences of the quasi-bound state have been 

(17-21) 
reported . However, the resistivity data at higher temperatures 

(T > TK) can be explained by the Kondo theory but not by the Nagaoka 

theory. Some attempts(
22

• 
23

) have been made to formulate a theory 

valid at all temperature and at present it appears that the Nagaoka 

theory is satisfactory for T << TK and the Kondo theory is applicable for 

T < T < T . The theoretical result given by Nagaoka for the resistivity K m 

is, forT << TK 

/),. p 

2 
where [).p ~ mx/e nnN(O), m and e being the mass and the charge of an 

0 

electron and~ the Planck's constant. Nagaoka also has shown that 

(6) 

Eq. (6) implies that [).p approaches the residual resistivity /).p 
0 
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as T goes to zero. 

(2) Negative Magnetoresistivity 

In metals the presence of a magnetic field increases the resis-

tivity. This positive magnetoresistivity generally obeys the Kohler 

(28) 
rule quite accurately . The situation is quite different when a 

non-magnetic metal contains small concentrations of a transition metal. 

The effe ct of the magnetic field is to decrease the resistivity. It 

has been found(4 , lO, ll) that this negative magnetoresistivity is 

usually proportional to the square of the magnetization and arises 

from the s-d exchange interaction. Physically the negative magneto-

resistivity is due to the freezing-out of the internal degrees of 

freedom of the localized spin. Since this dynamical characte ristic of 

the spin system is attributed mainly to Kondo's logarithmic divergence 

of resistivity, one can expect a decrease of resistivity by applying a 

magnetic field~ 

The theoretical basis of the negative magnetoresistivity is 

rather simple. Suppose the interaction betwee n spins ~ of the conduc -

tion ele ctrons and spins S of the localized electrons can be expressed 

by 

H' = ~ ~ v - 2 ~ ~ J ds:s 
i n i n s 1 n 

( 7 ) 

where V is the potential due to the dilute concentration of a transition 

metal and Jsd the s-d exchange i ntegral. The transition probability 

per unit time from the initial state i to the final state f i s g ive n b y 
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where D(Ef) is the density of the final state. Substituting Eq. (7) 

into the above formula, we obtain 

where W is the sum of the transition probability due to the potential 
0 

V only and that due to J only, c is a constant and cr is the magneti-
sd a 

zation of the transition metal. The sign in front of the second term 

depends on the spin of the conduction electron. Thus the transition 

probability for the s-electrons with spin-up and -down may be written 

as 

W0 + ciJsdl 

W
0

- cjJsdl 

cr 
a 

cr 
a 

(for spin-up) 

(for spin-down). 

If the number of conduction electrons with spin-up and -down is identi-

cal, the net conductivit~ is proportional to (1/Wt + 1/W•). Thus the 

resistivity is given by 

p oc. 
w 

0 

2 

2 
c 
2W 

0 

J 
2 2 

sd cra 

Since cr ~ H for a pa~amagnet, the resistivity difference 6p between 
a H 

the resistivity in the presence of a magnetic field and that in zero 

field is given by 

The proportionality constant has been recently calculated by Beal-Monod 

and Weiner (
29

). Thei,..r results give 

31fm 
X v 

0 
(8) 
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where e and m are the charge and mass of the electron, EF the Fermi 

energy, x the atomic concentration of the transition metal, V is the 
0 

atomic volume, cra the magnetization of the transition metal in ~ per 

atom and ~eff the effective magnetic moment. Eq. (8) is valid for 

T > TK, but can be extended(
29

) to the case where T ~ TK if cra is the 

measured magnetization. 

(3) Magnetic Properties 

Magnetic moment measurements provide some basic informations 

about the magnetic state of the alloy containing a transition metal and 

the electronic structure of the magnetic atom. The temperature depend-

ence of the magnetic susceptibility obtained from the observed magnetic 

isothermals (magnetization vs magnetic field with temperature as a 1 

parameter) gives a direct evidence of whether or not an alloy exhibits 

localized moments. When localized moments exist in an a.lloy, the 

measured susceptibility obeys the Curie-Weiss law. For the present 

alloys, the observed susceptibility can be expressed by a general formula 

~-Pd-Si 

where N is the number of the transition metal atom, ~eff the effective 

magnetic moment, k the Boltzmann constant, ep the paramagnetic Curie 

temperature,and X the susceptibility of the host Pd
80

si
20 

alloy. 
Pd-Si 

It is assumed that only the electron spins contribute to the magnetic 

moment, so that ~eff = g ~Js(S+l) and g = 2.0. We are interested in 

the susceptibility contribution 6x from the transition metal in the 
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alloy. Thus we use 

The sign of e depends on the type of long range interaction between 
p 

transition metal atoms. Blandin and FriedelOO) considered the d-d 

(9) 

spin interaction of the form -(Jdd)ijstsj and obtained the susceptibili-

2 
t y to the order of Jdd' Their results give 

e 
p 

-2S(S+l)Jddx/3k 

where S and x are the spin and the concentration of the transition 

metal and Jdd 

interaction. 

~ (Jdd)ij is the exchange integral for the d-d spin 
J 

. h i (16,23,31) d' h The exist1ng t eor es pre 1ct t at as T goes to zero 

the magnetic moment should vanish due to the formation of the quasi-

bound state while the susceptibility becomes finite. This gives 

(10) 

another way of writing ~X where ~eff is temperature dependent. Then we 

have 
(11) 

(32) 
Recently Anderson has sugge~ted that the susceptibility varies like 

- ~ 
(T/TK) 2 when the quasi-bound state is formed. Thus we have 

2 2 
~eff (T) = ~efff(T) (l2) 

where f (T) 1 

f (T) ~ (T/TK)t 
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The present data which indicate the existence of localized 

moments, were analyzed by using Eqs. (9) (12) for the temperature 

range where these expressions hold. For the temperature range where 

the magnetically ordered state exists, we analyzed the magnetization

temperature curves to obtain magnetic transition temperatures. 

(4) Virtual Bound State Model 

The concept of virtual bound states is known in the case of free 

electrons scattered by atoms in a gas(
33

). This concept was applied 

by Friedel( 12 • 13 ) to atoms in alloys. 

Consider a spherically symmetric, attractive potential which can 

accommodate a bound state with quantum number ~ Suppose that the 

potential is reduced slightly so that it can no longer accommodate the 

bound state and that this reduced potential corresponds to the actual 

potential around an atom in an alloy. Then the bound state increases 

in energy and merges into the conduction band. This state is no longer 

a true bound state, but corresponds to a wave packet, localized around 

the atom, having a broad energy band with its central level above the , 

bottom of the conduction band. Thus these "virtual" bound states will 

r esonate with the conduction states. More specifically the scattering 

amplitude of the ~-th spherical component for these states is extremely 

large and the excess charge density summed over the entire virtual 

states is approximately equal to that of the initial ~-th bound state 

(Friedel's sum ruLe). 

When a metal contains a small amount of a transition metal, it is 

expected that the d-states of the transition metal shift from above to 
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below the Fermi level. For some transition metals, the d-states coin-

cide with the Fermi level or levels near it, which accompanies the 

appearance of the virtual bound d-states. To satisfy the Hund's rule, 

the exchange interactions within the d-shell must be such that the 

shell is split into two halves of opposite spin directions. This split-

ting can only occur if the energy gained by the splitting is larger 

than the width W of the virtual states; i.e. 

W < pAE (13) 

where p is the number of electrons or holes in the d-shell, and 6E is 

the energy gained by flipping one d-electron from an antiparallel to a 

parallel position. The value of 6E is known to be 0.6 ~ 0.7 eV and W is 

proportional to the Fermi energy(l2). 

When the d-states split into two halves, the Friedel sum rule can 

be written as 

(14) 

whe r e Z is the numb e r of d e lectrons in one of the split d-states b e low 

th e Fermi l evel and Tl.t (EF) is the phase shift for the .t-th spherical 

c omponent. Using Tl .{, Blandin and Friede l(30) have obtaine d th e r e sidual 

r e sistivity (in atomic units) 

6p 
0 

(15) 

where p is the number of electrons per atom, x the atomic c oncentration 

of the transition me tal, kF the Fe rmi wave number and th e arrows show 

the dir ection of the spins in the d-states. 
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V. DISCUSSION OF RESULTS 

(1) Electrical Resistivity 

The linear temperature dependence of the resistivity for the 

amorphous Pd
80

si
20 

alloy is consistent with the result calculated from 

(34 35) 
the quasi-gas model ' . The quadratic temperature dependence of 

the resistivity for T ~ 40°K is not due to the electron-electron U-

(36) . 
process s1nce 

amorphous alloy. 

reciprocal lattice vector cannot be defined for an 

(37) 
It has been shown recently that the spin density 

fluctuation leads to a low temperature resistivity term which varies 

2 
as AT where A is proportional to the square of the spin susceptibility. 

This may be the case with the present result since the observed suscepti-

bility for the Pd
80

si
20 

alloy is Pauli-like. 

The resistivity data shown in Part III-(1) are interpreted and 

described in the following for each transition metal case. 

{i) Chromium-palladium-silicon alloys 

Typical resistivity vs temperature curves for CrxPd
80

_xsi
20 

alloys (O<x ~ 7 at.%) are shown in Fig. 1. It is notice d that the 

Kondo type r e sistivity anomaly becomes very pronounce d when the Cr con-

centration i s large . This wide change of the resistiv ity anomaly with 

the transition metal concentration is unusual and has never been observed 

in the case of crystalline alloys. Thus the most striking result here 

is that the resistivity minimum is observed at very high (as high as 

0 580 K) temperatures and in concentrated alloys (up to 7 at. % Cr). The 

position of the minimum T is plotted as a function of Cr concentration 
m 
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in Fig. 19. 
1/5 It is evident that T is not proportional to x as in 

m 

Eq. (4). This is due to the fact that the resistivity minimum occurs 

at temperatures where pL~T. Thus we can write a phenomenological 

formula for the resistivity of the CrxPdSO-xsi20 alloys as 

p=a+fJT+r.tnT 

Eq. (16) gives a resistivity minimum at 

T 
m 

(x ~ 0. 5). (16) 

(17) 

It is found that 13 is approximately constant at 7.5 · 10-3 ~0-cm. Typi-

cal values of r are obtained from Fig. 2 and are listed in Table 1. Then 

using Eq. (17) with r = - 0.629 x ~~em, we find 

T 84 x (°K); (x in at.%). 
m 

Thus T is proportional to the Cr concentration which is consistent with 
m 

Fig. 19. 0 2 For x < 0.5 (corresponding to Tm <50 K), we should use pL~ T 

In this case T is expected to vary as~. This is, however, difficult 
m 

to confirm due to the scattering of T data. 
m 

The temperature variation of 6p, shown in Fig. 2, depends on 

Cr concentration but generally follows the prototype where 6p obeys the 

logarithmic law of Kondo at higher temperatures and becomes temperature 

independent at the lower temperature limit. This agrees qualitatively 

with the theories by Nagaoka (l6 ), Suhl-Wong ( 22 ) and Hamann ( 23). Howeve r 

as in the case of crystalline alloys(2 l), these theories do not give a 

good -tnT fit to the present results for a wide temperature range. 
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TABLE 1 

Results of the resistivity measurement for the CrxPd80_xsi20 alloys 

Alloy r (IJ.n-cm) 6(!J.O-cm) 6p (1J.C1- cm) TR(oK) Composition 0 

cr1Pd79si20 -0 . 767 2.5 22.6 21 

cr
3

Pd77Si20 
-2.17 7.2 52.5 76 

Cr
5

Pd
75

si20 -3.25 10.0 54.7 123 

Cr
7
Pd

73
si20 

-4.36 10.1 46.8 115 
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The temperature range where ~p follows the logarithmic law of 

Kondo depends upon Cr concentration. Immediately below the resis-

tivity minimum temperature T , ~p obeys the -{n T law and starts to 
m 

deviate from it below some temperature Td. The critical temperature 

Td depends upon Cr concentration and is shown in Fig. 20. In the 

same figure are plotted the temperatures at which the magnetic suscepti-

bility deviates from the Curie-Weiss law. Below Td, 6p increases slower 

than -{n T, approaching a constant value at the lower temperature limit. 

The constant temperature dependence of 6p at low temperature (T< 2°K) 

can be explained by the formation of the quasi-bound state. (Further 

evidence of the quasi-bound state formed in CrxPd
80

_xsi
20 

alloys is 

given in Sec. (3)-(i)). Using Eq. (6), 6p
0 

and TR are obtained from 

the resistivity data at the lower temperatures and are listed in Table 1. 

It is noticed that the concentration dependence of TR is similar to that 

of Td (Fig. 20). Since TK ~ TR (l
6
), the present result indicates that 

the Kondo temperature increases with Cr concentration. This is different 

from the case of crystalline alloys where TK is independe nt of concen-

tration. However, unlike the crystalline alloy case, the Cr concentra-

tion could b e increased to rather large values and this might result 

in some change of the density of states N(O). This, as me ntioned in 

Part IV-(1), leads to a change of TK. In fact the obse rved 6pJTable 1) 

is constant at ~ SO ~o-cm for x ~ 3 which leads to a linear concentration 

dependence of N(O). Then f rom Eq. (5) TK should increase with the Cr 

concentration, as is observe d. Since there is some ambiguity in 
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d e t ermining N(O), no quantitative argument is given here. Th e conncc -

tion between TR, Td and TK is discussed in Sec. (3)-(i). 

The depth of the resistivity minimum which is convenie ntly de-

fined as the difference between the resistivity at T = T ~ 0 and that 
0 

at T = T is given from Eq. (16) by 
m 

T 
6 PT PT y -tn (__£) 

T (18) 
0 m m 

0 0 "' We have T = 84 x K, T - 2 K and y -0.629 x ~~~~-em from the resis-
m o 

tivity data for CrxPd
80

_xsi20 alloys. Thus we obtain 

.tnx 
6 = 2.35 (1 + 

3
_
74 

)x ~~em. 

Since 1 > ~7~ for 0.5 ~ x ~ 3, the depth 6 is approximately propor-

tional to Cr concentration, as is observed (Table 1). For 5 ~ x ~ 7, 

the depth 6 is constant at ~ 10 ~~~em. The fact that 6 is not propor-

tional to Cr concentration for x ~ 5 suggests that the d-d spin 

interaction creates some internal field which suppresses the Kondo 

effect. This is consistent with the experimental results(2 l) where 6 

is decreased by applying a magnetic field. 

(ii) Manganese-palladium-silicon alloys 

In light of the resistivity minimum problem, a study of alloys 

containing Mn is of interest, since Mn has a half-filled d-band (3d 54s2 ) 

and gives the lowest residual resistivity (l2) in alloy's. In fact in 

the present study, MnxPd80_xsi 20 alloys played an important role. As 
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explained in Sec. (4) Mn alloys are used as a basis to determine EF of 

the present MxPd80_xsi20 alloys. 

The results of the resistivity measurement for MnxPd
80

_xsi 20 

(0 < x ~ 7 at.%) alloys are shown in Fig. 3. Three characteristics 

are noticed in this figure: (a) the resistivity minimum is not as pro-

nounced as in the case of CrxPd80_xsi
20

alloys; (b) the resistivity-tem

perature coefficient ~ at higher temperatures changes with Mn concen-

tration; in other words Matthie~sen's rule is not satisfied; (c) the 

resistivity minimum temperature T seems to increase with Mn concen
m 

tration. The first characteristic indicates the fact that both the s-d 

exchange energy Jsd and the Kondo temperature TK for MnxPd
80

_xsi
20 

alloys 

are much smaller than those for CrxPd80_xsi20 alloys. The second 

feature is found only in the alloys containing Mn. It is found that ~ 

is approximately proportional to the inverse of Mn concentration. To 

account for this, the electron mean free path should be proportional to 

Mn concentration. The third characteristic is shown in Fig. 21. To 

interpret these data, we write the empirical formula for the resistivity 

(19) 

') 

where pL= 6 T4 is used since the resistivity of the host Pd
80

si
20 

alloy 

changes as T
2 

for T < S0°K and the values of Tm for the MnxPd
80

_xsi20 

alloys are less than S0°K. It is found that the coefficient 6 

is inversely proportional to Mn concentration. The origin of this 

fact may be the same as that of the concentration dependence of ~-
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Eq. (19) gives a resistivity minimum temperature at 

T =J-...L m 26 (20) 

From the resistivity data in Figs. 3 and 4, we have y 

~0-cm, x 6 = 2.9 · 10-4 ~(~em. Then we find 

-2,3 ' 10- 2 
X 

T ~ 6.1 x (°K), (x ~ 7 at.%); 
m 

which is in good agreement with the data in Fig. 21. 

It is seen in Fig. 4 that the temperature variation of fip is 

independent of Mn concentration. The -{n T dependence of fip is observed 

down to T ~ 4°K, below which fip becomes temperature independent indi-

eating the formation of quasi-bound states. Since the temperature 

i i f A d h b h d 4°K ' var at on o up un ergoes sue an a rupt c ange aroun Eq. (6) 

cannot be applied to the present data to determine TK. The value of TK 

is estimated to be ~ 4°K, at which fip starts to deviate from the -tn T 

law (see Fig. 4). 
- 2 

It is found that 6 = 7 · 10 ~0-cm/at.% and fip 
0 

3.8 ~0-cm/at.% (from Fig. 4). 

theoretical result in Sec. (5). 

The value of fip is compared with the 
0 

(iii) Iron-palladium-silicon alloys 

The purpose of this study is to investigate the resistivity mini-

mum problem in both dilute Fe alloys and in concentrated Fe alloys which 

tend to be ferromagnetic at low temperature. Kondo's theory predicts 

that the -tn T dependence of the resistivity should vanish when magnetic 

ordering occur. In fact several authors(38- 41 ) have reported that the 

maximum of the resistivity which occurs below T can be attributed to 
m 
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the onset of magnetic ordering. 

The resistivity measured for FexPd
80

_xsi
20 

(0 < x ~ 7 at.%) 

alloys is plotted in Fig. 5 as a function of temperature. It is noticed 

that the resistivity minimum effect becomes smaller when Fe concentration 

is high, which is different from the case of alloys containing Cr or Mn. 

The resistivity minimum temperature T also decreases with increasing 
m 

Fe concentration for x > 3 at.%, which is shown in Fig. 22. As shown 

in Sec. (3)-(iii), FexPd
80

_xsi
20 

alloys become ferromagnetic at low 

temperature. A comparison of Fig. 22 with Table 10 shows that T < T 
m c 

(ferromagnetic Curie temperature) for x > 3. This means that Kondo's 

resistivity minimum phenomena can coexist with ferromagnetism. This 

fact seems to contradict the Kondo prediction and the theories of 

Suhl(38) and Abrikosov(
39

). However, if we consider the possibility of 

(42 43) 
localized moments in magnetically ordered alloys ' , we can expect 

Kondo's logarithmic divergence of resistivity in these alloys. No maxi-

mum of the resistivity was observed at T = Tc for Fe1Pd
79

si
20 

alloys for 

which T > T , which is different from the case of crystalline alloys. 
m c 

This may indicate that localized moments are well screened. However, 

the decrease of T with increasing Fe concentration for x > 3 suggests 
m 

that density of localized moments might decrease with increasing Fe 

concentration . A change of slope in the resistivity-temperature curve 

was observed at T ~ Tc for FexPd80_xsi20 alloys with x > 3, whose Curie 

temperatures were above T . Such an anomaly has been known to be 
m 

(8) 
essential for ferromagnetic metals, and was considered to be due to 
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the s-d transition where the final state of the scattered electron is a 

non-conducting d-state. 

The concentration dependence of T is difficult to interpret 
m 

because of the existence of ferromagnetic state in the alloys. However, 

for dilute Fe alloys (x ~ 1) we may write the resistivity in the form 

of Eq. (19). Using l = - 0.17 x ~~em and 6 = 2.8 · 10-4 ~~em, 

find from Eq. (20) 

T ~ 18 JX (°K) , (x ~ 1 at.%) , 
m 

which is consistent with the data for x = 1. 

we 

The temperature variation of the resistivity difference ~p, as 

shown in Fig. 6, depends on Fe concentration. Both y (the slope of ~p 

vs tn T) and ~ (the depth of the resistivity minimum) are not propor-

tional to Fe concentration for large concentration, as seen in Table 2. 

This again indicates a decrease of the "effective'' density of the local-

ized moments as Fe concentration is increased, i.e., mor e Fe atoms 

participate in forming the ferromagnetically ordered state. The satu

ration of ~p occurs at T $ 3°K, which may give an approximate Kondo 

temperature for the Fe alloys. The r e sidual resistivity obtained for 

the Fe
1

Pd
79

si20 alloy is 19 ~~em (from Fig. 6). This is compared with 

the value (21.4 ~~em) calculated in Sec. (5). 

A resistivity minimum has been recently found(44 ) in amorphous 

FexPd
80

_xP
20 

(23 ~ x ~ 44) in the t e mperature range wher e the alloys 

are ferromagnetic. The general characteristi~ of these alloys are 
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TABLE 2 

Alloy -y(~cm) L':1(f..LO-cm) 
Composition 

Fe
1 

Pd
79

si
20 -0.174 0.4 

Fe
3

Pd
77

si
20 -0.260 0.7 

Fe
5

Pd
75

si20 -0.286 0.6 

Fe
7
Pd

73
si20 -0.163 0.3 
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similar to those of Fe Pd 
0 

Si
20 

alloys with higher Fe concentration. 
x 8 -x 

This provides another evidence for the coexistence of ferromagnetism 

and Kondo effect. 

(iv) Cobalt-palladium-silicon alloys 

The study of alloys containing Co is of interest for the following 

two reasons: (a) the d-band of Co is 70% filled (3d
7 4s

2
) which makes 

it difficult to form localized states in alloys. In fact not many 

alloys containing Co show localized moments and (b) Co atoms in 

CoxP.d
80

_xsi
20 

alloys (
26

) form a superparamagnetic clustering and the 

alloys become ferromagnetic at low temperature. 

The results of the resistivity measurements for CoxPd
80

_xsi20 

(0 < x ~ 11) alloys are shown in Fig. 7. It is noticed that the resis-

tivity minimum is well defined up to x 11 at.%. The resistivity 

minimum temperatures T , shown in Fig. 23, are found to be insensitive 
m 

to Co concentration for x > 1. A comparison of this figure with Table 11 

indicates that the Kondo effect can coexist with ferromagne tism in 

Co Pd
80 

Si
20 

alloys, since T < T for x > 3. The gradual change of 
x -x m c 

slope in the resistivity-tem?erature curve around T indicates that the 
c 

ons e t of f e rromag ne tism is not well-defined (see Sec. 3-(iv)). 

For alloy s with x ~ 1 at .%, it is found that T > T . The theory 
m c 

o f Kondo, therefore , can b e applied to these alloys. The minimum tern-

perature T for x ~ 1 may be estimated by using Eq. (20) with 
m 

r = -4.3 . 10-2 
X ~0-cm and 6 = 2.8 . 10-4 ~0-cm. Thus we find 
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TABLE 3 

Values of y and 6 for the CoxPdSO-xsi20 alloys 

Alloy 
Composition 

Co
1 
Pd

79
si

20 

Co
3

Pd
77

si20 

Co
5
Pd

75
si20 

Col!d73Si20 

Co
9
Pd

71 
Si

20 

Co
11

Pd
69

si20 

r (~em) 

-0.040 

-0.143 

-0.197 

-0.139 

-0.142 

-0.181 

6 (~em) 

0.04 

0.15 

0.23 

0.20 

0.24 

0 . 29 
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which gives a good estimation forT up to x = 3 (Fig. 23). 
m 

The temperature variation of 6p, shown in Fig.S,isindependent of 

Co concentration for x ~ 5 at.% and depends on Co concentration for 

x > 5. The slope rand the depth 6 are listed in Table 3. Both lrl 

and ~vary as 4.3 
-2 

10 x ~em for x ~ 5 at.% and are constant at 

r ~ -0.18 ~~em and 6 ~ 0.25 ~~em for X> 5 at.%. The fact that rand 

6 are constant for x > 5 may indicate that the density of localized Co 

atoms is independent of Co concentration. The Kondo temperature is 

0 
estimated to be ~ 2 K, since the saturation of ~p takes place below 

this temperature. The residual resistivity obtained from Fig. 8 is 

4.2 ~~em/at.%, which is compared with the value (7.4 ~~em/at.%) 

calculated in Sec. (5). 

(2) Magnetoresistivity 

The results of the magnetoresistivity measurements are analyzed 

and described in the following for each transition metal case. As 

mentioned in Part III-(2), the positive magnetoresistivity for the 

Pd
80

si
20 

alloys is negligibly small. Thus the subtraction of the 

positive part from the net observed magnetoresistivity is not such a 

problem as it is for crystalline alloys. The absence of a positive 

magnetoresistivity indicates that the conduction electrons behave like 

free electrons in amorphous alloys. This makes the analysis much easier. 

(i) Chromium-palladium-silicon alloys 

As shown in Fig. 9, the negative magnetoresistivity of the 

CrxPd
80

_xsi20 alloys is appreciable at T 4.2°K. The absence of 
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negative magnetoresistivity at 77° and 295°K is probably due to the fact 

that the magnetization a is very small at these temperatures (sec Fig. 
a 

13). The net negative magnetoresistivity is found to vary as -bon with 
a 

b and n given in Table 4. The deviation of n from 2 Lthe theoretical 

result as seen in Eq. (8)] indicates that T 4.2°K is already in the 

temperature region where the quasi-bound state is present . 

The concentration dependence of the negative magnetoresistivity 

has been studied. Fig. 24 shows 6pH=lOkOe/pH=O vs Cr concentration at 

T = 4.2°K. Two characteristics are noticed: (a) there is a large scat-

tering of 6pH/pH=O for the alloys of the same concentration of Cr for 

x < 4 at. %; (b) d e spite the scattering of the data, it is seen that 

16
PH/pH=OI increases with Cr concentration for x ~ 2 at.% and decreas es 

with increasing Cr concentration for x > 2 at.%. The first characteristic 

is consistent with the resistivity r esults, since an alloy spec imen with 

a small T always has a large negative magnetoresistivity and v ice versa. 
m 

Since the negative magnetoresistivity is proportional to-~, some change 
a 

of a from specimen to spe cimen would result in an appreciable scattering 
a 

The variation 6a of a in different specimens with the same 
a a 

nominal composition can be estimated by using a Brillouin func tion of 

the form Bs(g~SH/k(T+8B)) with S = 3/2 and with the appropriate e rror in 

eB (see Table 8). An example of comparison of this est imation with the 

experimental results is given in Table 5, which shows a reasonable agree-

ment. Since T oc T oc e as discussed in Sec . (3)- (i), it is r easonabl e 
m K B 

to expect that the specimen with a low T exhibits a large a r esulting m a 
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in a large negative magnetoresistivity. This clearly explains the 

correlation between the resistivity and magnetoresistivity data. 

The scattering of ~pH/pH=O for a fixed concentration of Cr indi

cates that the spatial distribution of a is somewhat different in each 
a 

specimen. One may suspect that the actual concentration of Cr in the 

specimen may be different in spite of the same nominal composition. To 

check this possibility, two specimens were prepared from the same foil 

(cr
3

Pd
77

si
20 

alloy). One specimen showed a large negative magneto

resistivity (6pH=lOkOe/pH=O = -0.02%) with a low Tm(~ 75°K) and the 

other a small negative magnetoresistivity (~pH=lOkOe/pH=O = -0.0073%) 

with a high T (~ 280°K). Since the quenched foil is considered to be 
m 

uniform, the possibility of a large concentration change from specimen 

to specimen is unlikely. 

The second characteristic of Fig. 24 has been noticed in crystal

line alloys. Gerrimen(4 ) has reported that the negative magneto-

resistivity of Au-Mn is strongly influenced by annealing, indicating 

the influence of microstructure. The concentration dependence of 

~pH/pH=O for the CrxPd80_xsi20 alloys (x > 2 at.%) can be interpreted 

along a similar line. As mentioned in Sec. (3)-(i), the magnetization 

a is inversely proportional to the concentration of Cr for x > 2 at.% 
a 

due to the Cr-Cr interaction (see Fig. 13). Thus Eq. (8) gives 

-1 
~pH/pH=Ooc x for x > 2 at.%,which is actually observed in the present 

experiment (see Fig. 24). 

There is a minimum in the ~pH/pH=O vs concentration curve. In the 

case of CrxPd
80

_xsi
20 

alloys, this minimum occurs around x = 2 at.% when 
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TABLE 4 

Typical values of b and n at T = 4.2°K in the 

expression 6pH/PH=O = -bcr: for the CrxPd80_xsi20 alloys 

Alloy b (%/~ot> . n 
B 

Composition 

Cr1Pd79si20 
0.15 1.89 

Cr
2

Pd
78

si20 1.30 1.95 

Cr
3

Pd77si20 2.25 1.67 

Cr
4

Pd76si20 1.82 1.80 

Cr5Pd
75

si20 2.50 1.88 

Cr.6Pd74Si20 3.61 1.65 

cr7Pd73si20 4.66 1.53 
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T = 4.2°K and H = 10.0 kOe. Similar minima have been observed in 

crystalline alloys(4 ), but the transition metal concentration at which 

the minimum occurs are very small, i.e., of the order of less than 

0.1 at.%. This fact indicates that the d-d spin interaction between 

transition metal atoms is weaker in amorphous alloys than in crystalline 

alloys. 

(ii) Manganese-palladium-silicon alloys 

The curves for 6pH/pH=O at T = 4.2°K against H,shown in Fig. 10, 

resemble those found in the :ase of the Cr alloys. The absence of a 

negative magnetoresistivity at T = 77° and 295°K is due to a small value 

of cr at these temperatures (see Fig. 15) as in the case of Cr alloys. 
a 

The results for MnxPdSO-xsi 20 alloys can be fitted to the general 

function 6pH/pH=O = -b cr: with b and n given in Table 6. That n ~ 2 

implies the quasi-bound states 
0 

:.re not fully formed at 4.2 K, i.e., 

T ~ o K 4.2 K . This assures that the application of Eq. (8) to the present 

results is valid. 

The general profile of the plot 6pH=lOkOe/pH=O at 4.2°K against Mn 

concentration, as shown in Fig. 25, is similar to that for the Cr alloys. 

It is noticed that (a) the absoi ute value of the negative magnetoresis-

tivity increases with Mn concentration for x < 6 at.% and decreases for 

x > 6 at.%, and that (b) the scattering of the data is very small com-

pared with that of the Cr alloys. The first characteristic is reasonably 

consistent with the dependence of cr on Mn concentration (see Fig. 15). 
a 

From Fig. 15 we have cr a cC ;ct for x ~ 5 at. "lo. Thus we obtain 6pH/ pH=O ac. -x 
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TABLE 6 

Values of b and n at T = 4.2°K in the expression 

n 
Alloy composition b (%/~) n 

Mn
1
Pd

79
si

20 
.0035 2.00 

Mn
3

Pd
77

Si20 .0235 2.04 

Mn5Pd75Si20 .0760 1. 91 

Mnld73Si20 .110 1.68 
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CONCENTRATION OF Mn (at. 0/o) 
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Fig. 25. Negative magnetoresistivity ratio vs Mn concen-

tration 
0 

at H=lO.O kOe and T=4.2 K for Lhe MnxPu
80

_xsi
20 

alloys 
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2 
since b varies like x for ~ 5 (from Table 6). For x > 6, 6pH/pH=O 

-1 -1 
probably varies like -x since cr ~ x for x > 6. The striking result 

a 

is that the concentration where l6pH/pH=OI is maximum is very large, i.e., 

~ 6 at.%, indicating the d-d spin interaction betweeen Mn atoms is very 

weak in the MnxPd80_xsi20 alloys. 

The small scattering of the data for the alloys of the same Mn 

concentration indicates that the magnetization does not vary very much 

from specimen to specimen. This is confirmed by fitting the magneti-

zation data to a Brillouin function of the form Bs(g~SH/k(T+BB)) with 

S = 5/2 and with the results of eB listed in Table 9. For example, the 

estimated error on 6pH/pH=O due to the error on cra is found to be + 6% 

The small error on cr is also reflected in 
a 

the small scattering of Tm (see Fig. 21). Thus, the MnxPd80_xsi
20 

alloys 

seem to be less sensitive to structural inhomogeneities than the Cr alloys. 

(iii) Iron-palladium-silicon alloys 

The results of 6pH/pH=O vs H for the FexPd80_xsi20 alloys, shown 

in Fig. 11, are somewhat different from those found for the alloys con-

taining Cr or Mn. It is noticed that the negative magnetoresistivity is 

~uch larger than that for the Cr or Mn alloys and that 6pH/pH=O varies 

as ~H for alloys with higher Fe concentrations. It is found, however, 

that 6pH/pH=O varies as -b cr: with band n given in Table 7. The large 

value of n for x ~ 1 at T = 4.2°K seems to be due to the appearance of 

ferromagnetism, since 4.2°K is well below the Curie temperature for these 

alloys (see Table 10) . 
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TABLE 7 

Values of b and n in the expression ~pH/pH=O= -b a: 
for the FexPd

80
_xsi20 alloys 

Alloy b ('!./~) n b (%/~) 
Composition (T=4.2°K) (T=4 .2°K) (T=77 K) 

Fe0.5Pd79.5Si20 .0127 1.85 

Fe
1
Pd

79
si

20 
.0270 2.61 

Fe
3
Pd

77
si

30 
.127 2.32 

Fe
5

Pd
75

si
20 

.195 2.48 .0540 

Fe
7
Pd

73
si

20 
.145 2.74 .0520 

n 

(T=77°K) 

1.80 

1.83 
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I 
CONCENTRATION OF Fe (at. 0/o) 
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Fig. 26 . Negative magnetoresistivity ratio vs Fe concentration 
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The concentration dependence of 6pH/pH=O is also different from 

that for the Cr or Mn alloys. A plot of 6pH=lOkOe/pH=O vs Fe concen

tration forT= 4.2° and 77°K is shown in Fig. 26. It is noticed that 

the absolute value of the negative magnetoresistivity increases somewhat 

linearly with Fe concentration x for x < 5 and more rapidly with x for 

x > 5. This is consistent with the concentration dependence of the 

magnetization (from Fig. 17), i.e., aa is approximately constant for 

0.5 ~ x < 5 and a is proportional to x for x ~ 5. 
a 

Although the quantitative analysis of the negative magnetoresis-

tivity for the FexPd
80

_xsi20 alloys is complicated by the existence of 

ferromagnetism, the observed data obey Eq. (8) qualitatively if a is 
a 

the measured magnetization. 

(iv) Cobalt-palladium-silicon alloys 

The results obtained for the CoxPd80_xsi20 alloys, shown in Fig. 

12 for T = 4.2°K, resemble those for the FexPd
80

_xsi
20 

alloys in many 

0 ways. The negative magnetoresistivity at 4.2 K for the Co
1

Pd
79

si
20 

alloy varies like 6pH/pH=O = -b a: with b = 0.099 (%/~) and n = 1.90. 

An appreciable negative magnetoresistivity was observed at higher con

centrations of Co at T = 77° and 295°K. This is probably due to the 

(26) large magnetization arising from the d-d spin clustering among Co 

atoms in the alloys. 

The concentration dependence of 6pH=lOkOe/pH=O at T = 4.2°, 77° 

and 295°K is shown in Fig. 27. These data are consistent with the con-

centration dependence of the magnetization obtained in Ref. 26. It 
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is found from Fig. 12 that 6pH=8 . 4 kOe/pH=O ~ -x
1

·
6 

we 6 
0.3 

find in Ref. 2 that a cC x . 
a 

On the ~ther hand 

2 1.6 
-x a "'- -x 

a 

from Eq. (8). As in the case of the FexPd
80

_xsi20 alloys, T = 4.2°K is 

already in the temperature range where the CoxPd80_xsi20 (1 ~ x ~ 9) 

alloys behave like ferromagnets (see Table 11). This means that Eq. (8) 

is still qu~litatively valid in spite of the fact that the negative 

magnetoresistivity due to the s-d exchange interaction coexists with 

ferromagnetism. 

(3) Magnetic Properties 

(i) Chromium-palladium-silicon alloys 

The results of the magnetic isothermals for the CrxPd80_xsi
20 

alloys show that the magnetization is proportional to the magnetic field 

0 0 
in the temperature range between 1.7 and 300 K, i.e., the alloys behave 

like paramagnets. The magnetization vs temperature curves are shown 

in Fig. 13. It is seen that for a given temperature and a given field, 

the magnetization decreases with inr:reasing Cr concentration . At 

0 H = 8.40 kOe and T = 4.2 K, for example, the magnetization a is found 
a 

-1 
to vary as~ 0.24 x ~/atom for 2 ~ x ~ 4 at.%. This variation of a 

a 

with Cr concentration suggests some antiferromagnetic interaction 

between Cr atoms. 

The difference between the susceptibility of the Cr alloy and 

that of the host alloy (6x) follows the Curie-Weiss law or Eq. 9. This 

is shown in Fig. 14, where l/6x is plotted against temperature. The 

susceptibility difference deviates from the Curie-Weiss law b e low about 
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25°K and undergoes a maximum at T = TN· Above 25°K, curves of l/6x vs 

T seem to consist of two straight lines with a change in slope at some 

temperature Td which depends on Cr concentration. As a consequence, 

the values of ~eff and ep in Eq. (9) are not the same below and above 

Td. The results are summarized in Table 8. The temperature dependence 

of ~eff(T) is obtained through Eq. (11) and shown in Fig. 28. Anderson(l
2

) 

suggested that for T << TK the value of 6x would be proportional to T-t. 

As shown in Fig. 29, this law seems to be obeyed between TN and Td. 

The value obtained for ~eff in Table 8 leads to S = ~ (2.6), which 

suggests that there are 2.6 holes in the d-band of Cr. The effective 

magnetic moment of Cr in crystalline Pd has been measured by Burger(4 S) 

and is c.bout 4.5 ~/atom which is L:trger than the present result. The 

difference between the S value of 3/2 (assuming cr3+) and the experi-

mentally determined value of 1.3 suggests that the conductim electrons 

partly fill the unfilled d-band of Cr. The fact that ~eff is approxi

mately independent of Cr concentration indicates that the spin clustering 

observed in CoxPd
80

_xsi20 alloys(
26

) is probably absent in the Cr 

alloys. The fact that ep is larger than TN which is positive suggests 

that the present results could be discussed by using the molecular 

(7) 
field model . In light of this model, the fact that 0 < T < 8 im-

N p 

plies that the nearest neighbors Cr-Cr interaction (proportional to 

ep -TN) is as strong as the next nearest neighbors one (proportional to 

8p +TN). Thus the appearance of antiferromagnetism in the Cr alloys is 

most likely due to the supe rexchange interaction through Pd and Si atoms. 
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This implies that the 2.6 holes are not completely localized on the Cr 

atom but some of those are contributed by the Pd and Si atoms. The 

strength of the Cr-Cr interaction can be estimated by obtaining Jdd 

from Eq. (10) withe in Table 8. 
p 

It is found that Jdd ~ -0.074 eV. 

Since IJddi<IJsdl (see Sec. (4) for the value of Jsd), the susceptibili-

ty at higher temperatures might be influenced by the s-d exchange inter-

action. As seen in Ref. 7, the change of e due to the s-d exchange 
p 

interaction is proportional to the Busceptibility X of the conduction 
e 

electrons. Thus e is not much influenced by the s-d exchange inter
p 

action since xe ~ 10-6 emu<< 1. 

It is found that the value of ~eff for the temperature range 

between 25°K and Td is smaller than that above Td, and this may be due 

to the existence of the quasi-bound state. It might be concluded that 

TK ~ep(for T < Td), since this ep is insensitive to Cr concentration. 

However, Td is prcbably the Kondo temperatrr e for the following reasons: 

(a) As mentioned in Sec. (1)-(i) (see Fig. 20), Td is very close 

to the temperature at which the resistivity difference ~p deviates from 

the -tn T dependence. It is found also that Td is approximately the 

same as TR which is obtained from Eq. (6). 

(b) The effective magnetic moment decreases below Td as seen in 

Fig. 28 and Table 8. 

(c) The susceptibility difference ~X (see Fig. 29) obeys Eq. (11) 

with ~!ff(T) having the temperature dependence of Eq. (12) where a gen

eral function f(T) = (0.60 ± 0.05) (T/Td)t is obtaine d for TN <T << Td . 
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(d) The observed magnetization fits a Brillouin function of the 

form B 8 (g~SH/k(T-teB)) with S = 3/2 and BB listed in Table 8. It has 

been suggested(2 l) that BB ~TK. Since BB ~Td as seen in Table 8, it 

is concluded that TK ~ Td ~eB. 

The deviation of ~X from the Curie-Weiss law for TN < T < 25°K 

is probably due to the existence of the quasi-bound state, since this 
1. 

is the temperature range where ~X oe (T/TK) - 2 . The value of ~X undergoes 

a maximum at T = T below which ~X decreases very slowly with decreasing 
N 

temperature (see Fig. 29). It seems that ~X approaches a constant 

value at~ 1.3 · 10-5 emu/g (or 2.1 · 10- 5/x in ~/atom; x in at.% Cr) 

at the lower temperature limit. It has been suggested(
46

• 47 ) that 

2 
~x/atom o( 1-Leff/kTKas T goes to zero. Then this relation gives TK oe x, 

which is consistent with the concentratbndependence of Td. This pro

vides another evidence for the conclusion that Kondo temperature is 

proportional to Cr concentration. 

Below TN, IJ.eff(T) decreases rapidly with decreasing temperature, 

approaching the value of zero moment at the absolute zero temperature 

(see Fig. 28). This is consistent with the theoretical prediction of 

Nagaoka(l6 ), Yosida(48), Takano-Ogawa(3l) and Hamann(23 ). Hence TN 

may not be the antiferromagnetic transition temperature in the usual 

sense but rather the temperature at which a complete spin compensation 

starts to occur. This is probably the case for the Cr alloys since the 

resistivity difference ~p is almost saturated below TN as seen in Fig. 2. 

The fact that ~X becomes maximum and 6p levels off at T = TN was predict

ed theoretically by Yosida and Okiji(49). 
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(ii) Manganese-palladium-silicon-alloys 

The magnetic behavior of the MnxPd
80

_xsi
20 

alloys resembles that 

of the Cr alloys, as expected. The magnetization varies linearly with 

the magnetic field between 1.7° and 300°K, indicating the paramagnetic 

behavior of the alloys. The concentration dependence as well as the 

temperature dependence of the magnetic moments were studied. It is found 

that the magnetization cra varies like 1.15 x-~(~/atom) for 1 s x s 5 

-1 0 
and 2.50 x (~/atom) for 5 s x s 7 at T = 4.2 K and H = 8.40 kOe 

(Fig. 15). The decrease in the magnetization with respect to Mn con-

centration suggests that the Mn-Mn interaction is antiferromagnetic. 

The magnetic susceptibility differences ~X obey the Curie-Weiss 

law in a temperature range from~ 4°K to 300°K as shown in Fig. 16. No 

change in the slope of the 1/~x vs T curve was observed for the Mn alloys. 

The results from the susceptibility analysis are found in Table 9. 

The invariance of 1-Leff with respect to Mn concentration suggests 

that the Mn atoms do not form clustering. The observed values for 1-Leff 

give s = 4.9/2 or 4.9 d-holes per Mn atom, and this indicates that the 

Mn atom behaves as Mn
2+ ion in the alloy. The fact that S is very close 

to S/2 shows that the d-band of the Mn atom is hardly filled with the 

conduction electrons. 
(45) 

Burger has obtained S ~ 5/2 for Mn in crystal-

line Pd, which indicates that the electronic structure of Mn is not very 

much altered by the presence of Pd atoms. 

The Mn alloys behave like antiferromagnets for T s T . However 
N 

the transition temperature TN may not be the usual antiferromagnetic 
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0 
N~el temperature since TN is approximately 4 K and independent of Mn 

concentration. The occurrence of the positive e and probably very 
p 

small Neel temperature is possible in light of the molecular field 

model mentioned before. As in the case of the Cr alloys, the Mn-Mn 

nearest neighbors interaction is as strong as the Mn-Mn next nearest 

neighbors one. The strength of the Mn-Mn interaction is estimated from 

Jdd ~ -0.0022 eV obtained through Eq. (10). As in the case of the Cr 

alloys, the influence of the s-d exchange interaction one is negligip 

ble even if IJddl < I Jsdl (see Sec. 4 for the value of Jsd). It is 

found that e /at.% for the amorphous Mn-Pd-Si alloys is about 1.2°K 
p 

0 which is smaller than that for the crystalline Mn-Pd alloys ( ~ 4.5 K). 

This implies that the d-d spin correlation is weaker in the amorphous 

alloys than in the crystalline alloys. It is concluded that the Mn-Mn 

interaction is antiferromagnetic due to the superexchange interaction 

via Pd and Si atoms. 

The magnetic moments observed in the Mn alloys can be expressed 

by a Brillouin function of the form B8 (g~SH/k(T+8B)) with S 5/2 and 

eB listed in Table 9. It is noticed that ep ~eB, which is to be ex

pected since the Curie-Weiss law holds between 4° and 300°K. 

The susceptibility difference (6X) has a maximum at TN and then 

decreases with decreasing temperature. Due to the lack of points of 6x 

below 4.2°K, an analysis by means of 6x(O) ~ ~!ff/kTK is not possible. 

The invariance of TN with respect to Mn concentration suggests th& TN 

may not be the usual antiferromagnetic transition temperature but the 

temperature at which the quasi-bound state begins to be complct0. The 
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TABLE 9 

Results of the magnetic measurements for the MnxPd80_xsi20 alloys 

Alloy 1-Leff (1-LB/ atom) B (°K) 
p 

Composition T < T < 300°K T < T < 300°K 
N N 

Mn1Pd79Si20 5.84 1 2 1.0+0.3 

Mn
3
Pd

77
si20 5.73 4 4 4 .2+0.4 

Mn5Pd75Si20 5.56 9 4 7. 5+1 

Mn7Pd73Si20 5.76 12 4 12.5+1 
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rapid decrease of ~eff(T) below TN, as seen in Fig. 30, supports this 

suggestion. 

(iii) Iron-palladium-silicon alloys 

It is to be expected that the FexPd
80

_xsi
20 

alloys behave like 

ferromagnets at low temperature considering the fact that ferromagnetism 

persists down to0.15 at.% Fe in crystalline Pd-Fe alloys(SO). The 

results of the magnetic isothermals show that the magnetization is pro-

portional to the magnetic field only at high~ temperatures and tends 

to saturate at lower temperatures and at higher magnetic fields. The 

magnetization vs temperature curves, shown in Fig. 17, implies the 

ferromagnetic behavior of the Fe alloys. 

The magnetic isothermals obtained can be expressed by 

cr (H,T)=6xH+cr (O,T), 
a a 

where cr (H,T) is the magnetization per transition metal atom at a tern
a 

perature T and field H and cr (O,T) is the spontaneous magnetization. 
a 

It is found that above some temperature Td the spontaneous magnetization 

cr (O,T) is approximately zero and that 6x obeys the Curie-Weiss law with 
a 

the paramagnetic temperature -e . Below the temperature je I the alloys 
p p 

behave like ferromagnets. The ferromagnetic Curie temperatures T were 
c 

2 
obtained by plotting cr (O,T) vs T and extrapolating the linear part to 

a 

the temperature axis. The results obtained through this analysis are 

summarized in Table 10. 

The main features of the Fe alloys are (a) that ~eff is approxi

mately independent of Fe concentration between 0.5 and 7 at.% and (b) 



-81-

that the alloys behave like ferromagnets below T ~ le I~ 10.2 x (°K). 
c p 

The first characteristic is different from the Pd-Fe case(Sl) where ~eff 

varies with Fe concentration and becomes as large as 12 ~/atom at 0.28 

at.% Fe. It is also different from the case of amorphous Co-Pd-Si 

alloys(
26

) where ~eff increases with Co concentration (see Table 11). 

The unusually large values of ~eff obtained for crystalline Pd-Fe alloys 

have been considered to be due to the spin polarization of Pd atoms 

surrounding a Fe atom. The situation may be the same in the amorphous 

Fe-Pd- Si alloys, since the value of ~eff (~ 5.7 ~/atom) is too large 

to assign all the moments to one Fe atom. Cable et al. {Sl) have obtained 

the effective moment per Fe atom and found 2.9 ~ and 3 . 0 ~ for PdFe 

and Pd
3
Fe respectively. The moment on the Pd atom was 0.30 ~· There

fore it is assumed here that ~e = 3.0 ~ and ~d = 0.30 ~ · It has 

been shown(SZ)' on the other hand, that in an amorphous Pd
80

si
20 

alloy 

a Pd atom has an average of 11.6 nearest neighbors of either Pd or Si 

atom. Then it ia re~sonablc to assume that each Fe atom in an amor-

phous Fe alloy has,on the average, 11.6 nearest neighbors of either Pd 

or Si atom for a small Fe concentration, and that the ratio of the num-

ber of Pd atoms to that of Si atoms for each Fe atom is kept at (80-x):20. 

80-x In other words, each Fe atom is assumed to have 11 . 6 ( 100_x) Pd atoms as 

its neighbors. Thus we obtain for a small x 

80-x 
~eff ~ ~e + 11 · 6 (100-x) ~ Pd ~ 5 · 8 ~/atom 
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which agrees with our experimental results. The present result also 

indicates that the Pd atoms in the vicinity of a Fe atom also contribute 

to the measured moment. The invariance of ~eff with respect to Fe con

centration suggests that each Fe atom is surrounded by an atmosphere of 

Pd and Si atoms to form magnetic single domains which do not interact 

with each other (in the short range order) up to a Fe concentration of 

7 at.% at temperatures well above the paramagnetic Curie temperature. 

The susceptibility difference ~X starts to deviate from the Curie-

Weiss law below Td, implying a ferromagnetic ordering starts to take 

place. The occurrence of ferromagnetism at lower temperatures is clear-

ly manifested in the magnetization-temperature curve (Fig. 17). However 

the magnetization cr behaves somewhat differently from the crystalline 
a 

case in the temperature range where cr approaches its saturation value, 
a 

which is clearly seen for the Fe
7
Pd

73
si

20 
alloy (Fig. 17). Tsuei et al. (S3) 

have observed a similar behavior in an amorphous Fe-P-C alloy. These 

observations have been recently explained theoretically by Handrich(S4 ). 

The somewhat different behavior of the magnetization with respect to 

temperature in amorphous ferromagnets may create difficulty in determin-

ing the ferromagnetic Curie temperatures by conventional methods. How-

ever, it is noticed that the temperature where the resistivity deviates 

from linearity is in the vicinity ofT ~ le I (Fig. 5), which supports 
c p 

the present determination of T . 
c 

The paramagnetic Curie temperature per at.% Fe is found to be 

approximately 10°K compared with 18°K for crystalline Pd-Fe alloys(4 S). 
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TABLE 10 

Results of the magnetic measurements for the FexPd80_xsi20 alloys 

Alloy IJ.eff(~/atom) le I (oK) p Td(oK) T (°K) 
c 

Composition T < T < 300°K 
d 

Fe0.5Pd79.5Si20 5.73 1 1.7 < 4 

Fe
1 

Pd
79

si20 5.78 11 45 11 

Fe
3

Pd
77

Si20 5.85 30 50 30 

Fe
5
Pd

75
si

20 
5.60 64 95 51 

Fe
7
Pd

73
si

20 
5.60 llO 160 72 
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The smaller value of e /at.% Fe for the amorphous alloys may suggest 
p 

that the long-range Fe-Fe interaction is smaller in these alloys. It 

is found from Eq. (10) that Jdd ~ 0.018 eV which gives an approximate 

value for the long range Fe-Fe interaction energy in the present alloys. 

These results seem to be consistent with Handrich's theory(S4 ). His 

result indicates that Jdd in amorphous alloys can be written as 

4n: s 2 V r g(r) J(r)dr 

where V is the volume in which the above integration is performed, 

g(r) the radial distribution function and J(r) the d-d exchange integral 

in crystalline alloys. Using Crewdson's results(S2), i.e., 4n:r
2
g(r) 

r-r 
23 exp t-~ <0 . 2 ~2 ) 2 } and r ~ 2.79K, we obtain (J ) 

o dd amorphous 

0.6 (J ) which is quite consistent with the values for e 
dd crystalline' p 

mentioned above. 

Due to the existence of ferromagnetism, the Kondo temperature 

for the FexPd
80

_xsi
20 

alloys could not be estimated from the susceptibili

ty results. 

(iv) Cobalt-palladium-silicon alloys 

The magnetic properties of the CoxPd80_xsi20 alloys have been 

studied(26 ) for x ~ 3. Results are summarized in Table 11 together with 

the present results for the co1Pd
79

si20 . Weiner(26 ) has explained the 

large moments for the concentrated Co alloys in terms of the super-

exchange clustering model, where more than one cobalt atom form a 

cluster to attain the large moments. For the dilute Co alloys, the situ-

ation may be somewhat different. As it is noticed, ~eff does not vary 
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TABLE 11 

Values of ~eff and T for the CoxPd80_xsi20 alloys* 
c 

Alloy ~eff (1\/ atom) T (°K) 
c 

Composition 

Co1Pd79Si20 4.29 6 

co
3

Pd
77

st
20 

4.3 15 

Co
5

Pd
75

si20 7.4 36 

Co
7

Pd
73

si
20 

10.0 41 

co9Pd7l Si20 
16.8 59 

Col0Pd70Si20 20.1 95 

Co11Pd
69

si20 
11.7 105 

*Results are taken from Ref. 26 except those for 
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in alloys containing less than 3 at.% of Co, which suggests that the 

cluster model is not applicable to these alloys. Yet the magnetic 

moments per Co atom are still larger than the Co moment (1.7 ~/atom). 

Thus it must be assumed that Pd atoms surrounding a Co atom 

contribute to the magnetic moments. If it is assumed(26 ) that ~co= 1.7 

80-x 
~/atom and ~d = 0.30 ~/atom and that each Co atom has 11.6(lOO-x) 

nearest neighbors of Pd, then 

80-x 
~eff ~~Co+ 11 · 6 <100-x) ~d ~ 4 · 5 ~/atom, 

which agrees with the values obtained for alloys containing less than 

3 at.% Co. 

A i d b W i (26) h f . . . s po nte out y e ner , t e erromagnet1c trans1t1on 

temperatures (T ) are not well-defined in the amorphous alloys. How
e 

ever T is estimated from the temperature at which a 
c a 

-1 
vs T curve 

deviates from a straight line. The Kondo temperature could not be 

estimated from the susceptibility results due to the existence of 

ferromagnetism as in the case of Fe alloys. 

(4) Determination of the Fermi Energy and the s-d Exchange Integrals 

Eqs. (2) and (8) indicate that a combination of electrical resis-

tivity, magnetoresistivity and magnetic measurements leads to a determi-

nation of the Fermi energy (EF) and of the s-d exchange integral (Jsd). 

In the case of most crystalline alloys, whose Fermi ene rgies are known, 

either Eq. (2) or (8) has been used to determine Jsd' Some of the pre

viously reported values for Jsd are given in Table 12 for the metals of 

the first transition series alloyed with various host metals. 
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Since both Eqs. (2) and (8) are valid only in the paramagnetic 

temperature range, it is expected that a simultaneous application of 

these formulae to the observed results would be limited. As discussed 

in Sec. (3), only the Mn Pd
80 

Si alloys were paramagnetic down to 4.2°K. 
X -x X 

Therefore the results for the MnxPd80_xsi20 alloys were used to determine 

EF of the alloys. The Fermi energy obtained in this way was assumed to 

be the same for all the other amorphous alloys. 

The Fermi energy and the value of Jsd for the Mn
3
Pd77si

20 
alloy 

were determined from Eqs. (2) and (8) by using the following numerical 

values, i.e., PM= 57.3 ~~em, 7 

0.0134 ~~em, cr (8.40k0e, 4.2°K) 
a 

-0.071 ~em, 6pH=8.40kOe 

0.691 ~/atom and ~eff = 5.73 ~· 

The results were EF = 4.0 eV and Jsd = -0.096 eV. Similar computations 

for the other Mn alloys gave approximately the same values, and the 

average values were 

EF = (3.5 ± 0.5) eV 

(Jsd)Mn = (-0.11 ± 0.01) eV. 

The uncertainty in Jsd is mainly due to the uncertainty in EF, but is 

usually very small since J sd oC JE;, · 
Similar computations were carried out for the Cr alloys. From 

the slope of 6p vs tn T plot (r) and with EF = 3.5 eV and pM ~ 69 ~~~em, 

we find 

(-2.3 + 0.5) eV. 
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The FexPd
80

_xsi
20 

alloys behave like ferromagnets at T = 4.2°K, 

and the resistivity minimum temperature T is below the ferron~gnetic 
m 

Curie temperature (T ) for all the alloys except for the Fe
1

Pd Si c 79 20 

alloys. Thus Eq. ~) is valid for T <T < T . Using EF = 3.5 eV, c m 

p = 46 M ~em and r = -0.174 ~~em we find 

(Jsd)Fe = (-0.95 + 0.05) ev. 

The situation is similar for the CoxPd80_xsi
20 

alloys. Eq. (2) 

is valid only for Tc < T < Tm for Co1Pd79si20 alloys. Using EF = 3.5 eV, 

PM = 50 ~~em and r = -0.04 ~~em, we find 

(J d)C = (-0.20 + 0,01) eV. s 0 -

The present results are summarized in Table 12 together with the 

previously reported results of Jsd for different host metals. Two 

interesting features are noticed in Table 12: (i) the value of Jsd for a 

given transition metal seems to depend on the host metal; (ii) the possi-

bility of having a resistivity minimum phenomena in alloys increases with 

decreasing Fermi energy. These two features can be explained by Friedel's 

model (see Sec.5). It is noticed that Jsd for Mn-Pd crystalline alloys is 

positive. The low temperature resistivity for these alloys showed no 

resistivity minimum(55), indicating the consistency of the Kondo theory. 

The large value of Jsd for the Cr alloys may be responsible for 

the large resistivicy minimum depth discussed in Sec. (1). 

(5) Localized d-states 

Friedel's virtual bound state model described in Part IV-(4) gives 
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an empirical rule concerning the existence of localized moments. If 

we take W ~ 1.5 eV (from EF = 3.5 eV) and AE ~ 0.6 eV in Eq. (13), we 

obtain p ~ 2. This means that transition metals V, Cr, Mn, Fe or Co 

can form localized moments in the amorphous palladium-silicon base 

alloys while Sc, Ti or Ni cannot, which is consistent with the present 

results. From this rule it is expected that VxPd
80

_xsi
20 

alloys should 

exhibit localized moments. HoweveG this was not confirmed due to the 

difficulty of obtaining an amorphous state for this alloy system. 

From the results of the magnetic measurements it is found that 

the atoms surrounding a transition metal atom contribute to the 

measured magnetic moments. This means that the virtual bound d-states 

spread over the neighboring Pd and ~.i atoms. In addition, the fact that 

the values of effective magnetic moments are invariant for a wide range 

of transition metal concentrations suggests that one of the split 

d-states is near the Fermi level and the other is below it. These ob-

servations are summarized in Fig. 31 for the alloys containing Cr, Mn 

Fe or Co (with less than 3 at.% Co). It is noticed that one of the 

d-states of Cr has its center at the Fermi level. This may indicate 

that the interaction of the d-electrons of Cr and the conduction elec-

trons is large, resulting in a large value of Jsd (see Table 12). 

Similarly a large value of Jsd ( - 1.4 eV) for a crystalline Zn-Mn(56 ) 

alloy may be due to the fact that S = 3/2 and a small value of J
8

d 

(- 0.4 eV) for a crystalline Cu-Mn(5 ?) alloy to the fact that S = 5/2. 

The absence of localized moments in the NixPd
80

_xsi20 alloys 
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indicates that the 0.6 holes of Ni are filled by free electrons mainly 

from Si . The virtual d-states, therefore, exist below the Fermi level 

and have no appreciable interactions with the conduction electrons which 

is revealed as the absence of Kondo effect and negative magnetoresistivity. 

As Eq. (13) predicts, the splitting of the d-states becomes more 

likely as the Fermi energy is decreased. This agrees with the experi-

mental results summarized in Table 12 which shows that with an increas-

ing Fermi energy, the number of transition metals giving rise to anomalies 

due to the s-d exchange interaction seems to decrease. For example 

transition metals in A~ (EF ~ 12 eV) do not show s-d exchange anomalies 

while such anomalies were observed for most of the transition metals 

in the amorphous alloys (EF = 3.5 eV). 

In Friedel's virtual bound state model, it is expected that the 

scattering amplitude for ~ = 2 is the largest since the virtual bound 

states are d-states . Then it can be assumed that ~0 , ~l' < < ~2 and 

~~ = 0 for ~ > 2 in Eqs. (14) and (15). From the results of the mag-

netic measurements it is possible to estimate the phase shifts ~2 for 

the amorphous alloys by using Eq. (14). Thus we have~~ ~~12 and 

~; ~ 0 for the Cr alloys, ~; ~ ~ and~~~ 0 . 1 ~/5 for the Mn alloys, 

~~~and~~~ 2.8 ~/5 for the Fe alloys and ~1 ~~and~~~ 4 ~/5 for 

the Co alloys. With these values, the residual resistivities for these 

alloys can be obtained by using Eq. (15) and are given in Table 13 

together with the experimental results found in Sec. (1). Table 13 

shows a good agreement between the two results. 
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TABLE 13 

Comparison between the theoretical (6p ) and 
0 th 

experimental (6p ) residual resistivitie s 
o exp 

Alloy Composition 

CrxPd80-xSi20 

Mn Pd Si
20 x 80-x 

FexPd80-xS i20 

CoxPd80-xSi20 

(6p ) h !J.O-cm/ at. 7. 
0 t 

22 . 4 

0.09 

21.4 

7.4 

(6p ) IJ.~cm/at.% 
o exp 

22 

3.8 

19 

4.2 
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VI. CONCLUSIONS 

The electrical resistivity, the magnetoresistivity, the magne tic 

moments and the susceptibility of amorphous palladium-silicon base 

alloys containing Cr, Mn, Fe, Co or Ni were studied. A well-defined 

minimum in the resistivity vs temperature curve was obtained in the 

alloys containing Cr, Mn, Fe or Co but not m those containing Ni. 

Below the resistivity minimum temperature T , the resistivity varies 
m 

as - tn T as the temperature decreases and tends to level off at lower 

temperature. In a temperature range just below the resistivity minimum 

temperature T , the resistivity-temperature relationship (p~- tnT) can 
m 

be explained by the Kondo theory. At lower temperatures the results 

can be interpreted on the basis of the theoretical treatments of Nagaoka, 

Suhl-Wong and Hamann. The deviation of the resistivity-temperature 

curve from the -tn T law is attributed to the appearance of quasi-bound 

states at lower temperatures. The temperature at which this deviation 

occurs gives an approximate Kondo temperature. It was also found that 

T is proportional to the transition metal concentration for the Cr and 
m 

Mn alloys and proportional to the square root of concentration for the 

dilute Fe and Co alloys. This behavior of T is differe nt from that 
m 

found in crystalline alloys where T varies as the l/5 power of conc e n
m 

tration. For the Mn, Fe and Co alloys the difference between the two 

cases is attributed to the fact that the low temperature r e sistivity of 

the host amorphous alloy varies as T
2 

while that of cry stalline alloy s 

. Ts 
var~es as . For the Cr alloys the difference is due to the fact that 
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the resistivity minimum occurs in a temperature range where the rcsis-

tivity of the host amorphous alloy is proportional toT. A significant 

difference between crystalline and amorphous alloys is that in amorphous 

alloys the concentration of the transition metal can be as high as 11 

at.%, whereas it is generally less than 1 at.% in crystalline alloys. 

Also the temperature at which the resistivity minimum occurs can be 

0 
quite high in amorphous alloys, i.e., as high as 580 K compared with 

0 
less than 50 K for crystalline alloys. 

If the resistivity minimum is due to the s-d exchange interaction, 

which gives rise to a Kondo effect, it should be accompanied by a nega-

tive magnetoresistivity. This is indeed the case for all the amorphous 

alloys in which a resistivity minimum was found. The negative magneto-

resistivity results were analyzed by making use of the theory of Beal-

Monad ar.d Weiner and the agreement between the theory and the experi-

mental results was satisfactory. 

The occurrence of both a resistivity minimum and a negative mag-

netoresistivity indicates the existence of magnetic moments localized 

on the transition metal atoms. A direct evidence for these localized 

moments was provided by the magnetic measurements. From the suscepti-

bility data at higher temperatures, the effective magnetic moments per 

transition metal atom and the paramagnetic Curie temperature were 

obtained. These results lead to the conclusion that the Pd atoms sur-

rounding the transition metal atom also contribute to the observed 

magnetic moments. The most astonishing result is that the r esistiv ity 



-96-

minimum coexists with ferromagnetism. This is inconsistent with the 

assumption on which the Kondo theory is based. It can be explained, 

however, if it is assumed that the d-d spin interaction is smaller in 

amorphous alloys than that in the crystalline alloys, so that the 

localized moments can coexist with the magnetic ordering. This assump-

tion seems to be valid since the paramagnetic Curie temperatures for 

the amorphous alloys were approximately 1/2 of those for the crystal-

line alloys. 

The Kondo temperature TK was estimated from the susceptibility 

data at low temperature for the Cr alloys. It was found that TK is 

proportional to Cr concentration and this result is in agreement 

with the resistivity data. The concentration dependence of TK may be 

attributed to a small change in the density of states. The Kondo 

temperature TK could not be estimated from the susceptibility data for 

0 
the Mn alloys due to t:he lack of experimental points below T = 4.2 K 

and for the Fe and Co alloys because of the existence of ferromagnetism. 

By using the results of the resistivity, magnetoresistiv ity , 

magne tic moment and susceptibility measurements, the Fermi e ne r g y and 

the s-d exchang e integrals Jsd were determined for the amorphous alloys . 

It was found that the order of magnitude of Jsd is the same as that 

obtained for the crystalline alloys. The large value of Jsd obtained 

for the Cr alloys may explain the unusually large Kondo effect observed 

in these alloys. 

Finally it was concluded on the basis of Friedel's virtual bound 
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state model that the occurrence of the s-d exchange anomalies in alloys 

containing Cr, Mn, Fe or Co and the absence of it in alloys containing 

Ni, arc due Lo the fact that the host palladium-silicon alloy has a low 

Fermi energy of 3.5 cV. In addition, the residual resistivities calcu

lated from the result of Friedel's model were found in good agreement 

with those pbtained experimentally. 
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