
PHYSICAL REVIEW B VOLUME 2, NUMBER 6 15 SE P T EMBER 1970
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The electrical and magnetic properties of amorphous alloys obtained by rapid quenching
from the liquid state have been studied. The compositions of these alloys are Cr„Pd80 Si20
and Mn„Pd80 „Si2O, in which x is the atomic concentration and ranges between 0 and 7. A
well-defined minimum in the resistivity versus temperature is observed for these alloys
except for the case where x = 0. Below the resistivity-minimum temperature T~, the re-
sistivity difference &p varies as -lnT in agreement with Kondo's theory, and tends to lev-
el off at lower temperatures. The resistivity-minimum phenomenon persists in amorphous
alloys containing as much as 7 at. % or more of transition metals like Cr or Mn. Also, the
resistivity-minimum temperature for some of the amorphous alloys studied can be as high
as 580'K. The resistivity-minimum anomaly is always accompanied by a negative magneto-
resistivity approximately proportional to the square of the magnetization and a suscepti-
bility obeying the Curie-Weiss law for a wide temperature range. These observations lead
to the conclusion that a Kondo-type s-d exchange interaction exists in the amorphous Pd-Si
alloys containing Cr or Mn. In terms of the s-d exchange model, the following statements
can be made: (a) The resu1ts of susceptibility and magnetoresistivity measurements sug-
gest that the d-d spin correlation between magnetic atoms is, in general, weaker in the
amorphous alloys than in the corresponding crystalline alloys. This is consistent with the
fact that a Kondo-type resistivity anomaly has been observed in amorphous alloys contain-
ing 7 at. % Cr or Mn. (b) The spin-compensated state has been observed in the amorphous
alloys containing Cr. From the resistivity data, it is concluded that the Kondo tempera-
ture of these alloys depends linearly on the Cr concentration. For the Mn-Pd-Si alloys,
the spin-compensated state is masked by the d-d spin correlation. (c) The s-d exchange in-
tegrals for the Cr and Mn amorphous alloys are estimated and found to be consistent with
Friedel's virtual-bound-state model.

I. INTRODUCTION

Ever since the advent of Kondo's theory' to ex-
plain the resistivity-minimum phenomenon, the

problem of an exchange interaction between con-
duction electrons and localized moments has been
of considerable interest. Many have contributed
to the present theoretical understanding of the
problem of the s-d exchange interaction. A recent
review article by Kondo summarizes theoretical
progress concerning this problem. A common
feature shared by all these theories is that the ef-
fect of correlation between localized spins of im-
purities on the Kondo effect has not been adequate-
ly treated. On the experimental side, the results
are in general consistent with the theoretical pre-
dictions. There remains, however, some uncer-
tainty in understanding the nature of the ground-
state conduction-electron spins polarized in the
vicinity of a magnetic spin. The reported value
of the coherence length varies from 9 A' to the
order of 10 A. ' Furthermore, the previously ob-
served anomalous low-field susceptibility in Cu-
Fe alloys might be explained' in terms of super-
paramagnetism of small clusters of precipitated
Fe atoms. This implies that the spatial distribu-
tion of magnetic impurity atoms in a so-called
"dilute alloy" may not be as homogeneous as is
generally realized. In view of these experimental

findings, the hypothesis of isolated magnetic spins,
on which most of the theories and experimental
studies have been based, may not be an accurate
description of the real situation except in the case
of extreme dilution. Thus a systematic study of
the Kondo effect in alloys with wide concentration
ranges should yield some information about the
validity of the isolated-spin assumption.

In this paper, a study of Kondo-type s-d ex-
change interaction in noncrystalline alloys contain-
ing transition metals is presented. There are
several reasons for the choice of this approach.
First, the results of Kondo's theory are applicable
to amorphous materials, since the theory does not
require a crystal structure. Second, the absence
of long-range order in amorphous materials prob-
ably reduces the d-d spin interaction between mag-
netic atoms, which is favorable in the light of the
model of isolated magnetic spins. Therefore,
amorphous materials offer some advantages over
crystalline ones to test the validity of theoretical
predictions. Third, it is hoped that the present
study can add more insight about the physics of
amorphous materials which are of current interest
and not well understood.

The palladium-silicon amorphous alloys were
chosen for this investigation because in these
alloys it is possible to replace Pd by an apprecia-
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ble amount of anothex transition metal. In addi-
tion, the structure and the properties of the amor-
phous Pd80Si20 alloy have been studied. In this
paper a more complete study'0 is presented on the
resistivity, magnetoresistivity, and magnetic sus-
ceptibility of the amorphous Pd80812y Cr„pd80 „Sligo,
and Mn„Pd80 „Si~o alloys. The data are analyzed
in terms of the existing theories on the s-d ex-
change interaction and the results are compared
with those found in crystalline alloys containing
Cr or Mn. The results for the amorphous Fe-Pd-
Si and Co-Pd-Si alloys, where coexistence of
Kondo effect and ferromagnetism was found, will
be presented later.

All the amorphous alloys used in this study were
prepared by a rapid quenching technique and speci-
mens were chosen with care from among several
quenched foils as described in an earlier paper.
The compositions of these alloys are Cr„Pd80„„Sipp
and Mn„Pd8O, Si&0, in which x is the atomic concen-
tration. " The concentration range within which
an amorphous structuxe could be obtained was
0-7 for Cr and Mn. The purity for the transition
metals and for Si were 99.99 and 99. 999%, re-
spectively. The resistivity of the amorphous al.-
loys was measured by the four-probe method in
the temperature range from 1.5-600 'K. The tem-
perature was measured with an accuracy of better
than k 0. 2 K by a comblnatlon of a copper-con-
stantan thermocouple and germanium crystal
thermometer. The results of the resistivity mea-
surements are accurate to + 0. 01 p, A cm, exclud-
ing the uncertainty (about 15%) in the dimensions
of the specimens. The specimens used in the mag-
netoresistivity measurements were the same as
those used in the resistivity measuxements. The
transverse magnetoresistivity was measured at
4. 2, VV, and 295 'K with the magnetic field varied
from 0 to 10 koe. A Princeton Applied Research
model Tc-100.2 I3R voltage/current reference
source was used in the resistivity and magnetore-
sistivity measurements with a Leeds and Northrup
guarded potentiometer. The magnetic suscepti-
bility of the amorphous alloys was measured be-
tween 1.8 and 300'K and in a magnetic field up to
8.40 kOe. The measurements were made in the
null-coil pendulum magnetometer whose design
and performance were described elsewhere. '
The magnetometer was calibrated with a piece of
spectrographically pure nickel supplied by John-
son, Matthey and Co. , Ltd. and by use of the re-
sults given in Ref. 13. The calibration was veri-
fied by comparison of the measured susceptibility
of pure HgCo(SCN), with the reported values. '
The ultimate sensitivity of the magnetometer is

4x10 6 emu with a field of 8. 40 koe

2. Magnetic husceptibilzty

The susceptibility of the PdsoSizo alloy was found
to be negligibly small (g=10 '-10 ' emu/g) be-
tween 20 and 300 K and increases as 1.4x10 '7 '
emu/g for T &20'K. The susceptibility enhance-
ment below 20'K is considered to be due to Fe
impurities. Assuming the effective magnetic mo-
ment of about 5. 7 p~/(Fe atom ),

'~ the Fe impurity
is estimated as -0.03 at

3. Magne to% 8sistivity

It was found that the Pd, OSiao alloy exhibits no
observable magnetoresistivity at T= 77 and 295'K
and a very small positive magnetoresistivity
(Aping -yo go&/p~-0 0 0025%) at T= 4, 2 K, The
Hall coefficient of the Pd80Sizo alloy was found to
be independent of temperature. These observa-
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FIG. l. Electrical resistivity versus temperature for
Q,Q amorphous Pd80Si20 alloy,

HI. RESULTS AND DISCUSS10NS

A. Amorphous PdspSl2p A11o&

Elect@cal Resistivity

Typical resistivity data, shown in Fig. 1, can
be expressed by (86.30+2. Bx IO 'T') pA cm for
10'K& T &40'K and (86. 40+7. 5x10 T) p0 cm for
T &100'K. These data were taken for the alloy
with Pd of purity 99.999%. The resistivity-tem-
perature curve for the alloys with 99. 99% pure
Pd is similar to the one shown in Fig. 1, except
for the appearance of a slight minimum at about
10'K. This minimum can be attributed to the
presence of Fe impurity (between 50 and 300 ppm)
in Pd. The temperature dependence of the resis-
tivity for different samples vaxies slightly from
that of Fig. 1 due to the uncertainty in the dimen-
sions of the samples.
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tions suggest that the nearly-free-electron model
can be applied to the amorphous alloy. The gen-
eral characteristics of the amorphous Pdgosiao
alloy were found to be quite similar to the amor-
phous Ni„Pd O,Si20 (x= 0 to 15), Cu„Pdao-Si&0 (x
=Oto 5), and Zn„Pdso„Si,o(x=0to 3) alloys, in
which no localized moment was observed.

8. Chromium in Amorphous Pd-Si Alloys

1. Electrica/ Resistivity
A well-defined minimum in the resistivity ver-

sus temperature was observed for these alloys
as shown in Fig. 2. The position of the minimum
T is plotted as a function of Cr concentration in
Fig. 3. The magnetic part of the resistivity is ob-
tained by subtracting the resistivity of the host
PdsoSiao alloy from that of the Cr„Pdso-xSiao allo
since Matthiessen's rule is approximately obeyed
for the Cr alloys. The temperature variation of
the resistivity difference ~p(= pc po ag ppo~g)
divided by the resistivity ~p(0) at the lower-tem-
perature limit is shown in Fig. 4. The most strik-
ing result is that the resistivity minimum is ob-
served at relatively high (as high as 580'K) tem-
peratures and in relatively concentrated alloys
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FIG. 3. Resistivity™inimum temperature versus Cr
concentration for the Cr„Pd80 „Si20 alloys {taken from
Ref. 10).

p= Q+PT+ylnT

(up to 7 at. 9o Cr). It is noticed also that T see~s
to be proportional to Cr concentration and that ~
generally obeys the logarithmic law of Kondo at
higher temperatures and becomes temperature
independent at the low er-temperature limit. To
interpret these observations, a phenomenological
formula for the resistivity for T &50'K can be
written as
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where n represents the temperature-independent
part of the resistivity, the second term the non-
magnetic temperature -dependent resistivity for
T &50'K, and the third term the spin resistivity
due to Kondo. ' Equation (1) gives a resistivity
minimum at

T.=-y/~.

It is found that I3 is approximately constant at
V. 5x10 p, A cm. Typical values of y are obtained
from Fig. 4 and are listed in Table I. Then using
Eq. (2) with y=--0. 629x p, A cm, we findthat
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FIG. 2. Electrical resistivity versus temperature for
the Cr„Pdso„gl20 alloys.

T„=84x( K) (x in at, %).
Thus T is proportional to Cr concentration which
is consistent with Fig. 3. For x&0. 5 (corre
sponding to T &50'K), we should use a term
which is proportional to T instead of PT in Eq.
(1). In this case T„ is expected to vary as gx.
This is, however, difficult to confirm due to the
scattering of T data.

Below the resistivity-minimum temperature T
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FIG. 4. Resistivity difference
per at. % Cr divided by the resis-
tivity Dp (0) versus temperature
for' the Crx Pdso„~812o alloys (the
data for Cr5Pd758i~o are taken from
Ref. 10).

~p obeys the -lnT law and starts to deviate from
it below a charactexistic temperature T„. The
temperature T~ depends on Cr concentration and
is shown in Fig. 5. Below T„, 4p increases more
slowly than -1nT, approaching a constant value
at lower temperatures. These observations can
be explained in terms of the formation of the
quasibound state. ' For this temperature range
(T«T~), Nagaoka' obtained a resistivity formula

hp=ft, [l -(T'/r, )'], (3)

where Rz= mx/100eamhÃ(0), m and e being the
mass and charge of an electron, 0 the Planck's
constant, and K(0} the density of states of one spin
per atom. The Kondo temperature T~ can be ex-
pressed by the following formula:

r, -De~~ i/~(0)~~„~~, (&)

concentration. It should be emphasized that this
is different from the case of crystalline alloys
where T~ is independent of concentration. The
apparent increase of T~ with concentration may
be attributed to the d-d spin interaction. This is,
however, open to speculation.

2. Magnetic Suscepti Mlity

The magnetization of the Cr,pdeo „Siao aH.oys
varies linearly with the magnetic field between

l60—
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where D is the conduction bandwidth and J,'d the
s-d exchange integral. Using Eq. (3), Ro and Tr
are obtained from the resistivity data at lower
tempexatures and axe listed in Table I. It is
noticed that the concentration dependence of TE
is similar to that of T&, which indicates that the
Kondo temperature increases linearly with Cr

0

I00—

40—

TABLE I. Results of the resistivity measurements
for the Cr„Pdso-„Sicko»loys- 20—

Alloy
composition

Cry Pd79Sigp
C rsP17&Si2o
C15PdvgSiop
Cr 7Pd73Si2o

-0.767
-2. 17
—3.25
-4.36

22. 6
52. 5
54. 7
46, S
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FIG. 5. Temperature at vrhich 4p deviates from -lnT
law versus Cr concentration for the Cr„Pdsp, Si&o alloys
(0). The points (&) are taken from Table H.
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l. 7 and 300'K, indicating the paramagnetic be-
havior of the alloys. The magnetization-versus-
temperature curves are shown in Fig. 6 for H
= 8. 40 kOe. It is seen that for a given tempera-
ture and a given field the magnetization decreases
with increasing Cr concentration. At H= 8. 40
kOe and T=4. 2'K, for example, the magnetiza-
tion c, is found to vary as -0.24x' gs/(Cr atom)
for 2 —z —4. To obtain the contribution of Cr to
the observed susceptibility, the difference (~X)
between the susceptibility of the Cr„Pdso„„si20 alloy
and that of the host PdsPi, o alloy was studied. The
inverse of &X is plotted against temperature in
Fig. 7, which shows that ~X obeys the Curie-
Weiss law at high temperatures. Thus the results
of susceptibility data were analyzed by using the
relation

nx= p,«/3k(T+8&) per atom, (5)

where p,,« is the effective magnetic moment per
atom and k the Boltzmann constant. The value of
9~ may be written" as

8q= —S(S+ 1)J-x/150kI (6)
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FIG. 6. Magnetization per Cr atom versus tempera-
ture at H = 8.40 kOe for the Cr„rdsp S12p alloys.

where S and x are the spin and concentration of
the transition metal and J« is the exchange inte-
gral for the d-d spin interaction. The susceptibil-
ity difference deviates from the Curie-Weiss law
below about 25 'K, and undergoes a maximum at
T=T„. Above 25'K, curves of 1/ny versus T
seem to consist of two straight lines with a change
in slope at the characteristic temperature T„which
depends on Cr concentration (see Fig. 5). As a
consequence, the values of p,«and 8~ in Eq. (5)
are not the same below and above T„. The results
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FIG. 7. Inverse of the susceptibility difference per
gram of the Cr„Pdsp, Si2p alloys versus temperature (the
data for Cr5Pd758i2p are taken from Ref. 10).

are summarized in Table II. The existing thea-
t 18 83ries predict that as T goes to zero the mag-

netic moment should vanish due to the formation
of the quasibound state while the susceptibility be-
comes finite. This gives another way of writing
~x:

~)(= g.gg f(T)/3kT ~

The effective magnetic moment p,«g[f(T)]jobtained
in this way is shown in Fig. 8. Anderson has
suggested that for T«T„ the value of ~y would be
proportional to T . As shown in Fig. 9, this
law seems to be obeyed approximately between
TN and Tg.

The value obtained for p,« in Table II leads to
S=2. 6/2or 2. 6holesinthe dshellof Cr. The
effective magnetic moment of Cr in crystalline
Pd has been measured by Burger and is about
4. 5pe/atom which is larger than the present re-
sult. The difference between the S value of —,

'
(assuming Cr ') and the experimentally determined
value of 1.3 suggests that the conduction electrons
partly fill the incomplete d shell of Cr. The fact
that p,,« is approximately independent of Cr con-



HAS@GAq A TSUEI

TABLE II Results of ma et'gne ic measurement fs ortheCr Pr Pd8p „Si2p alloys.

Alloy
composition

Cr (PdvpSi2p

Cr2Pdy8812p

Cr3PdvvSi2p
Cr4Pd76Si2p
CrsPd75Si2p
CreP174Si2p
Cr7Pd73Si2p

p,«(pz/atom)
(T~ & T (300 K)

3.58
3.49
3.58
3.56
3.48
3.31
2. 98

8,('K)
(T~ & T~ 300 'K)

19
35
50
67
80
90
91

p~f g(pg/atom)
(25'K& T& T~)

3.58
3.49
3.32
2. 94
2. 93
2.71
2.46

8' ('K)
(25'K& r& r,)

19
35
36
30
32
35
28

6
5

10
10
11
13

25
30
55
75

108
120
120

TN('K) T~ ('K) 8, ('K)

16 24
25 ~ 44
42 56

67 109
93 120

102 127
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FIG. 9. Susceptibility difference per gram of the
Cr,Pdsp „Si&p alloys versus temperature.

It was found that the Cr„Pdep „Si» alloys do not
exhibit any observable magnetoresistivity at T = VV

and 295 'K but do show an appreciable negative
magnetoresistivity at T= 4. 2'K. The negative
magnetoresistivity AH is corrected by subtracting
the positive magnetoresistivity of PdspSizp from
the observed magnetoresistivity and is divided by
the resistivity at zero field, p„.p. The corrected
negative magnetoresistivity at T = 4. 2 K, shown
in Fig. 10, is found to vary as —bo,"with b and n
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probably attributed to the d-d spin interaction,
TN being the antiferromagnetic Noel temperature.

3. Magnetos si sti vi ty

TABLE III. Typical values of b and n at T = 4. 2 'K
in the expression &pH/pH p= —50," for the Cr&Pd8p S12p

alloys.

Alloy
composition & (%/pg)

given in Table III. The concentration dependence
of the negative magnetoresistivity is shown in Fig.
11 where hp„,o„o,/p„o is plotted against Cr
concentration.

The recent work by Baal-Monod and Weiner
demonstrates that the negative magnetoresistivity
due to the s-d exchange interaction varies as
—bc', for T &T~ The present result indicates
that n is slightly smaller than two. This may be
associated with the existence of the quasibound
state at 4. 2 K. The absence of a negative mag-
netoresistivity at VV and 295 'K may be due to the
fact that the magnetization is very small at these
temperatures. Two characteristics are noticed
in Fig. 11: (i) There is a scattering of bp„/p„o
for several alloys with the same concentration of
Cr for x &4. (ii) Despite the scattering of the
data, it is seen that I'p„/p„=0l increases with
Cr concentration for x ~2 and decreases with in-
creasing Cr concentration for x &2. The first
characteristic is consistent with the resistivity
results since an alloy specimen with a small T
always has a large negative magnetoresistivity
and vice versa. Since the negative magnetoresis-
tivity is proportional to o„some change of cr,

from specimen to specimen would result in an ap-
preciable scattering of bp„/p„o. The variation
~o, of o, in different specimens with the same
nominal composition can be estimated by using
the Brillouin function Bz[gpeSH/k(T+8e)j with
S= —', and with a spread in 8s (see Table II). A
comparison between the estimated and the experi-
mental error for two specimens is given in Table
1V which shows a reasonable agreement. Since
T cr- TE-e~, it is reasonable to expect that the
specimen with a low T exhibits a large o, result-
ing in a large negative magnetoresistivity. This
clearly explains the correlation between the resis-
tivity and magnetoresistivity data. Thus the scat-
tering of ~p„/ps 0 for a fixed concentration of
Cr may indicate that the spatial distribution of o,
is somewhat different in each specimen. The
second characteristic of Fig. 11 has been noticed

UJ)—-.020—

LLI
Z.' T =42 K

I I I I

FIG. 10. Negative magnetoresistivity ratio versus
magnetic field at 4.2 'K for the Cr„Pd8p „Si2p alloys.

Cr&PdzeSi2p

Cr2Pdz8Si2p
CrsPdzzSi2p
Cr4PdzsSl2p
Cr5Pdz5Si2p
Cr6Pdz4Si2p
Crz Pdz3Si2p

0. 15
l.30
2. 25
l. 82
2.50
3.61
4. 66

1.89
1.95
l. 67
1.80
1.88
1,65
l. 53



1638 R. HASEGA WA AND C. C. TSUEI

O
I—

CL

R o+
I
— o

u -.0I—
0
I
—

~W

z x
(9 Q.~o

0 0 0

0

CONCENTRATION OF Cr (at. %)
2 3 4 5 6
I I I I I

p~-—3vmJ, ~S(S+ 1)/2e EnE~,

where p is the number of electrons per atom, n the
number of atoms per unit volume, and E„the
Fermi energy. The value of E~ is first evaluated
by comparing the experimental and the calculated
residual resistivity. Blandin and Friedel" have
obtained the residual resistivity per at /0 (in atom-
ic units):

LQ

—.02—
LLIZ'

H =10.0 kOe

FIG. 11. Negative magnetoresistivity ratio versus Cr
concentration at H= 10.0 kOe and T =4. 2 'K for the
Cr&Pd8p & S12p aIloys ~

po= Q I [sin'(q,', -q I)+ sin'(q ', , —qI)], (9)
Pkp g

where k~ is the Fermi wave number and the ar-
rows show the direction of the spins in the d shell.
The phase shift g, (E~) can be obtained from the
Friedel sum rule

in crystalline alloys. The concentration depen-
dence of hp„/p„o for x& 2 can be explained from
the magnetization data. As mentioned before the
magnetization 0, is inversely proportional to the
concentration of Cr for x &2. Then the relation
&p„~xo', gives hp„/p„, o-x for x&2, as is ob-
served in the Cr alloys. There is a maximum in
the Imps/pH 0! versus Cr concentration at x-2
(see Fig. 11) when T=4. 2'K and H= 10.0 kOe,
which is compared with x-0. 1 for crystalline
alloys. This fact may indicate that the d-d spin
interaction between Cr atoms is weaker in amor-
phous alloys than in crystalline alloys.

4. s-d Exchange Integral and Localized
States for Cr

It may not be justified to determine the s-d ex-
change integral J,„by applying the result of Beal-
Monod and Weiner ' to the magnetoresistivity data
(taken at 4. 2 K), since the quasibound state seems
to be already formed at 4. 2 'K. Equation (3) could
be used to find the value for J,„ if the density of
states were known. The most appropriate method
for the present case is probably to use the result
of Kondo which gives

where Z is the number of d electrons having ener-
gies below the Fermi level in one of the split d
states. The value of q2 is considered to be the
largest since l = 2 for d states. It can be assumed
therefore that go, g» «.q, and 7t, = 0 for l &2. The
susceptibility results give q,'- v/2 and 7Iz-0. Thus
assuming the free-electron model, E~ is evaluated
as 3. 5 eV through Eq. (9) with the experiments. l
residual resistivity obtained for alloys with a
small concentration (i. e. , p, -22 IuQ cm). Then
from y= —0. 629 pQ cm/at. % (Table I) and S
= 2. 6/2, the value for J„can be evaluated as
—0. 76 eV." This value is compared with —1.4
eV for the crystalline Cr-Zn alloys and also with
—0. 35 eV for the crystalline Cr-Pd alloys. The
large value of J,„for the Cr-Pd-Si amorphous al-
loys is probably responsible for the large resis-
tivity minimum observed. The fact that S= 2. 6/2
implies that one of the split d states for Cr has
its center at the Fermi level in the Friedel mod-
el, as shown in Fig. 12. These results suggest

y = 3PxJ,~ p~/100E~)

where

(6)

Cr2Pd, 8Si&p

C r6 Pd74Si2p

TABLE IV. Comparison between the estimated and
the experimental error in &pH=ip koe/ pH p at T = 4. 2 'K.

Alloy PH=iP koe/ +{+PH=iP kOe/
COmpOSitiOn {+Oa~g'a~H=ip koe pH=p~est pH=p~expt

+ 17% + 34% + 40%
+ 10% 3%

Pd-Si Cr Pd-Si

FIG. 12. Friedel's model for the localized d states
of Cr in the Cr„Pd8p Si2p alloys. The arrow shows the
direction of the spins in the d states.
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that the value of J,„ is the largest when S is close
to 2. 5/2.

C. Manganese in Amorphous Pd-Si Alloys

l. Electri ca/ Resistivity

Typical resistivity-versus -temperature cur ves
for Pd-Si alloys are shown in Fig. 13. Two char-
acteristics are noticed in this figure: (a) Mat-
thiessen's rule is not satisfied, since the resis-
tivity-temperature coefficient P at higher tempera-
tures changes with Mn concentration. It was found
that P is approximately proportional to the inverse
of Mn concentration. (b) The resistivity-minimum
temperature T increases with Mn concentration,
which is shown in Fig. 14. Since Matthiessen's
rule is not obeyed for these alloys, a simple sub-
traction of the resistivity of the host Pd«Si» alloy
fr om that of 'the Mn Pdsp Slpp alloy does not give a
meaningful result. Therefore, it is assumed here
that the magnetic part of the resistivity is tempera-
ture dependent below T while it is constant above
T . It is further assumed that the nonmagnetic
part of the resistivity can be taken as an extrapola-
tion of the resistivity at higher temperatures obey-
ing a T function, to lower temperatures, since the
resistivity for the alloys containing lower concen-
tration of Mn varies as T between T and about
50'K. Thus the magnetic part of the resistivity
is determined as a, difference (Ap) between the

LLj
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IJJ
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Z'
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10—

LLJ
(J)

CL

I I I I I

2 3 4 5 6
CONCENTRATION OF Mn (at. %j

FIG. 14. Resistivity-minimum temperature versus
Mn concentration for the Mn„Pd8p, Si&p alloys |taken from
Ref. 10).

measured resistivity and the nonmagnetic part de-
fined above, and is shown in Fig. 15 for 3, 5, and

7 at. jg Mn. It is noticed in Fig. 15 that the tem-
perature variation of bp is independent of Mn con-
centration and that ~p varies as —lnT between
-4'K and T and becomes temperature indepen-
dent below -4'K.

From these data, the resistivity of Mn+d, II „Simp

alloys for T & T can be described as

p= a+6T +ylnT,
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for the Mn„Pdsp „Si2p alloys.

FIG. 15. Resistivity difference per at. % Mn versus
temperature for the Mn„I'd8p Simp alloys.
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where the first and third terms are already men-
tioned in Eq. (1), the second term being the non-
magnetic temperature-dependent part for T & 7

0
m

& 50 K. It was found that the coefficient 5 is in-
versely proportional to Mn concentration. The
origin of this fact may be the same as that of the
concentration dependence of P. Equation (11) gives
a resistivity-minimum temperature at

7'.=4(-y/25) .
From the resistivity data in Figs. 13 and 15, we
have p= —2. 3&10 x I„Q cm and x5 =2. Qx10" p~
cm. Then we find that

1,4-

I.2--

QO

()

I.O—

O

O.S

LLI

C3
0.6

I
'

I
~

I
'

I
'

I

MnI Pdre SI20
—"—Mn5 Pd77 S1~0

Mn& Pd75 Si~o~ Mn7 Pd75 Si~o

H = S40 I'Oe

TABLE

Alloy
composition

V. Results of magnetic measurements for
the Mn~I'dap ~Hi&p alloys.

p@f (Itt&/atom) 6& ( K) TPI ('K)
TPI & T &300'K TIIf& T &300'K

eg ('K)

Mn] Pd79Sip(j

Mn3Pd77Si20

Mn5Pd75Sipo
Mn, Pd»Si2&

5. 84
5 73
5.56
5» 76

1

9
12

1.0+0.3
4. 2+0.4
7.5+1

12.5+ I

' =6. 1x('K) for x&7 at. k,
which is in good agreement with the data shown
in Fig. 14. The fact that the resistivity difference
Ap levels off below about 4 K suggests the forma-
tion of Nagaoka's quasibound states. However, the
facts that the temperature variation of 5p under-
goes an abrupt change around 4 'K and that T
-4 K (see Table V) suggest that the leveling off
of hp below 4 'K is due to the d-d spin correlation
between Mn atoms. The Kondo temperature T isE
probably below 4 'K for the present case.

2. Magnetic SuscePti biBty

The results of the magnetic isothermal (magne-
tization versus magnetic fieM with temperature
as a pa»meter) for the Mn„pd, o Si» alloys show
that the magnetization is proportional to the mag-
netic field in the temperature range between 1.7
and 300 'K, i.e. , the alloys behave like paramag-
nets. The concentration dependence as well as
the temperature dependence of the magnetic mo-
ments w er e studied. The magnetization-versus-
temperature curves are shown in Fig. 16 for x
= 1, 3, 5, and 7, and for H= 8.40 koe. It is found,
for example, that the magnetization cr varies like

-i/a (ua/Mn atom) for 1 =x~5 and 2. 50x'
(I"a/Mn atom) for 5»x —7 at T=4. 2'K and II
= 8.40 koe. The difference between the suscepti-
bility of the Mn„Pdzp„„Simp and that of the Pd808120
was studied also. The susceptibility difference
&y obeys the Curie-Weiss law in a temperature
range from 4 to 300 'K as shown in Fig. 17. The
susceptlbllltl' dRta wel'e anal''zed 'thlollgll Eq. (5)
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FIG. 17. Inverse of the susceptibility difference per
gram of the Mn I'd8p Si~p alloys versus temperature.

FIG. 16. Magnetization per Mn atom versus temper-
ature at H= 8.40 kOe for the Mn„Pdsp ~Si&p alloys.
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FIG. 18. Effective magnetic moment per Mn atom
versus temperature for the Mn„Pd80 „Si20 alloys.

and the results are summarized in Table V. The
results obtained by using Eq. (7) are plotted in
Fig. 18.

The invariance of the effective magnetic moment
p, ,«with respect to Mn concentration suggests
that the Mn atoms do not form clustering. The ob-
served value for p,«gives S = 4. 9/2 or 4.9 holes
per Mn atom and this indicates that the Mn atom
behaves as Mn ' ion in the alloy. The fact that S
is very close to —,'shows that the d shell of the Mn

atom is hardly filled with the conduction electrons.
Burger has obtained S-—', for Mn in crystalline
Pd, which indicates that the electronic structure
of Mn is not very much altered by the presence of
Pd atoms. The situation may be the same in the
present alloys. It is found also that 8~/at. % Mn
for the amorphous Mn-Pd-Si alloys is about 1.2 'K
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. This is quite favor-
able for the s-d exchange interaction since the d-d
spin correlation tends to reduce the effect of the
s-d interaction. The magnetic moments observed
in the Mn alloys can be expressed by a Brillouin
function of the form Bs[gpsSH/k(T+8s)] with S
= —', and 8& listed in Table V. It is noticed that
+-e~, which is to be expected since the Curie-
%'eiss law holds between 4 and 300 'K. The sus-
ceptibility difference hx has a maximum at T„
and then decreases with decreasing temperature.
The value of p,«g[f(T)] decreases rapidly below
T„as seen in Fig. 18. These findings can be in-
terpreted as a result of the d-d spin interaction
between Mn atoms as in the case of the amorphous
Cr-Pd-Si alloys. Thus, T„ is considered as the
antiferromagnetic transition temperature for the

present alloys.

3. Magnetoxesi stivi ty

No magnetoresistivity was observed at T = 77
and 295 'K for Mn„Pd80 „Si&0 alloys. An appreciable
negative magnetoresistivity was obtained at T
= 4. 2 'K. The negative magnetoresistivity ~~ is
corrected similarly to the case of Cr-Pd-Si alloys,
and the curves for hp„/p„, at 7= 4. 2 'K are
shown in Fig. 19 for Mn concentrations of 1, 3, 5,
and 7 at. %. The absence of a negative magnetore-
sistivity at T = 77 and 295 'K is probably due to a
small value of o, at these temperatures (see Fig.
16). The results of the negative magnetoresis-
tivity can be fitted to the general function 4ps/p„o
= —ba,"with b and n given in Table VI. The fact
that n 2 implies that the quasibound states are not
fully formed at 4.2 'K. To study the concentration
dependence of the negative magnetoresistivity,
Lkpjj —fQ ~ /p„, at 4.2 'K is plotted against Mn
concentration in Fig. 20. It is noticed that the
absolute value of the negative magnetoresistivity
increases with Mn concentration for x ~ 6 and de-
creases for x&6. This characteristic isreasonably
consistent with the dependence of o', on Mn concen-
tration (see Fig. 16). From Fig. 16 we have
o,~x t for x~5. Thus we obtain bps/ps 0~ -x
since b varies like x for x —5. For x&6,
&p„/p„o probably varies like x ', since o,~ x '

for x &6. The striking result is that the concen-
tration at which I hp„/ps 01 is a maximum is very
large, i. e. , about 6 at.% when T = 4. 2 'K and H
= 10.0 kOe. This is compared with the concentra-
tion of the order of less than 0. 1 at. /o in crystal-
line alloys, in which similar maximum has been
observed. These facts again indicate that the d-d
spin interaction between transition-metal atoms is
weaker in amorphous alloys than in crystalline al-
loys. The small scattering of the data in Fig. 20
indicates that the magnetization does not vary very
much from specimen to specimen. This is con-
firmed by fitting the magnetization data to the
Brillouin function Bs [g psSH/k(T+ 8s)] with S= —',

and e~ given in Table V. For example, the esti-
mated error on Ap„/p„o due to the error on o, is
found to be + 670 for the MnsPd»Si» alloy. This
error is considerably smaller than those for Cr al-
loys discussed in Sec. III B.

4. s-d Exchange Integral and Localized
States for Mn

By using Eq. (8) with y = —0.028x p, Q cm (from
Fig. 15), S = 4.9/2, and Er = S. 5 eV, we obtain
J,~- -0.18 eV" for the Mn-Pd-Sialloys. The value
of J~ is compared with J~ = —0. 4 eV for a dilute
crystalline Cu-Mn alloy ' for which S= —', . A large
value of Z~(- 1.4 eV) obtained for a dilute crystal-
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FIG. 19. Negative magnetoresistivity ratio versus
magnetic field at 4. 2'K for the Mn„Pdsp „Si2p alloys.

line Zn-Mn alloy' may be due to the fact that S= —,'.
In view of Friedel's model, one of the split d
states for the amorphous Mn-Pd-Si alloys and for
the crystalline Cu-Mn alloys is considered to be
above and adjacent to the Fermi level while it has
its center near the Fermi level for the crystalline
Zn-Mn alloys. The case for the Mn-Pd-Si alloys is
shown in Fig. 21 and that for the Zn-Mn alloys is
probably similar to the Cr-Pd-Si case shown in
Fig. 12. This difference may explain the fact that
t J~) for the Mn-Pd-Si and Cu-Mn alloys is smaller
than that for the Zn-Mn alloys.

IV. SUMMARY AND CONCLUSIONS

The electrical resistivity, the magnetic suscep-
tibility, and the magnetoresistivity of amorphous
palladium-silicon base alloys containing Cr or
Mn have been studied. A well-defined minimum
in the resistivity-versus-temperature curve is ob-
served in these alloys. Below the resistivity-mini-
mum temperature T, the resistivity difference
d p varies as —lnT in agreement with Kondo' s
theory and tends to level off at lower temperatures.
It is also found that T is linearly proportional to
the concentration of Cr and Mn. This is different
from the case of crystalline alloys where T varies
as the 5 power of the transition-metal concentra-
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FIG. 20. Negative magnetoresistivity ratio versus
Mn concentration at H= 10.0 kOe and T =4. 2 'K for the
Mn Pd8p Simp allo ys.

tion. This difference originates from the fact that,
in the temperature range where the resistivity
minimum occurs, the nonmagnetic part of the re-
sistivity of the amorphous alloys varies as 6T
(where h is inversely proportional to Mn concen-
tration) for the Mn alloys and depends linearly on
temperature for the Cr alloys. It is interesting to
notice that the resistivity-minimum phenomenon
persists in amorphous alloys containing as much
as 7 at. % or more of transition metals like Cr or
Mn. Also, the resistivity-minimum temperature
for some of the amorphous alloys studied can be

TABLE VI. Values of b and pg at T =4.2'K in the ex-
pression &pH/p~ p

= —bo ,"for the Mn„Pd» „Si2, alloys.

Alloy
composition

Mn& Pd7&Si»
Mn3 Pd77Si2p

Mn5 Pd)5Si2p
Mng Pd73Si2p

b (%/pg)

0. 0035
0. 0235
0. 0760
0. 110

2. 00
2. 04
1.91
1.68

Pd-Si

FIG. 21. Localized d states of Mn in the Mn„Pdsp S12p
alloys in light of Friedel's model.
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as high as 580 K. The resistivity-minimum anom-
aly is always accompanied by a negative magnetore-
sistivity approximately proportional to the square
of the magnetization and a susceptibility obeying
the Curie-gneiss law over a wide temperature
range. These observations lead to the conclusion
that a Kondo-type s-d exchange interaction exists
in the amorphous Pd-Si alloys containing Cr or
Mn. These results also indicate that the theories
based on the isolated-spin assumption are appli-
cable to these nondilute amorphous alloys.

In terms of the s-d exchange model, the follow-
ing statement can be made: (i) The results of the
susceptibility and magnetoresistivity measure-
ments suggest that the d-d spin correlation be-
tween magnetic atoms is, in general, weaker in the
amorphous alloys than in the corresponding crys-
talline alloys. This is consistent with the fact that
a Kondo-type resistivity anomaly has been ob-
served in amorphous alloy containing 7 at. % Cr or
Mn. (ii) The spin-compensated state has been ob-
served in the amorphous alloys containing Cr.

From the resistivity data it is concluded that the
Kondo temperature of these alloys depends linearly
on the Cr concentration. This unusual concentra-
tion dependence of the Kondo temperature is not
well understood. For the Mn-Pd-Si alloys, the
spin-compensated state is masked by the d-d spin
correlation which takes place above the Kondo
temperature. (iii) The s-d exchange integrals for
the Cr and Mn amorphous alloys are estimated
and found to be consistent with Friedel's virtual-
bound-state model. The results suggest that the
value of the s-d exchange integral is the largest
when the spin of the magnetic atom is close to 2.5/2.
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