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Measurements are presented of the electrical resistivity of a series of dilute PtFe alloys
containing between 0.03- and 1.0-at. % Fe, over the temperature range 0.4 to 50 K. The al-
loys containing less than 0. 1-at. % Fe have a resistivity which increases approximately log-
arithmically with increasing temperature, and which scales linearly with concentration. Re-
sults are consistent with a spin-fluctuation model for the PtFe system with a characteristic
spin-fluctuation temperature of (0.4 + 0, 2) 'K, a value which is supported by recent Mossbauer-
effect and thermoelectric-power measurements. The effect of interactions on the resistiv-
ities of the more concentrated alloys is discussed, and a simple phase-shift calculation is pre-
sented which relates the temperature dependence of the non-spin-flip scattering to the tem-
perature dependence of the impurity magnetic moment, and which accounts qualitatively for the
sign of the temperature coef'ficient in the resistivities of the PgFe and other Pt- and Pd-based
alloys,

I. INTRODUCTION

Experimental investigations of alloys of second-
or third-I'ow transition-metal hosts containing low'

concentrations of first-rom transition-metal Im-
purities have revealed two more or less distinct
types of behavior. In one category there are those
systems which exhibit well-defined impurity mo-
ments, and which undergo magnetic ordering at low
temperatures. These alloys, of which I'dFe' and
MoFe ' are typical examples, exhibit a negative
magnetoreslstance ' and magnetization cux'ves
which may be expressed (in the low-concentration
limit) as a simple function of H/T' (where H is
the applied magnetic field and T is the tempera-
ture). The second group, exemplified by the
RAFe system, does not exhibit free-spin behavior
in a magnetic field, and in fact has an effective
moment per impurity which decreases at low tem-
peratures. ' The magnetoresistance is positive, s

and low-temperature magnetic ordering does not
occur. A distinctive feature of Bh,Fe and related
systems ls an impurity resistivity which increases
with increasing temperature. 6

Previous investigations have shown that I'fFe
exhibits many of the chax'acteristics of the first
groups of systems, namely, a well-defined im-

purity moment of the order of ep,~, ferromagnetic
ordering at a relatively low Fe concentration, and
a negative contx'ibution to the magnetoresistance
which can be expressed as a si.mple function of
H/T. However, the resistivity of PfFe, which is
the subject of the present investigation, is shown
to have a temperature dependence which xesembles
that of BAFe, and the effect of interactions on the
resistivities of more concentxated alloys is con-
siderably more complicated than that observed in,
for example, PdFe and exhibits certain features
which more closely resemble the effect of interac-
tions in BAFe. These results suggest that the
distinction between the two categories may be less
well defined than has been assumed hitherto. The
resistivity and other properties of the I' fFe sys-
tem %'111 be discussed in the light of I'ecent the-
Ol 168.

The alloys were prepared by melting appropriate
amounts of pure Pt and a Pt-5-at. /o Fe master
alloy in a copper-boat levitation furnace. The
samples were inverted and remelted several times
to ensure homogeneity. The metals used were
99. 999/o pure Pt, obtained from Metals Research
Co. , Cambridge, England, and 99. 9% pure Fe,
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obtained from Johnson Matthey and Co. The alloys
were etched and rolled into strips approximately
0. 01 cm thick, 0. 2 cm wide, and 8 cm long. The
specimens were then given an homogenizing anneal
at 1400 'K for 24 h, and rapidly quenched in water,
to reduce the possibility of clustering. The geo-
metrical factor (length/area) of the specimens was
determined with an uncertainty of approximately
+0. 3% using a technique described previously. +
Resistivity measurements on a pure-Pt sample
and on six PfFe alloys containing between 0. 03- and
1-at. % Fe were made in the temperature range
0. 4 to 300 'K, using a standard four-terminal po-
tentiometric technique and a He3 cryostat, details
of which have been described elsewhere. ' The Fe
concentrations in each of the specimens, as de-
termined by chemical analysis, are presented in
Table I.

III. RESULTS

The pure-platinum sample used in the present .
.

investigations has an ice-point resistivity of 9. 95
p, Q cm and a resistivity ratio of 780. At tempera-
tures below 15 'K the resistivity is well described
by the expression

pz„(T)=A+ BT +DT

where A = 0. 0128 p, Q cm, B= (1.6 + 0. 2) -x 10 ' pA
cm'K, and D= (1.4+0. 2)x10 pQ cm'K '.
These values are in fair agreement with the values
8=1.4&10 p, Qcm'K and D=1. 1~10 p, O cm
'K ' found by White and Woods. "

In Fig. 1 the excess resistivity np= p,»„(T)
—p~, (T) is plotted against temperature up to 50 'K,
while in Figs. 2 and 3 the excess resistivity per
atomic percent of Fe, 6p jc, is plotted against T
up to 12'K and against log&0 T up to 20 'K. These
figures reveal two distinct contributions to the tem-
perature-dependent resistivity. Below 8 'K the
temperature dependence is dominated by Fe-im-
purity scattering. The rapid increase in the ex-
cess resistivity at higher temperatures is almost
certainly a deviation from Matthiessen's rule,
h(T), of the kind frequently observed in dilute non-

magnetic alloys. These two contributions may
be fairly readily distinguished because of the very
rapid dependence of n. (T) compared with the rela-
tively weak temperature dependence of the im-
purity scattering.

Below 8'K, the impurity resistivity of the three
most dilute alloys varies approximately logarith-
mically with temperature and scales linearly with
concentration (Fig. 2), this latter result demon-
strating conclusively that the temperature depen-
dence is not a result of interactions between im-
purities but reflects a temperature-dependent scat-
tering of the conduction electrons from isolated
impurities.

The expression

bp = E+Eln(T + 0 )
i + n(T),

with n. (T) = GT', provides a good description of the
resistivities of all but the l-at. % alloy, at tempera. -
tures below 15'K. The full lines in Figs. 2 and 3
represent the function

Ap=E+Eln(T + 8 )

and the dashed lines at temperatures above 8 'K
represent the same function plus the extra term
GT'. Values of the coefficients E, I, 6), and G,
together with the nominal and chemically analyzed
Fe concentrations, are presented in Table I.

IV. DISCUSSION

A. Deviation from Matthiessen's Rule

We shall first discuss the initial temperature
dependence of the term n.(T), which we ascribe to
a deviation from Matthiessen's rule. As indicated
in Figs. 2 and 3, a term proportional to T provides
a good fit to the results up to about 13 K in the
most dilute alloys, and up to 20 'K in the l-at. %

alloy. Attempts to fit the results to a term propor-
tional to T, as recently predicted by Campbell,
Caplin, and Rizzuto, and by Mills, ' were not
successful. The deviation was also not simply
proportional to pp, (which contains a large T2

term), and no evidence was found for a contribu-

TABLE I. Nominal and chemically analyzed Fe concentrations and values of the coefficients 8/c, P/c, 0, and G/D
deduced from the resistivities of the P)),'Fe alloys (where D=1.4&&10 pQcm/'K is the coefficient of the T term in

the pure-Pt resistivity and c is the analyzed Fe concentration).

Nominal Fe
concentration

(at. %)

0. 03
0. 05
0. 10
0.3
0. 6
1, 0

Analyzed Fe
concentration

(at. Vo)

0. 031
0. 051
0. 12
0.30
0.59
1.02

s'/c
(pO cm/at. Vo)

3.06
3.14
3. 18
3.12
3.24

P/c
(pQ cm/at. %)

0. 020 + 0. 003
0. 021 + 0. 003
0. 018 + 0. 003
0.018+ 0. 003
0. 021+ 0. 003

e
('K)

0, 4+0.2
0.4+0.2
0.4+0.2

1.6 +0.3
3.0 +0.3

G/D

0.31
0.45
0. 57
0. 56
0. 54
0.41
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purity scattering. As described above, the re-
sistivities of the three most dilute alloys have an
identical temperature dependence [identical values
of e and E/c in Eq. (l) within experimental error],
and this implies a temperature-dependent scatter-
ing of conduction electrons from noninteracting
Fe impurities. A positive temperature coefficient
has been observed in the impurity resistivities of
several alloys of first-rom transition-metal ele-
ments dissolved in hosts taken from the second
and third transition series, e. g. , RAFe, ' '"
gI M 16 ~I Co 16,18 @tCo 19 PdCo 20 I~Fe 21 PdNi
and PtNi, 2 and it is tempting to assume that the
origin of the temperature dependence is common
to each of these systems. A comparison of some
other properties of PtFe and these systems is
therefore of interest. Magnetic -sus ceptibility
measurements to very low temperatures on very
dilute PtFe are not available, but Mossbauer-effect
measurements down to 0. 3 K by Maley et al. re-
veal significant deviations from free-spin behavior
at temperatures below 1 K. Above 1. 5 K free-
spin behavior is observed (Mossbauer splitting~
and NMR~' are simpl. e functions of H/T). While
the low-temperature deviations could result from
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FIG. 1. Excess resistivity 4p plotted against temper-
ature T for the PtFe alloys. The nominal Fe concentra-
tions are indicated in the figure in at. %.

3.15

tion proportional to T which might have resulted
from a modification of the paramagnon scattering
of the host. The coefficient 6 of the T' term is
approximately independent of the concentration
(Table I) and is about half the magnitude of the T'
term in the pure-Pt resistivity. The deviation can,
therefore, be ascribed, possibly, to the differing
anisotropies of the impurity and phonon scattering,
as originally proposed by Kohler, "who predicts
a deviation independent of concentration and pro-
portional to the phonon resistivity at sufficiently
low temperatures.

B. Impurity Resistivity of Alloys with Concentration

& 0.1-at.% Fe

At temperatures below 8'K, r (T) is negligible,
and the resistivity is determined simply by im-

3.10

3.05

I ~i i I ~ I

2 4 6 8 10 12
T K

FIG. 2. Excess resistivity per atomic percent Ap/t:
plotted against T. The ordinate scale refers to the 0.3-
at. Vo-Fe alloy. Small vertical displacements have been
applied to the other curves for clarity, The full lines
represent Eq. (1}with values of E, I", and 8 given in
Table I. The broken lines include the additional term
GT'.
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antiferromagnetic exchange interactions between
Fe spins, the very low Fe concentration and the
observation that the deviations are independent
of concentration make this interpretation unlikely.
Thus Mossbauer-effect measurements are con-
sistent with a gradual transition of the Fe atoms
in Pt to a nonmagnetic state as the temperature
falls below 8M~-0. 5'K, behavior which is similar
to that observed in RAFe, though in that system
the characteristic temperature 8„~- 20 'K.

Measurements by MacDonald ' show that the
thermoelectric power of a very dilute PI;Fe alloy
exhibits a negative peak of approximately -1 i&. V/ K
in the neighborhood of 1'K. While this is an order
of magnitude smaller than the "giant" thermopower
observed in AuFe alloys, ' it is still very large
compared with the thermopower of "normal" sys-
tems, and reflects an anomalously strong energy-
dependent scattering of conduction electrons within
an energy range of the order of 1'K of the Fermi
energy. The thermopower measurements can be
represented approximately by the expression
S- —T/(T+ 8,), where 8, -0. 3 'K is comparable with
the value 8= 0. 4 K obtained from the present re-
sistivity measurements and the temperature 8M~
-0. 5 K which characterizes the disappearance of
a moment in Mossbauer measurements.

Measurements of the resistivity of a Pt-0. 05-
at. %%u«Fealloy ' inanappliedmagnetic fieldan dat
temperatures above 1.5 K reveal a large negative
contribution to the magnetoresistance (after cor-
rection has been made for a positive Kohler term)
which is a simple function of H/T, and which is
well described by the s-d model. Thus it is con-
sistent with the free-spin behavior observed in the
Mossbauer splitting and NMR at a comparable
temperature. Free-spin behavior of the magneto-
resistance has also been observed in the PdCo sys-
tem, ' which has a temperature-dependent resistiv-
ity in zero applied field which is very similar to
that of PtFe. RAFe and P]Co, on the other hand,
show a strongly reduced moment in the liquid-
belium temperature range, and a Positive mag-
netoresistance which cannot be expressed as a
simple function of H/T. '0

Several suggestions have been advanced to ac-
count for the positive logarithmic temperature de-
pendence of the resistivity in RAFe and related
systems, and we will consider these in relation to
the PtFe system:

(a) Kondo" has shown that the spin resistivity
in zero applied magnetic field, calculated to third
order in the s-d exchange-coupling constant J, can
be expressed as

p»&n —-AcJ S(S+1)[1 —4Jn(Ez) 1n(D/IIT) ),
where D is an energy of the order of the bandwidth
and &I(EI,) is the density of conduction-electron

states at the Fermi energy E~. Using Yosida's
result that the decrease in resistance bp' in an
applied magnetic field, for gp, ~H» AT, is given
to second order in J by bp'=AcJ (4S +S), we may
deduce values of J and n(Ez) using S= 2. 3 ' and the
values of ~p' determined by magnetoresistance mea-
surements on a Pt-0. 05-at.

%%u«FealloywithA =9.23
pQ cm/at. /p eV .' On these assumptions we find
J=+0.041 eV, and n(E&;) = 1.0/eVatom. This value
for I&(Ez) is four times larger than the density of
states of the s band (assuming this to be parabolic
with effective mass I*/m = 2. 8~ ) and is compar-
able with the value of 1.4/eV atom for the total
density of states deduced from the electronic spe-
cific heat. The complexity of the band structure
of Pt ' does, however, throw some doubt on the

I I I I « & / I
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FIG. 3. Excess resistivity per atomic percent 4p/z
plotted against log&pT The ordinate scale refers to the
0.3-at. ~/0-re alloy. Small vertical displacements have
been applied to the other curves. The full lines repre-
sent Eq. (1) with values of E, E, and 8 given in Table I.
The broken lines include the additional term GT .
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significance of these numerical estimates. It
should also be pointed out that the decrease in mo-
ment observed in Mossbauer experiments and the
large peak in the thermopower in the neighborhood
of 1 K would not be expected to result from a
Kondo scattering with positive J.

(b) Several authors" have demonstrated that the
inclusion of a potential phase shift 5 modifies the
coefficient of the lnT term in the s-d expression
for the resistivity by a factor cos25. Thus, if
5 & —,'p, a positive logarithmic temperature depen-
dence is predicted when J is negative. The de-
crease in moment at low temperatures in PtFe
and the peak in the thermopower ' may then be
associated with a spin compensation of the Fe spins
by the conduction electrons with a Kondo tempera-
ture T~- 0. 4 K. However, since the valence dif-
ference Z of solvent and solute in systems which
exhibit a positive temperature coefficient never
appears to exceed 2, we would expect the potential
phase shift to be small in such systems. This is
substantiated by their low residual resistivities
which increase with increasing valence difference
in Pd-, Pt-, and Rh-based alloys. We therefore
reject this explanation.

(c) Knapp~ has suggested a two-band model, in
which s electrons are scattered from localized
moments which are progressively compensated
(as the temperature decreases) by electrons in
the d band (which are assumed to make no contri-
bution to the conductivity). This explanation can
also be rejected as it would not yield a, large anom-
aly in the thermoelectric power. The s-electron
scattering, although strongly temperature depen-
dent, would not be an assymetric function of energy
in the vicinity of the Fermi surface, a condition
which is a prerequisite for a large low-temperature
thermopower. ' It would also be difficult to explain
the variation of residual resistivity with valence
difference Z on this model as the excess charges
are assumed to be screened by electrons which do
not contribute to the conductivity.

(d) Following the success of I.ederer and Mills's
two-band model of s-electron scattering from
exchange-enhanced localized spin fluctuations on

impurity sites in explaining the initial T depen-
dence of the resistivity of PdNi alloys, Kaiser and
Doniach have extended their theory to higher tem-
peratures. They find that at low temperatures the
resistivity varies as (T/T, ), where T, is a char-
acteristic spin-fluctuation temperature given ap-
proximately by kT, -EF/n(T) and a(T) is the ex
change-enhancement factor on the impurity sites.
For T» T„ the resistance varies as (T/T, ). Tak-
ing into account the temperature dependence of
o.(T), the universal curve predicted by Kaiser and
Doniach closely resembles Eq. (1) over a wide
range of temperatures, with 8 replaced by T, .

With a suitable choice of T„excellent agreement
with the observed resistivities of several systems
has been obtained, and the present results may
be accounted for if we take T, = 0. 4 'K for the PtFe
system.

The use of the random-phase approximation to
calculate n leads to the prediction that n- ~ (i. e. ,

T, and the spin-fluctuation rate tend to zero) at
the Hartree-Foch magnetic instability. The very
large values of o. required to yield the estimated
values of T, (n-1000 for T,- 1 K) imply that a
surprisingly large number of magnetic impurities
in Pt, Pd, and Rh are extremely close to this in-
stability condition. This difficulty may perhaps be
avoided if electron-hole correlations and vertex
renormalization ' are taken into account. Schrief-
fer and Mattis have, in fact, shown that the local
enhancement factor can only become infinite if the
Coulomb repulsion U between electrons of opposite
spin on the impurity site tends to infinity. Ha-
mann has also shown on a rather different model
that the spin-Quctuation temperature only tends to
zero in the limit as U- ~. Thus the observed
range of values for T, may reflect a much wider
range of parameters (U and local susceptibility)
than is suggested by the Hartree-Foch theory.

The theory also suggests that the susceptibility
is (exchange-enhanced) Pauli-like at all tempera-
tures. Writing the susceptibility per impurity for
T & T, as (m2)/3kT, where (m ) is the mean-square
spin of the impurity, it is evident that (m ) ~ T if
the susceptibility is temperature independent.
While this behavior is observed at low tempera-
tures, ' (m )'~ cannot be expected to increase
indefinitely with increasing temperature, but must
tend to a constant value of the order of the moment
expected if Hund's rule were obeyed. Thus at suf-
ficiently high temperatures the susceptibility of a
system of fluctuating moments must become in-
creasingly Curie-like. This is reflected in the
Kaiser and Doniach theory3' by the decrease in
o.(T) at high temperatures. It may be conjectured
that the s-d model for the resistivity will also be
appropriate in this high-temperature region. Thus
the observation of a large negative magnetoresis-
tance in the systems PtFe ' and PdCo, 3 which can
be expressed as a simple function of H/T for
T & 1. 5 'K, and which is well described by the s-d
model, may simply reflect the fact that (m') ~

has reached an essentially temperature-independent
plateau (i. e. , T» T,). In RhFe' and PtCo, '
(m2)'~ at l. 5 'K is substantially below the high-
temperature plateau, and a positive magnetoresis-
tance is observed.

Spin fluctuations in magnetic impurities have
been approached from somewhat different direc-
tions by several authors, ~~'4 8 who have shown
that the transition (as a function of U and T) from
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the nonmagnetic to the magnetic state is a gradual
one, with a susceptibility that is constant for
T«T, 4' ' and Curie-like for T» T,. "'"Where
the resistivity has been calculated, ' 'this is
generally found to increase towards the unitarity
limit with decreasing temperature, which is not
in agreement with the present results.

We may correlate, in a simple phenomenological
manner, the temperature dependences of the re-
sistivity and of the effective moment on the im-
purity by a phase-shift calculation, if we assume
that the conductivity and the charge screening take
place within a common band, and if we also as-
sume that the number of electrons of up and down
spin on the impurity are related to the electron
phase shifts by the Friedel sum rule. For sim-
plicity, we will assume a free-electron model, in
which the excess charge Z is screened entirely by
l=2 partial waves, i. e. , phase shifts 0, =0 unless
E= 2. If 5, and 5, are the l = 2 phase shifts for the
electrons at the Fermi surface of spin parallel and
antiparallel to an impurity of excess charge Z and

spin m, then the Friedel sum rule yields for the
excess number of up-spin electrons on the impurity
site —,'Z+ m = (5/m)5, and for the excess number of
down spins yields —,'Z- m= (5/v)5, . The cross sec-
tion for non-spin-flip scattering of up-spin elec-
trons is thus

20' . p 20m
o, =, sin 5,=, sin —,'w (-,'Z+m).

F

If we average this cross section over all possible
magnitudes of the spin rn, we have

c,=, Q P(m) sin'-,' v (—,'Z+ m)
kF

[sin' —,', mZ+ cos —,
' vZ g P(m) sin'-," vm

p m

+ 2 sin-', pz+P(m) sin —,
' vm], (3)

where P(m) represents the probability that the
impurity has a spin m during the very short time
(-10 "sec) that the scattering takes place. For a
system of fluctuating moments, P(m) will be a con-
tinuous function of m and may be temperature de-
pendent. P(m) will also be symmetric about m=0
in the absence of an applied magnetic field H and,
therefore, in this case the last term in Eq. (3) will
be zero. An identical expression is then obtained
for 0, .

Equation (2) shows that the scattering cross sec-
tion contains a term proportional to (m ), provided
(m )'~ « -'„where (m ) = g P(m) m is the mean-
square spin on the impurity site. This result is
in agreement with a many-body calculation of the
scattering cross section integrated over all fre-
quencies of the fluctuations of the system. ' At

&p(0) = 5cp' sin ~omz . (5)

In the low-temperature region T «T» we find

7t2
&p(T) = ap(0)+ —cp' cos-,' vz ( m2 )„„,

where (m~), „is the mean-square thermally excited
spin per impurity. Assuming that the spectral
density function is linear in frequency at low fre-
quency, (m ),„is of the order of (m ) (T/Tsv)- AX(T) T /Ts r . Since the susceptibility tends to
a constant as T-O, the resistivity is proportional
to T for T«T» as found by I ederer and Mills. "
Finally, athigh temperatures T» T», when all the
fluctuations may be considered to be thermally ex-
cited, (m ),„-(m )-kThy(T), and thus in this
region a resistivity proportional to T&p is pre-
dicted, in agreement with the conclusion of Kaiser
and Doniach, "provided (m ) '~' « —,'. If this latter

temperatures high compared with the characterisuc
energy of these fluctuations (i. e. , T» T») the
mean-square spin is related to the impurity suscep-
tibility &X(T) by ( m ) - 3k' T&g(T). Fluctuations
of the spin system persist at T=O, and a simple
application of the fluctuation-dissipation theorem'
and assuming the spectral density function derived
by Kaiser and Doniach, ' show that (m ) -3k& T»
&&&X(0) in this limit. However, in a scattering
process, only fluctuations of energy less than of
the order of kT may be absorbed from the impurity,
and for the case of an electron at the Fermi sur-
face, the Pauli exclusion principle prevents the
emission of fluctuations of energy greater than kT
(due to absence of available final states for the elec-
tron"). Thus only thermally excited fluctuations
contribute to the scattering of an electron, and as
these tend to zero at very low temperatures, the
impurity scatters as if it were nonmagnetic, i.e., 5,
and5, are equal, inthe limit T-0. The situation is
entirely analogous to the scattering of electrons by
thermally excited phonons —the density fluctuations
in the crystal which persist at T = 0 making no contri-
bution to the resistivity. The scattering of a beam
of neutrons, on the other hand, in which the Pauli
exclusion principle plays no role, is affected by the
entire spectrum of fluctuations at T=0 in both the
phonon and impvrity problems.

In order to calculate the resistivity, we may take
account of the effects of the exclusion principle
described above, if we replace P(m) by P(m), „, a
probability density of thermally excited fluctua-
tions. The resistivity may then be written

&p(T) =5cp'tsin ~~ vz+cos-,'mz+ P(m), „sin2 —,'zm j,
(4)

where p is the unitarity limit for s-wave scatter-
ing.

At T = 0, P(m), „=0 unless m = 0, and we have
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condition is not satisfied, the more general expres-
sion Eq. (4) is required. For the purposes ot
comparison with experiment, we will assume that
at sufficiently high temperatures T» T~~, Eq. (4)
may be written

hp(T» T,) = n p(0) + 5cp' cos (-, vZ) sin'(-,' vS),
(6)

where S is of the order of the impurity spin deduced
from high-temperature susceptibility measure-
ments. As the temperature increases from T =0,
the resistivity should vary monotonically between
&p(0) at T= 0 and b,p(T» T,) at high temperatures.
The sign of the temperature coefficient is deter-
mined by the sign of the term cos(5mZ) and is posi-
tive for Z & —,

' or & '~' and is negative within the
range ~&Z& z .

Equations (5) and (6) may easily be modified to
include phase shifts other than 5~. Using the free-
electron expression for the resistivity"

b p = cp'Q, (l+ 1) sin~(5, ,~
—5,)

and assuming 5, = 0 for l & 2, we have

&p(0) = cp [sin —,'w (3Z, —Zo) + 2 sin —,
'

m (5 Zz ——,'Z, )

+ 6 sin' (+o mZ, )]

and

served, in Pd and Pt containing Cr." No tempera-
ture dependence in the paramagnetic region has
been reported in PdFe or~PdMn, but this may
reflect the fact that the characteristic temperature
T, for a transition from the nonmagnetic to mag-
netic state is extremely low in these systems.
Since well-defined moments are observed in each
case, the resistivities should correspond to the
"high-temperature" curve np(T» T,). The model
also predicts that the step height r p(T» T,) —np(0)
has a maximum positive value for Co impurities,
and a maximum negative value for Cr impurities.
The step height is expected to be rather small in
alloys containing Ni, Fe, or Mn. These conclu-
sions are in general agreement with available ex-
perimental evidence.

It is commonly assumed that a two-band model
is appropriate to Pd and Pt alloys, in which the
current is carried by the s electrons and the charge
screening is confined to the d band. It is, there-
fore, necessary to justify the present assumption
that conduction and screening take place, at least
to some extent, within a common band. The large
s-electron effective mass and low Fermi velocity
deduced from band-structure calculations of Pt

~p(T)» T,) = &p(0) + cp' sin' (-', mS) [2cosm(5Z, --,'Zi)

+ 5 cos(-,'~Z, )], (6)

where

2 6 5
Z, = —5„Z,= —5» and Z, = —(5, +6)

S=

C

p A cmlot%

4

2.5
I

2.0
l

1.5
l

1.0
l

0.5

are the number of excess charges screened by s,
p, and d partial waves, respectively, and Z= Zp

+ Z$+ Zpo

In Fig. 4 the impurity resistivities at fixed tem-
peratures for impurities in Pt and Pd are plotted
against Z. These values serve to indicate the mag-
nitudes of the resistivities and their temperature
coefficients, but only in some cases do they ap-
proximate to the resistivities in the limits T «T,
or T» 1', . The continuous curves represent Eqs.
(5) and (6) with p'=1 pQ cm/at. % and S= —,'+ —,"I ZI .
This corresponds to spin values of —,', 1, -,'-, 2, and
—', for Ni, Co, Fe, Mn, and Cr impurities, respec-
tively, in approximate agreement with high-tem-
perature spin values deduced from neutron-scatter-
ing measurements in PdCo and PdFe' and sus-
ceptibility measurements in PdMn. " (We assume
that similar values for 8 obtain for Pt-based al-
loys. ) On this simple model, a positive tempera-
ture coefficient is predicted for I Zl & -', in agree-
ment with that observed in Pd and Pt containing Ni

and Co, and in the present PEFe system. A nega-
tive temperature coefficient is predicted, and ob-

-4
(Cr}

-3
) Hn)

-2
lFe)

-1
)CO)

0 Z
l Ni) (impurity)

FIG. 4. Values of the excess resistivities per at. %

Qp/c pO cm/at. %) of first-row transition-metal im-
purities in Pd(h) and Pt (Q) at fixed temperatures (shown

in brackets in K for each system). The curves &p (0) and

&p(T» T,) [given by Kqs. (5) and (6)] represent an ap-
proximate estimate of the resistivities on a simple phase-
shift model at T = o and at, very high temperatures,
respectively. We have taken p' =1 pQ cm/at, % and the
values of S for each alloy are given in the figure.
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(which results from strong s-d hybridization) and

the anomalously low Hall coefficient in Pt' suggest
that, in this metal at least, a substantial fraction
of the current is carried by d-band holes. This is
also probably true, though to a lesser extent, in
Pd alloys. ' " Furthermore, the observed vari-
ation of residual resistivity with Z provides strong
evidence that charge screening and conductivity are
provided (at least partially) by a common band,
since if the two-band model were strictly valid, the
residual resistivity would be approximately inde-
pendent of Z. It seems likely that the true situation
lies somewhere between the two extremes of a
single-band and two-band model, and the rather low
value of p' required to simulate the experimental
results suggests that the s electrons do, to some
extent, "short out" the resistivity of the d band.
An improved fit to the results shown in Fig. 4 can
be obtained using Eqs. (7) and (8), with plausible
values of Zo and Z&, and in particular, the inclu-
sion of phase shifts other than 5~ can readily account
for the finite resistivity at T = 0 of the isoelectronic
systems PtNi and Pd¹i. However, uncertainties
resulting from the two-band character of the Pd and
Pt hosts render such a refinement inappropriate.
Examination of Eq. (8) shows that the value of Z at
which the temperature coefficient changes from
positive to negative is not substantially affected by
the inclusion of these other phase shifts, and this
almost certainly lies in the range 2& I Z I & 3.

Although they did not include potential scattering
in their theory, Kaiser and Doniach emphasize'
that the negative temperature coefficient of the
impurity resistivity in systems such as AlMn could
be accounted for by their theory if resonant poten-
tial scattering were included. Coles et al. ' have
also suggested that resonant potential scattering
could explain the small negative temperature coef-
ficient which they observe in the RACr system, in
contrast to the positive temperature coefficient ob-
served in Rh containing Co, Fe, and Mn, in which
the potential phase shift is smaller. Examination
of Fig. 5, in which Coles's Bh-based data' are
compared with Eqs. (7) and (8), shows that their
suggestion is substantiated by the present model.
The curves Ap(0) and np(T» T,) have been calcu-
lated assuming p' = l. 4 p.Q cm/at. % and Zo + Zq =
—0. 3. We have also assumed 50 = 2D&, following
Blatts's calculation for normal-metal alloys. The
variation with Z of the resistivity of T = 0 and the
signs and magnitudes of the temperature coefficients
are in rather good agreement with the predictions
of the model.

C. Impurity Resistivity of Alloys with Concentration between
0.1- and 1-at. jo Fe

We will now discuss the resistivities of the more
concentrated P)Fe alloys. The resistivities of the

S= 2.0 2.5
l

2.0 1.5 1.0
I

0.5

I

hp
C

pQcm/ot'Io 5

h, f loj

0
Y

2 =-4
Cr

-3
Nln

-2
Fe Co

0

Ni (impurity)
1 7

FIG. 5. Values of the excess resistivities per at. /o

(&p/e p~ cm/at. %) of first-row transition-metal impur-
ities in Rh as determined by Coles ef; al. (Ref. 16) taken
at fixed temperatures (shown in brackets in 'K for each
system). The curves &p(0) and Dp(T»T, ) represent
Eqs. (7) and (8), respectively, with p'= j..4 @Oem/at. %
and Zp+Z~ = 0, 3. The values of S appropriate to the
curve &p(T» T~) are shown at the top of the figure.

0. 3 and 0. 6 at. /& alloys may be described by Eq.
(1) (see Figs. 2 and 3) with values of F/c which are
comparable with those of the more dilute alloys,
and values of 8 which increase approximately linear-
ly with concentration (Table I). The behavior of the
1-at. % alloy is strikingly different from that of the
other alloys, exhibiting a pronounced change of
slope at 4 'K and a substantial reduction of the
resistance at lower temperatures. This behavior
is strongly suggestive of magnetic ordering of the
kind observed in PdFe' alloys, though the transi-
tion temperature (4 K) is an order of magnitude
lower than that observed in PdFe alloys of a com-
parable concentration. The nature of the ordered
state (ferromagnetic or antiferromagnetic) may be
infer red rather directly from a comparison of the de-
crease in resistance on ordering in internal magnetic
fields and the decrease on ordering inalarge applied
magnetic field. If the ordered state is ferromagnetic,
the change in resistance should be the same, ' but if
the ordering is antiferromagnetic, the change in re-
sistance is reduced, according to the s-d model,
by a factor of 4S+ I. Magnetoresistance mea-
surements on a Pt-0. 05-at. % Fe alloy' show that
the resistance decreases with complete spin align-
ment by 0. 38 p, &~ cm/at. %, and a comparable de-
crease (per at. %) would be expected to result for
complete ferromagnetic alignment in the l-at. %
alloy. In fact a decrease of only 0. 045 p. Q cm/
at. % between T, (4 'K) and T =0 is observed in this
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alloy (Figs. 1-3). Using the spin value S= 2. 3 de-
duced from magnetoresistance measurements' we
would expect on the basis of the s-d model a de-
crease in resistance of 0. 036 t Q cm/at. % if the
ordering were entirely antiferromagnetic. A

simple analysis shows that the measured step
heights are consistent with approximately 65/0 of
the Fe spins parallel and 35% antiparallel in the
ordered state. A similar effect has been observed
in Pd-0. 1-at. % Fe and Pd-0. 1-at. % Co alloys, '
in which a significant number of the spins are
aligned antiferromagnetically in the ordered state.
Pd containing 1 at. % of Fe or Co has, however,
been found by this technique to be completely fer-
romagnetica, lly ordered.

These conclusions may be readily understood if
we consider the nature of the spin polarization
surrounding an impurity in an exchange-enhanced
host. The range of the polarization parallel to the
impurity is extended by exchange enhancement, ~9

leading to "giant" impurity moments and long-
range ferromagnetic ordering at rather low con-
centrations. At large distances from the impurity
the polarization is oscillatory' leading to anti-
ferromagnetic ordering at sufficiently low concen-
trations. The critical concentration is expected
to be lower in Pd-based alloys, in which the en-
hancement factor is of the order of 7, than in
Pt-based alloys in w hich the enhancement factor
is of the order of l. 8. ' Indeed, a spin polariza-
tion parallel to the impurity is not expected to ex-
tend much beyond the nearest-neighbor distance
in Pt alloys. ' These conclusions are supported
by the dramatic increase in slope of the Curie
temperature against concentration curve deduced
from magnetic' and Mossbauer -effect measure-
ments, which occurs at about 0. 2 at. /o in PdFe and
2 at %in Pt. Fe.

It is of interest to consider whether the tempera-
ture dependence of the 0.3- and 0.6-at. % alloys can
be attributed to magnetic ordering. Although the
existence of a decrease in spin scattering due to
ordering in these alloys cannot be ruled out, the
decrease in resistance of the 0.G-at, .% alloy be-
tween 10 'K (which should be well above T, for this
alloy) and T = 0. 5 'K (where the resistance is es-
sentially temperature independent) is only 0. 02
pFi, cm/at. % (Fig. 2), which is considerably smaller
than the decrease expected for antiferromagnetic
ordering on the s -d model (0. 036 pQ cm/at. %).
This, coupled with the fact that the temperature
dependence of the resistivity of the 0.3- and 0.6-
at. % alloys is well described by Eq. (1) with the
same values of F/c as for the more dilute alloys,
but with increased values of 6, suggests that the
spin scattering is actually being inc~eased by in-
teractions between Fe atoms. This effect, which
has been observed in RAFe' and PtCo alloys,

may possibly be explained qualitatively if the spin
on the Fe atoms is increased by interactions be-
tween impurities. Equation (6) then predicts an
increase in spin scattering due to this cause, pro-
vided I 8 I & —'„as is the case for PtFe, RhFe, and
PtCo. The decrease in resistivity resulting from
the freezing out of spin-flip scattering and from the
interference of non-spin-flip and potential scatter-
ing, which is predicted on the basis of the s-d
model, should also be present. The sign of the
magnetoresistance and the sign of the resistivity
change per at. % resulting from magnetic order-
ing will, in general, be positive or negative de-
pending on the relative magnitudes of these two
effects, i. e. , an increase due to a field-dependent
increase in spin and a decrease due to a, modifica-
tion of the up- and down-impurity-spin populations
resulting from an applied magnetic field or inter-
actions between impurities. The negative contri-
bution should dominate at temperatures T» T,
(and H» T,), when the mean-square moment has
reached its maximum value (and is thus almost
field independent). The dominance of a negative
term in the l-at. % alloy may thus result from the
fact that T,» T, (and hence H,„„,„„»T,) in this
alloy. For T «T„when the spin is well below its
maximum high-temperature value, and is thus
strongly field dependent, a positive magnetoresis-
tance (for I Zl & -', ) may be expected. As mentioned
above, a positive term was, in fact, observed in
the magnetoresistance of the Pt-0. 05-at. % Fe al-
loy, and this was attributed' entirely to a Kohler
contribution. The possibility that this resulted,
at least in part, from a field-dependent increase
in spin, cannot be discounted.

V. SUMMARY

It has been shown that the impurity resistivity of
I'tFe alloys contains a positive logarithmic tempera-
ture dependence, similar to that observed in RAFe„
which can be fitted over the temperature range
0. 5 to 6'K, to Eq. (1), with a value of 8= (0.4+0.2)

K for alloys containing c & 0. 1 at. % Fe. This be-
havior, and also perhaps the low-temperature
Mossbauer effect and thermopower" data is
consistent with a spin-fluctuation model for the
PtFe system, with a spin-fluctuation temperature
T, - (0. 4 + 0. 2) 'K. It must be emphasized that the
limiting low temperature T dependence of Eq. (1)
has not been observed in these more dilute alloys,
the temperature dependence being approximately
linear at the lowest temperatures reached in the
present investigation. The function was chosen
since it has been used successfully to describe the
resistivities of a variety of other systems, and
because it approximates to the universal curve pre-
dicted by Kaiser and Doniach. An expression of
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this form has also been predicted on the Kondo
theory when interactions between impurities and

impurity-spin-lattice -re laxation processes are in-
cluded. ~

A simple model has been described which relates
the non-spin-flip part of the resistivity to the ex-
perimentally determined temperature dependence
of the mean-square spin of the impurity, on the
assumption that the number of electrons of up and
down spin on the impurity site are related to the
phase shifts by the Friedel sum rule. It is shown
that the positive temperature coefficient of the
resistivity of PfFe follows directly from this as-
sumption, and satisfactory agreement with the sign
of the temperature coefficient in a variety of Pd-,
Pt-, and Hh-based alloys is also obtained.

In many respects —the decrease in moment at low
temperatures, the large thermopower, "the large
negative contribution to the magnetoresistance, '
and Curie susceptibility at high temperatures
the PtFe system resembles systems such as AuFe,
which have previously been interpreted in terms of
the Kondo effect. Indeed, the characteristic tem-

perature (8-0. 4 'K) of PtFe is comparable to the
estimated Kondo temperature of AuFe' (T»- 0. 2)
'K). The systems differ only in the sign of the
temperature coefficient of the resistance. It is
evident from the foregoing discussion that this dif-
ference need not represent a fundamental difference
in scattering mechanism. Equation (8) does, in
fact, predict a negative temperature coefficient
for the resistivity of AuFe, and there seems little
reason to postulate different mechanisms to explain
the behavior of "Kondo" systems such as AuFe and
"spin-fluctuation" systems such as RAFe and P/Fe.
Finally, we have suggested that the low-tempera-
ture increase in spin resistivity per impurity for
c = 0. 3 at. % Fe and 0. 6 at. % Fe and the decrease
for c = 1 at. % Fe may result from a competition
between two factors —a positive term due to an in-
crease in impurity spin (resulting from interac-
tions) and a negative term resulting from a modi-
fication of impurity spin-up and spin-down popula-
tions, the latter term dominating in the most con-
centrated alloy for which the Curie temperature
Tc)) Tsp
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Several aspects of the insulator-metal transition below the magnetic-ordering temperature
in EuO have been examined. The conductivity above 50 K is shown to be thermally activated,
with an activation energy which depends linearly on the long-range magnetic order. Below
50 K the conductivity is metallic. This insulator-metal transition is observed only in samples
which are slightly oxygen deficient, presumably in the form of vacancies. The magnitude of
the exchange interaction between the conduction electron and localized spins is shown to be
about 0.1 eV.

INTRODVCTION

The conductivity of EuO may increase by many
orders of magnitude as the temperature is de-
creased below the ferromagnetic-ordering tempera-
ture (T, =69. 3 K). This behavior has been reported
by Oliver, Kafalas, Dimmock, and Reed and by
Petrich, von Molnar, and Penney. ' We have grown
additional crystals and extended our measurements
to cover a wider range of conductivities, both with
and without an applied magnetic field. Typical
data are shown in Fig. 1. It is evident that the
insulator-metal transition below T, is related to the
onset of magnetic order. It is our purpose to ex-
plore the nature of this relationship. Furthermore,
we shall discuss the preparation and stoichiometry
of EuO and show that the crystals which exhibit the

insulator-metal transition are oxygen deficient,
probably in the form of oxygen vacancies.

The conductivity o shown in Fig. 1 may be divided
into four regions. Between room temperature and
126 K, logo, if plotted against 1/T, shows thermally
activated conduction with a 0. 285-eV activation
energy. Between 125 and 70 K the conductivity
was masked by leakage currents. Below T„ there
is a 13-order-of-magnitude increase in o which we

may well call an insulator-metal transition. Below
50 K, conduction is essentially metallic.

Hall-effect measurements have been made at 5 K
and near room temperature, but could not be made
in the 50-70 K region due to the very large magneto-
conductance. The results for three samples (898,
89A, and 73) showing the insulator-metal transition
are summarized in Table l. The expression o(7')


