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The magnetic properties and low-temperature electrical resistivity are reported for dilute
alloys of the Pd~ /„ system where R=Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, or Y, and x is generally 0. 01 or less. Alloys with R=Ce, Gd, Dy, or Er are examined
ov'er a wide range of concentrations. The quantities measured were the magnetic suscepti-
bility X(T) for 4. 2 & T& 250 K, the magnetic moment a{KO) for T & 4. 2 K and for Ho& 210 kG,
and the residual electrical resistivity p(T) at 4. 2 K. Even at 200 kG the rare-earth moments
are not fully aligned with the applied field for T& 1.5 K. The magnetic-moment versus
field data are analyzed in two ways: by a semiempirical formula which includes a parameter
that gives a convenient measure of ease of magnetic saturation of the rare-earth contribution,
and by crystal field theory. Based on the semiempirical formula, the magnetic moment of
the rare-earth ion is found to be close to its free-ion value, and the matrix susceptibility
is also obtained. The application of the semiempirical formula to both field- and tempera-
ture-dependent data is discussed extensively. From recent electron-paramagnetic-reso-
nance data, crystal field parameters for the Pdl „Dy„alloys are derived. Using these pararn-
eters, the field and temperature dependence of the magnetic moment for Pd~ J3y„are cal-
culated. The best fit of crystal field theory shows large systematic deviations from experi-
ment, whereas the semiempirical formula fits the observed data within experimental error
for H& 3 kG. The temperature-dependent susceptibility g{T) is fitted to a Curie-Weiss
law for the heavy rare-earth alloys and the free-ion value of the rare-earth moment is
obtained within experimental error. The paramagnetic Curie temperature 8 is less than
+3 K for x & 0. 01. The X(T) data for 8= Y, Ce, Eu, or Lu (none of which has a measurable
moment in Pd) show that the position and magnitude of the maximum of g(T) (which occurs .

at ™85 K for pure Pd) are sensitive functions of R and x. The analysis of the residual
electrical resistivity of Pd~ Q„alloys for x-0.01 shows that the Kasuya formula does not
apply. Other scattering mechanisms are suggested and their predictions are compared
with the magnetic properties.

I. INTRODUCTION

In this paper we present a systematic analysis
of an extensive series of experiments on the mag-
netic properties and the low-temperature electri-

cal resistivity of paramagnetic Pd, „R„binary al-
loys. Here R=Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, or Y, and the concentration
x is generally O. 01 or less.

Shaltiel and co-workers'~ have measured the
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magnetic susceptibility and the rare-earth elec-
tron paramagnetic resonance (EPR) of several
binary and ternary palladium-rare-earth alloys.
The magnetic moment of Pd, „Gd„alloys for 0. 01
& x & 0.05 has been measured by Crangle. ' Re-
cently, EPR data of the UCLA and University of
Geneva ' groups on very dilute alloys have been
published. We have previously reported ' iso-
thermal magnetic-moment measurements in fields
to 200!~G on some Pd, Q„alloys. Very few mea-
surements of the low-temperature electrical re-
sistivity of dilute Pd, Q„alloys have been reported "0

From the magnetic data we find that in these
dilute alloys all of the rare-earth ions have a 3+
valence, except Ce and Pr, which have a 4+ va-
lence. Previously a moment of 1.1&s/Ce atom
in Pd was reported'; we find less than 10 'ps/Ce
atom. For all our alloys, even at 210 kG, the
rare-earth contribution is not saturated at 4. 2 K.
(Throughout the text we will use the expression
"saturation of the rare-earth moment" to mean
complete alignment of the moment with the applied
field. ) We find no evidence for the appreciable
negative polarization of the conduction electrons
previously reported in Pd, „Gd„.'

This paper is organized as follows: In Sec. II
we describe the sample-preparation techniques
and the experimental details. In Sec. III the low-
field magnetic susceptibility y(T) for 4. 2 & T & 250
K is presented. The data are separated into two

groups, those alloys where the rare earth shows
a magnetic moment (Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, and Yb) and those a.lloys with no ap-
parent rare-earth moment (Ce, Eu, I.u, and Y).
In Sec. IV the high-field magnetic-moment data
at 4. 2 K and for applied fields Hp up to 210 kG are
presented. Analyses of the magnetic data'using
a semiempirical formula and using crystal field
theory are presented. In Sec. V the low-tempera-
ture electrical resistivity at zero magnetic field
of all the Pd& „R„alloys for x-0.01 is discussed.
In Appendix A we discuss a search for the presence
of the Pdaft intermetallic phase in our alloys, and
Appendix B contains a comparison of the magnetic
properties of Pd, „Er„alloys prepared in different
ways.

II. EXPERIMENTAL DETAILS

A. Sample Preparation

Most of the rare-earth elements make good dilute
solid solutions with Pd, even though the usual
Hume-Rothery rules are not strictly obeyed. '~

Our starting materials were of the highest purity
available. The Pd (J5M wire) was better than
99.99% pure, and the rage-earth metals used were
-99.9% pure with respect to other rare-earth ele-
ments and were generally selected for low-Fe

content. Since Fe impurities in Pd produce a gi-
ant moment (-10lua/Fe atom), significant amounts
of Fe in the alloy could add a large spurious com-
ponent to the magnetic moment of the impurity.

The constituents were arc melted in a gettered
argon atmosphere on a mater-cooled high-purity
copper hearth. The first few melts were made at
low current until it was clear that the rare-earth
chip had melted into the host. Finally, the alloys
were homogenized several times at high current
and quenched to room temperature in about 1 sec.
In most cases the weight losses assured -2% ac-
curacy of the nominal rare-earth concentration.
In such cases the nominal concentration was as-
sumed to be correct. Analyzed values were used
when there were greater weight losses (i. e. , for
Eu, Tm, and Yb, which have low boiling points).
Atomic absorption analysis was used to determine
the rare-earth content to = a 10%.

The x-ray lattice spacings of several alloys
were measured to search for the presence of any
ordered intermetallic phases, such as Pd3R. In
particular, the lattice constant of our Pdp g5Gdp p5

alloy should be about 3.92 A, '~ while Pd~Gd, an
ordered fcc structure of the Cu, Au type, has a
lattice constant of 4. 08 A. " No evidence of the
Pd, Gd phase was detected in this high-concentration
alloy. The limits of resolution were such that if
any Pd, Gd were present, it would constitute less
than about 1'/o of the sample. Other attempts to
determine the presence of this intermetallic phase
will be discussed in Appendix A.

B. Magnetic Measurements

Measurements of low-field (Ho & 17 kG) suscep-
tibility vs temperature were made with a vibrating-
sample magnetometer (VSM) in an unshielded li-
quid-helium Dewar. " The liquid helium was al-
lowed to boil away and the temperature drifted from
4. 2 K to room temperature in 2 or 3 h. The mag-
netic moment at fixed field was measured during
this warmup period. The applied field was small
enough to ensure that the moment and field were
linearly related. Thus, the measured moment
was proportional to the "zero-field" susceptibility
x(&).

Magnetic-moment measurements in fields up to
50 kG were carried out with a commercial VSM
and a superconducting magnet. These high-resolu-
tion measurements were used to normalize the
moment-vs-field results made to -210 kG with a
very-low-frequency VSM'6 in water-cooled Bitter
solenoids.

Several very dilute arc-melted and splat-cooled
Pd, Q„samples (x& 0. 0025) were furnished to us
by Davidov, who had made EPR studies of the rare
earths in some of these samples. We made mag-
netic measurements on these a1.1oys and on similar
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nonsplatted samples of our own in order to com-
pare the magnetic properties of specimens pre-
pared in different ways. These results are dis-
cussed in Appendix B.
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C. Electrical-Resistivity Measurements

The electrical-resistivity (p) measurements were
made on foils fabricated from chips of the same
samples used in the magnetic measurements. The
small chips were rolled to -3&&10 cm thickness
and carefully cut into rectangles -3 cm long and
-0. 2 cm wide in a shearing device that cut both
edges simultaneously. The foils were then etched
and annealed at 500 'C for 4 h to remove strains
introduced in the rolling process. The;xmples
were immersed in a liquid-helium storage Dewar
and the resistivity was determined from four-
probe measurements by a method due to Loram
et al. ' In this way the absolute resistivity could
be determined to about 1%.

III. TEMPERATURE DEPENDENCE OF MAGNETIC
SUSCEPTIBILITY FOR 4.2 ~ T ~& 250 K

A. Alloys with Large Rare-Earth Moments

The low-field temperature-dependent magnetic
susceptibility g(T) of an alloy of the Pd, „Lu„series
was assumed to be equal to the matrix susceptibil-
ity y „(T) and was subtracted from &(T) of the
Pd, „R„alloy to obtain the temperature-dependent
rare-earth-ion susceptibility Zs(T); i.e. , &„(T)
= y(T) —g „(T). The y(T) for all the Pd, „R„alloys
where R is nonmagnetic is shown in Fig. 1. For
the Pd(Tm) and Pd(Yb) alloys the rare-earth con-
tent was estimated from weight losses in the arc-
melting process and a linearly interpolated value
of y(T) for Pd, „Lu„was used for y «(T).

In Figs. 2 and 3 we show g„'(T) vs T for most
of the alloys studied, and y(T) vs T is shown for
two of them. The Curie law is well obeyed in all
cases; i. e. , y„'(T) ~ T for T & 20 K. The rare-
earth effective magnetic moment Po„„,(ps/atom)
was deduced from the slope of the straight line
drawn through the data points of Fig. 2 or Fig. 3
using the relation y„(T}= Npsc„„,psa/3kT, where N
is the number of rare-earth atoms per gram. The
value of Pc„„,is related to the high-field satura-
lon moment ~sat~

where J is the total-angular-momentum quantum
number.

The justification for using a Lu alloy as & «(T)
is that Lu, while not possessing a moment itself,
is similar to the heavy rare earths in its chemical
properties and presumably in its effect on the band
susceptibility of Pd. Based on this assumption,
only the effect of the impurity moment should be
present in the gz'(T) vs Tplots; band filling o-r-
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FIG. 1. Magnetic susceptibility &(T) for Pd~ „R„alloys
where R =Lu, Ce, Eu, or Y (all of which have no mag-
netic moment in Pd). Concentrations are given in at. %.
Note the ordina, te axis breaks and the arrows which indi-
cate the positions of the maxima in X(T). The low-tem-
perature increases in g(T) are due to extraneous rare-
earth and/or iron-group impurities.

exchange enhancement alterations are assumed
to be compensated for by the g „(T) correction.
If the susceptibility of Pd(Eu} or Pd(ce) is used
for g „(T), there is less than 1% change in the
value of Pc„„,for the large-moment alloys. The
straight lines in Figs. 2 and 3 appear to pass
through the origin; the paramagnetic Curie tem-
perature 9 is less than about 2 or 3 K, where 8
is deduced from a fit to the Curie-Weiss law
X(T) (T~ ~) '

The values of Pc„„,derived from the data of
Figs. 2 and 3 are tabulated in Table I with the val-
ues expected for the free-ion moment g[J(J+ l}I~~a,
where the g factor and total-angular-momentum
quantum number J for a 3+ ground-state rare-
earth ion are used. Note that since pc„„,~N '
whereas P„t~N ', any uncertainty in the exact
concentration of R is less significant in evaluating
P«„, than P,«. In all cases in Table I, except
for Yb, the measured high-temperature moment
is equal to the free-ion value within + 5%. The
results of similar measurements on the light rare-
earth alloys (e. g. , Pr, Nd, and Sm) are not in-
cluded in this tabulation because the rare-earth
moments are very small and the choice of g „(T)
becomes an important contribution to the value of
PCurie'

We note from Figs. 2 and 3 that y„'(T) vs T is
quite linear at high T for all the heavy rare-earth
alloys, even though contributions from y „(T) are
more significant. If there were excited states at
energies within a few hundred degrees of the
ground-state manifold, we would expect deviations
from the Curie-law behavior at higher tempera-
tures. Previous investigations" show that for the
heavy rare earths listed in Table I there are no
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O

TABLE I. Effective moment pc„,&e (pz/atom) for heavy
rare earths in Pd& Q„determined from low-field suscepti-
bility measurements X(T) for 4. 2 —T —250 K. The free-
ion R moment is given in column 4.
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x I.Q

50 I 00 l50

IA

O

I Q
—ft:x

200 250

Gd
Tb
Dy
Ho

Er
Tnl
Yb

1.00
1.00
1.05
1.00
1.00
1.50
0.85

7.9
9.2

10.3
10.1
9.3
7.2
4.0

7.94
9.72

10.65
10.18
9.58
7.56
4.54

FIG. 2. Inverse of the rare-earth contribution to the
susceptibili y Xz (T) for Pd~ „R„alloys where R =Gd, Tb,
Ho or Dy and X{T) for Pdp. 99Dyp. pi ~ Here &z(T) = P(T)
—p~«(T), where Xf„«(T) is the susceptibility of Pdp, 99Lup, p

(see Fig. 1). The slope of g~ {T) vs T determines the
effective moment per R atom listed in Table I.

excited states lying below -1400 K.
Crystal field effects can produce deviations from

the Curie law at low temperatures. Such effects
have been observed by Williams and Hirst' for
dilute Au, „R„and Ag, Q„alloys. In contrast, we
observe only slight deviations from the Curie law
in the Pd, „A„alloys. In Sec. IVB we discuss the
effects of crystal fields on the high-field magnetic-
moment data of Pds, QDyo 0, at 4. 2 K and on p„(T).

B. Alloys with Zero Rare-Earth Moment

We have found that dilute amounts of Y, I u, Ce,
and Eu do not show a magnetic moment when dis-
solved in Pd. The zero moment for Y and Lu is
expected, but Ce or Eu may or may not have a
moment depending on the valence state of Ce or
Ku in the matrix. Our data indicate that Ce goes
into solution as Ce4', and Eu goes into solution as

Eu'. Based on high-resolution o(Ho) measurements
of Pdp 99C ep p, we can place an upper limit on the
moment of Ce in Pd as less than 10 ps/Ce atom.
Earlier data' suggested 1.1 ps/Ce atom.

In Fig. 1. we plot y(T) for three Pd(i.u) samples
and also for Pdp 985Yp p]5& Pdp ~ 987Eup p&3& and

Pdo 9~Ceo s, . The small increases in g(T) at low

Tare probablydue totrace amounts of Fe(-20ppm)
and/or other rare-earth impurities in the alloys.
Several other Pd&,Ce„alloys with 0. 002 & x &0. 07
have been studied. The results are similar to the
x= 0. 01 alloy but the Ce used for these alloys was
of lower purity and, as expected, the low-tem-
perature y(T) increases are larger. The low-tem-
perature increase in y(T) for the Pdo»Ceo s7 alloy
was greater than could be accounted for by Fe,
Co, or extraneous R impurities. This may be an
indication that the effective Ce valence is less than

4+ at high concentrations, perhaps because of Ce-
Ce interactions.

In Fig. 4 we show the high-fieM susceptibility

@F at 50 ko and 4. 2 K vs concentration for all t e
alloys showing no magnetic moment. It is evi ent
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FIG. 3. Inverse rare-earth contribution to the suscep-
tibility &z (T) for Pd~„„R„alloys where R = Tm, Er, or
Yb, and &(T) for Pdp. 99Erp. p~. The symbols are defined in

the caption of Fig. 2.

FIG. 4. Susceptibility XHF at 50 kG and 4.2 K vs con-
centration for the Pd& Jt, alloys where It has zero mag-
netic moment in Pd. The solid curve is drawn for R+
rare-earth ions and the dashed curve is for R ' (i.e. , R
= Ce).
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that g„~ decreases somewhat more rapidly per
Ce atom than for other rare earths. This is not
surprising because we would expect Ce" to fur-
nish an additional electron to the conduction band
compared to the 3+ ions, and the large suscepti-
bility of Pd is expected to be a sensitive function
of conduction-electron concentration. For com-
parison, the concentration dependence of g» for
Pd(Ag) is also shown in Fig. 4.

Returning to Fig. 1, careful examination of the
shape of the curves reveals an interesting effect:
The position of the maximum of g(T) depends on

x and B (see arrows). When Lu is added to Pd,
the maximum y „(T) shifts toward lower tempera-
tures, whereas for all the other alloys discussed
in this paper the maxima remain at 85 K. The
temperature T,„vs concentration of rare earth is
plotted in Fig. 5, where T,„is the temperature
at which y, „occurs. The shift of ~,„(T) towa, rd
T=0 for Pd(Lu) is similar to that for Pd(Rh). 2O

The gradual decrease in the magnitude of g,„at
85 K with increasing concentration of rare earth
is characteristic of the Pd(Ag) alloys. ~o The dif-
ference between the two cases is quite striking.

Several explanations for the existence of the sus-
ceptibility maximum in Pd have been advanced. '
None of these models fully accounts for Z(T) of
Pd and its alloys. It seems clear that the position,
and indeed the existence of g,„(T) depends strongly
on both the topology of the Fermi surface and the
exchange enhancement. It is hoped that our re-
sults for dilute rare-earth alloys of Pd will mo-
tivate further theoretical work on the susceptibility
anomalies in strongly paramagnetic metals and
alloys.

IV. FIELD DEPENDENCE OF MAGNETIC MOMENT AT
LOW TEMPERATURES (0 WHO 4 200 kG)

A. Experimental Results

The magnetic moment o(HO) in Pd, „B„alloys
where R = Y, Ce, Eu, or Lu (all have zero mo-
ment in Pd) was measured to either 150 or 200 kG
at 4. 2 K. No deviations from linearity of o(HO)
vs IIQ were detected. This is reasonable since
psF & y»(Pd) (see Fig. 4). In contrast, in higher-
susceptibility alloys, e. g. , Pd, „Rh„, field-depen-
dent Pauli paramagnetism is observed.

The o(HO) isotherms at 4. 2 K for the Pd, Q„
alloys, where A is a rare earth with a nonzero
moment, are plotted in Figs. 6 and 7. In all cases
the rare-earth moment is not saturated even at
200 kG. Lowering the temperature to 1. 5 K has
little effect on the approach to saturation. It is
clear that some means (e. g. , a. functional depen-
dence) of extrapolating the data to higher fields
is necessary in order to extract the saturation
magnetic moment of the rare earth and the value
of the matrix susceptibility.

120—

I 00 —.
x—x—vo~ 80—

Eso—

~ =Pd
x = Pd (Ce)
o= pd(LU) & ThlS
a = pd (EU) wor k

~=Pd (Y)
Pd (Ag) Re f PO+ =Pd (Rh)

40—

20—

0
0 I.O 2.0

( Gt.% )
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FIG. 5. Temperature of the susceptibility maximum

Tm~ vs concentration of solute for Pd~ „R„alloys where
B has no moment in Pd. Pdg „«„and Pd~ „I'.h„show
a rapid variation of T~ vs concentration.

B. Analysis of Magnetic-Moment Data

1. Application of Semiempirical Formula

Praddaude" has developed a semiempirical
formula which fits all the high-field data to better
than -I/q. For fixed temperature this formula is

A.HQ
o(H~) =

(

+ CHO . (2)

The first term on the right-hand side describes
the field dependence of the moment (here a rare
earth) and it is the simplest rational Pade approxi-
mant. In the limit of large Ho, Eq. (2) becomes
A/B+ CHO, so that C is just the matrix suscepti-
bility and A/B is proportional to p„, (ps/atom),
the saturation moment per rare-earth atom. In
the limit of small Ho, Eq. (2) approaches (AHO+ CHO);
thus 2 is a measure of the low-field rare-earth
susceptibility. The parameter B is a measure of the
the ease of saturating the rare-earth moment;
large 8 means saturation is readily achieved. A
discussion of Eq. (2) and its application to the
Pd, „B„system has been given in Refs. 7, 8, and
11. We will illustrate here the utility of Eq. (2)
for studying the magnetic properties of the Pd, +„
system by examining its application to a particular
alloy, PdQ 98GdQ Q2.

a. Field dePendence of o for Pdo»Gdo 0~. A
fit of Eq. (2) to the o(HO) data up to 212 kG for
PdQ ~ 9,GdQ» at 4. 2 K is shown in Fig. 8. For a
free Gd ion the variation of 0. vs HQ is given by a
Brillouin function Bz(gJijsHO/kT), where J = 27 and
g= 2 for Gd '. Even when an effective tempera-
ture (T —8) is included in the argument of B,&z

corresponding to a Gd-Gd interaction of 6 =+ 1.5 K
(where 8 is optimized for the best fit to the data),
the data points and the modified Brillouin function
still show large and systematic deviations (see
Fig. 8). Such large deviations also are found for
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FIG. 6. Magnetic moment vs applied field at 4. 2 K
for Pd~ „R„alloys where R =cd, Tb, Dy, Ho, Er, or Tm.
The solid lines represent the best fit to the data by Eq.
(2).
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FIG. 7. Magnetic moment vs applied field at 4. 2 K for
Pd~ „R„alloys where R=Nd, Yb, Pr, Sm, or Lu. The
solid lines represent the best fit of the data by Eq. (2).

B~, where J=a, 3, 4, ~, or 5. On the other
hand, the fit of Eq. (2) to the data is well within
1% over the field range 3. 18 &H~ & 212 kG and there
are no systematic deviations at low or high fields.
Clearly, the semiempirical formula gives a re-
markable description of the field dependence of
o(H~) at fixed T. Equally good fits were obtained
for data taken at T=14, 20, and 30K over the field
range 3. 8 & KQ & 50 kG.

b. Temperature dependence of o for Pdo 9,Gdo Oa.

If Eq. (2) reflects an adequate mathematical de-
scription of o(H~), we expect it to yield a reason-
able description of the temperature dependence of
0. The temperature dependence of A and B must
be identical since the moment A/B is assumed to
be a constant, independent of HQ and T. Assuming
A = a/(T —6) and B= b/(T 9), i.e. ,—A and B each
follow a Curie —Weiss law, the best value of 0 is
obtained from the o(T) data at fixed Ho. Data at
HQ=12. 5 and 50 kG for 4. 2& T &300 K for the

—30
0 20 40 60 80 I 00 I20 I40 I60 1 80 200 220

Ho (kG )

FIG. 8. Comparison of best fits by Eq. {2) and of a
Brillouin function to the magnetic moment of Pdp, 986dp, p2

at 4. 2 K. The fit to the Brillouin function is for
I37f2fvP+Hp(& —&. 5) t. The percent deviation of the fits is
shown as a function of Hp. The deviations from the
Brillouin-function fit are large and systematic, whereas
the deviations from the fit to Eq. (2) are small and ran-
dom.

PdQ 98GdQ ~ Qz sampl e w ere employed, and a value of
8=4. 0+0. 2 K was obtained. The calculated and
measured values of the moment agree within 6%
from 250 down to 6 K. However, the deviations
are systematic and outside the experimental error.
A fit of the usual Curie-Weiss law shows that
large systematic deviations occur for T&30 K. It
should be noted that the B term in the denominator
of Eq. (2) introduces a field dependence not present
in the usual Curie-Weiss law. When KQ -0, the
temperature-dependent form of Eq. (2) reduces to
the usual Curie-Weiss law. Finally, a general
form of A and B varying as (T —8) was examined,
and e =1.1 generated the best fit to the data. How-
ever, the improvement over the G.'=1 fit was neg-
ligible.

c. Approach to saturation of the rare earth ion. -
We return now to the B term of Eq. (2) and treat
it as a temperature-independent parameter. B is
a measure of the ease of magnetizing the rare-
earth moment or, alternatively, a way to include
the field dependence of o to lowest order. To
illustrate the effect of B on o(HO), we show in Fig.
9 plots of the normalized magnetic moment vs
field to HQ = 200 kG for different values of B. The
quantity of importance is the magnitude of BlHQl
compared to 1. When BIHOI -20, 95% of satura-
tion is achieved. Hence, Fig. 10 can be used as
a guide to determine if sufficient field is available
to deduce p„, («A/B) and g „=C. It is important
to realize that in order to evaluate A/B accurately
from the high-field extrapolation the contribution
of the C term of Eq. (2) must be small. This
means that at low fields C cannot be deduced unless
one has extremely accurate o'(Ho) data as well as
a good functional dependence, such as Eq. (2).
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obtained from the analysis of the EPR data. Dy
was selected for this analysis since it is the only
non-8-state rare-earth ion in Pd for which EPR
data have been published. ' ' We have found that
both W and x (for Dy) can be determined precisely
from a proper analysis of the available EPR data
alone. Here we have used these independently
determined values of x and 8'in order to compare
the magnetic-moment data with predictions of
crystal field theory.

b EP.R in Pd(Dy) alloys. Recently Devine
et al. ' discussed the EPR of Dy

' in single-crystal
Pd. The spin-Hamiltonian analysis of the g value
and the anisotropy of the most intense EPR line
indicated —0. 6& x& —0. 2 and W& 0. For this
range of x and S; the ground state and the first

TABLE III. Summary of magnetic-moment vs field
[0(80)J data to 200 kG at 4. 2 K on Pd~ „R„alloys. The
parameters C, B, and A are determined from rms fit to
Eq. (2). C is the band susceptibility, 8 is a measure of
the ease of magnetic saturation (low B indicates a rare
earth that is very difficult to saturate), and P,~t(«A/8) is
the moment of R. The term gJ is the moment expected
for an R3' ion (except Ce and Pr, which are R ').

I I I I I I

Eu l Tb I Ho I Tml Lu
Gd Dy Er Yb

FIG. 10. Residual resistivity at 4. 2 K due to 1 at. %%uo

rare earth, pg(4. 2 K), for the Pd~ ~R„alloys vs atomic
number for R=Zu, Gd, Tb, Dy, Ho, Kr, Tm, Yb, or
Lu. The Pd matrix resistivity {-0.1 p~ cm) has been
subtracted from the measured resistivity. The error
bars represent the +5% variation of several measure-
ments on the same alloys. Also plotted are the de Gennes
factor (g

—l)28(j+1), the total orbital angular momentum
I, the free-ion moment gJ, and the ionic radii for the
heavy R ' ions.

Rare earth

Ce
Ce
Ce
Ce
Ce
Ce
Ce

Conc.
(at. /p)

0.06
0.25
0.67
1.00
l. 57
2. 95
6.7

C
(10 '/g)

6.87~
5. 92
5.54
5.66'
4. 63~

3 24a

l.7la

1.00 6.3
Nd 1..00 5.4
Nd 2.00 2. 5

Sm 1.00 5. 9

Eu l.30 6.1"

8
(lo' G)-'

20.

25
20

2.1

3.3 3.3
3.8 3.3
0.8 0.7

0 0

Psst(~ A/B)
(p,&/P atom) gJ

0
0 0
0 0

&10 3 0
0 0
0 0
0 0

value of the angular momentum J of the rare-earth
ion, 8"=kTo is an over-all scaling factor for IIcp,
and —1& x&+1 is related to the ratio —~ & B4/Bs
& oo ~

There are several ways to evaluate x and S':
(a) from a fit of the magnetic-moment data,
(b) from a fit of the anisotropy and g value of the
EPR data. , and (c) from a combination of both (a)
and (b). We find that we cannot obtain a precise
value of x and S' by using only magnetic data. In

principle the EPR data may be used to determine
x (by employing an effective spin Hamiltonian) and
then 8' may be determined from the magnetic data.
Since 210 ko corresponds to an energy of about
28k~ for g=2, we expect that the approach to sat-
uration of the rare-earth ion will be strongly in-
fluenced by the crystal field splitting. Therefore
we can determine W by fitting the o (Hn) data to the
results of crystal field theory using the value of x

Gd

Gd
Gd
Gd
Gd

0.29
O. 68
1.00
l.38
2. 03

5.6b

5.ob

4.6
4. 8

3.6

60
90

100
130
160

8.0
7.5
7.2
7.1
6.8

Tb 1.00 4.8

Dy 0 25 6 7btc

Dy 105 73
Dy 2. 00 7.2

Ho 1.00 5.1

Er 0.10 5.4"
Er O 2O 5 4~'
Er 1.00 4. 2

Tm 150 55
Yb 0.85 4.9

Lu 0.50 6.55
Lu 1.OO 6.O'

Lu 1.89 5.05'

Y l. 50 4.7

85

75
95
95

80

45
40
65

20

9.0 9

9.2 10
8.9 10
8. 2 10

9.6 10

11.3 9
15.2 9
9.5 9

6.0 7

4.4 4

0 0
0 0
0 0

0 0

Measured at 4. 2 K in fields to 50 kG.
"Measured at, 4. 2 K in fields to 140 kG.
Arc-melted sample of Davidov et al. (Ref. 29).
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c(Ho) =mf(Ho T)+CHo (5)

where f(HO, T) can be calculated numerica'lly as a
function of Ho and T, and m (which is proportional
to the rare-earth concentration) and C are adjust-
able parameters for the rms fit to the measured
moment.

The theoretical results were compared with the
following experimental data: (i) the magnetic
moment measured at constant field (2. 2 kG) as a
function of temperature, 4. 2» T»250 K, and (ii)
the magnetic moment at constant temperature

excited set of energy levels are the I'8 ' and I'8 '

quartets.
We have reanalyzed the EPR data as follows:

The 16&&16 matrix of the cubic crystal field, suit-
able for the Z=~z ground level of the 4f' configura. —

tion of Dy ', including the interaction with an ar-
bitrarily oriented magnetic field Ho, was diagonal-
ized. We calculated the transition probability,
weighted by the proper Boltzmann factor, for the
six possible transitions between four levels for
the I'8 ' and I'8~ ' quartets. This was necessary in
order to identify the strongest resonance. Sur-
prisingly, we found that the anisotropy of the
strongest EPH line could be used to determine
uniquely the values of T& = 89. 3 mK and x = —0. 5418.
This EPR line results from the transitions between
the second and th~3 d levels of the ground-state
quartet I'8 ', instead of between the first and sec-
ond levels, as suggested by Devine gt al. In addi-
tion, the g factor is strongly magnetic field depen-
dent. The over-all splitting of the multiplet is
—25 K and the next quartet, I", ', is - 2. 5 K above
I"8@'. The detailed results of this analysis will be
presented in a separate paper.

c. Application to magnetic moment -data of
Pd(Dy) a/lo sy. Based on the unique determination
of x and S' described in Sec. IVB2b, we can pro-
ceed with the analysis of the magnetic-moment
data.

The eigenvalues were used to calculate the

thermodynamic free energy of the rare-earth ion.
A numerical differentiation with respect to the
applied field Ho gave the numerical value for the
magnetic moment of the rare-earth ion as a func-
tion of W (or To) and x, the magnitude and orienta-
tion of Ho, and the temperature.

Since the contribution to the alloy magnetic
moment by the rare-earth ion is anisotropic and
the measurements were made in disordered poly-
crystalline alloys, we performed a numerical
average over the three orientations (001), (ill),
and (110), with suitable weight factors, in lieu
of an integration over the unit sphere. This aver-
age was then compared with the measured mag-
netic moment. The magnetic moment is then
written as

1.05 at. %Dy: n" =0.86 at. %, C=8. 4x1,0 'emu/g;

0. 25 at. /ODy: n" = 0. 20 at. %, C = 8. Ox 10 eemu/g.

If we set p„, = 1 Op@ Dyat om, use the values of C
taken from Table ID, and allow only the concentra-
tion to be an adjustable parameter in Eq. (2), we
obtain

1.05 at. %Dy: n" =0.90 at. %, C= V. 3x10 emu/g;

0. 25 at. %Dy: n" = 0. 23 at. %, C - 6. Vx 1,0 ~emu/g.

The crystal field fit gives concentrations n" - 20/o
below the nominal values and X „is even larger
than the susceptibility measured at 200 kG.
Furthermore, the deviations between theory and
experiment are systematic. The very l.arge value
of C is the result of an rms force fitting of the
crystal field theory to experiment-the theoretical
results approach saturation more rapidly than ex-
periment and, to compensate for this, an unreal-
istically large value of C is required.

3. Comparison ofAnalyses ofMagnetic-Moment Data

In Secs. IV B 1 and IV B2 we discussed how both
Eq. (2) and crystal field theory (CFT) were fitted

(4. 2 K) as a function of applied field, 11»Ho —210
kG. For the discussion of the fit of Eq. (2) to the
magnetic-moment data in Sec. IVB1, we fixed the
concentration and allowed P,«and y „to be ad-
justable parameters. When we employ crystal
field theory, p„ is fixed since the H»~2 term of
Dy ' has a moment of 10'~. Furthermore, x and
8' are fixed by the analysis of the EPR data. The
only adjustable parameter available to us is C.
In order to obtain a better fit of theory to data, we
have also allowed the concentration to be adjusted
for comparison with the crystal field calculations.

The temperature dependence of the magnetic
moment was examined for the l. 05-at. %-Dy alloy.
The moment calculated from crystal field theory
was normalized to the experimental data point at
68 K, where the rare-earth moment is approxi-
mately three times the host moment. From this
normalization we calculate a rare-earth concentra-
tion n' = 0.95 at. %. We find good agreement be-
tween theory and experiment at T & 35 K, where
the Curie law is well obeyed. For T~ 30 K both
theory and experiment deviate from the Curie law
in the same direction, but the deviation of the ex-
perimental data points is two or three times
larger.

The field dependence of the magnetic moment
at 4. 2 K was examined for both the 0. 25- and
1.05-at. /o-Dy alloys. The best rms fit to the
experimental data gave
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to the experimental Pd& „Dy„data. In this section
we summarize the relative merits of each approach.

The rms error of the CFT fit to the magnetic-
moment data of Pd& „Dy„ is two or three times
larger than the fit using Eq. (2). Unfortunately,
this difference is not large enough to conclude that
one method has a unique advantage over the other.
Therefore, we must examine the fits in more
detail.

We think it is significant that there are system-
atic deviations of the CFT fit; the theory predicts
a too rapid approach to saturation of the Dy mag-
netic moment. As pointed out in Sec. 1V 8 2, in
order to obtain the best rms fit an anomalously
large matrix susceptibility was required. It
should be noted that in the case of Pdz „Gd„CFT
also predicts a too rapid saturation of the rare-
earth magnetic moment (see Fig. 8). Here the
magnetic moment should saturate as a B~&z Bril-
louin function, since Gd" is an S-state ion and
only second-order fine-structure effects have
been observed. It is clear then that in order to
fit the data using CFT further perturbations to the
theory must be included in order to explain the
slow approach to saturation observed in both
Pd& J3y„and Pd& „Gd„. This perturbation should
affect primarily the high-field magnetic proper-
ties, since it has already been pointed out that
CF T adequately explains the low-field (Ho & 4 kG)
EPR data and the temperature dependence of the
magnetic moment.

We have so far not considered the possibility
that there may be concentration-dependent contri-
butions to the parameters (& and x) of CFT. Dy
concentrations of 100 and 500 ppm were used in
the EPR measurements. These concentrations
are too low for us to use for high-field magnetic-
moment measurements; the Dy content of our
alloys was much higher (0. 25 and 1.05 at. %). We
recognize the possibility that there may be rare-
earth-rare-earth interactions and/or intermetallic
compounds (e.g. , Pd3R) present in our more concen-
trated alloys. However, we find no evidence for the
presence of the Pd,R phase in our alloys (see
Appendix A). We also examined the concentration
dependence of the magnetic-moment isotherms at
4. 2 K in the alloys of Pd~ „Gd„(x= 0.0029, 0. 01,
and 0. 02), Pd~ J3y„(x= 0. 01, 0. 0025), and

Pd& „Er„(x=0. 01, 0. 002, and 0. 001). The rare-
earth moments (o —g „Ho) for each rare-earth
system were normalized at Ho-50 kG and com-
pared. We find that for Pd~ J3y„and Pd~ „Er„the
normalized data fall on the same curve to within
experimental error (2%). In this procedure ~«
is obtained from Table III for x& 0. 0025, and ~„
= ppd was used for the more dilute alloys. These
results show that there are no discernible con-
centration-dependent effects on cr —g „Ho for these

alloys.
In order to examine the applicability of CFT in

greater detail, magnetic measurements in single-
crystal Pd~ Q„alloys would be valuable. So far
these materials have not been available to us.

Whether or not CFT is applicable to the Pd~ Q„
alloys, Eq. (2) provides a convenient way of
describing the measured results, particularly
when it is necessary to analyze a large amount
of data. In contrast, CFT requires a lengthy and
time-consuming numerical analysis as well as
independent experimental results and analysis
(e. g. , EPR or neutron scattering). Finally, the
CFT analysis of the data for Pd~ J3y„and Pd~ „Gd„
gives values of the matrix susceptibility and
saturation moment per rare-earth atom that are
not satisfactory. Equation (2) provides more
reliable values of these quantities (see Table III).

V. I.OW-TEMPERATURE RESISTIVITIES

The low-temperature electrical resistivities of
the Pd~ Q„alloys for x- 0. 01 were measured in
an attempt to correlate the rare-earth —conduction-
electron scattering with the bulk magnetic prop-
erties. The resistivity is very sensitive to the
atomic size and the charge distribution as well as
the magnetic moment of the rare-earth ion.

A. Experimental Results

Most of the resistivity measurements were
taken at 4. 2 K. In the case of Pd, „Gd„and
Pd& „Ce„ the temperature dependence of the
resistivity was measured for 1.5& T~ 20 K and the
resistivity was independent of T to about one part
in 1000 for T~ 10 K. We assume that the different
scattering mechanisms are additive and that the
excess resistivity per at. /o rare-earth ion is
given by ps(T) = [p(T) —pz, ~(T)]/100x, where p(T)
is the measured resistivity of the alloy and p~„(T)
is our measured resistivity of pure Pd. The
resistivity of Pd (-0. 1 p, A cm) is less than 10% of
the total resistivity in all cases and p(T) is
primarily due to scattering from the rare-earth
ions.

In Table IV we tabulate the values of p(4. 2 K)
obtained for the x-0. 01 Pd~ Q„alloys discussed
in the previous sections. The method of measure-
ment was outlined in Sec. IIC. All the data were
normalized to x=0.01. In all cases at least two
measurements of p(4. 2 K) were made on different
pieces of the same alloy, and these measurements
never differed by more than+ 5/0. These vari-
ations in p(4. 2 K) include effects of incomplete
annealing and/or accidental cold working after the
anneal.

In what follows we will confine our discussion
to the data for the heavy rare-earth alloys
(Pd& „Eu„ through Pd& „Lu„). The light rare-earth
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Ce'4"
(4+)

Nd

Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

1.72
0. 86
1.38
2. 42
1.36
1, 63
1.71
1.97
1.93
2. 33
2. 30
1.92
2. 12

15, 75
10.50
7. 08
4. 50
2. 55
1.17
0.32

0

0 7
3 9
5 10
6 10
6 9
5 7

0 0

data will not be considered because they are in-
complete, the Ce and Pr ions are quadrivalent in
Pd (see Sec. IV), and finally the anomalously
large value of p(4. 2 K) for Pdt. „Sm„ is not under-
stood.

In Fig. 10 we show the values of the resistivity
per at. /p rare earth, p~(4. 2 K), for the heavy
rare-earth alloys. The error bars represent the
+ 5' variation in the data. The data of MacKintosh
and Smidt on Lu~ „R„alloys are also shown in
Fig. 10. The lower portions of Fig. 10 show the
de Gennes factor (g —1) J(J'+1), the free-ion
momentgJ, the total orbital angular momentum
I., and the ionic radii for the trivalent rare-
earth ions.

TABLE IV. Residual resistivities p(4. 2 K) per at. %
rare earth of the Pdt Q„alloys. The term (g-1) J(J+I)
is the de Gennes factor for R ' rare earths. Also listed
for the heavy ra, re-earth alloys are the total-orbital-
angular-momentum quantum number L and the free-ion
moment gJ'.

p(4. 2 K)
()LB om)/a. t. /o (g -l)2J'(/+1)

the Pd, „R„alloys does not obey the Kasuya for-
mula.

Z. Pd, „R~ Alloys

The features of the Pd& „R„data in Fig. 10
suggest that p~ is a sum of three factors: a con-
stant term, a term that increases linearly with
the atomic number of the rare-earth ion, and a
term which is zero for Pd, ,Eu, and Pd, „Iu, and
is maximum near Pd, „Er„. The constant term,
which is the largest contribution to p~, is attributed
to Coulomb scattering from the spherical charge
distribution of the rare-earth ion. The term that
increases linearly with the atomic number is
attributed to differences in the rare-earth ionic
radii relative to the metallic radius of the host.
The ionic radii decrease linearly with atomic num-
ber (see Fig. 10). Since the metallic radius of Pd
is larger than the ionic radius of any of the rare
earths, the perturbation to the periodicity of the
lattice should increase with increasing atomic
number. The third term is zero unless the rare-
earth ion has a magnetic moment; it will be dis-
cussed in more detail below.

The excess resistivity p~ then canbe expressed by
I

pg = 0 + 5'fI! + pR

The values of a and b may be obtained from the
resisitivites of Pd, „Eu„and Pd, „Lu„(neither Eu
nor Lu has a moment in Pd). The integer n is the
number of electrons in the 4f shell of the R" in
Pd&„„R„where n = 6, 7, . . . , 14. The term p~ in
Eq. (7) is shown in Fig. 11. It is clear from Fig.
11 that p~ is more nearly proportional to L, or gJ
than to the de Gennes factor (cf. Fig. 10).

B. Discussion

1. LuI.~R~ Alloys. (Mackintosh and Smidt)

As seen in Fig. 10, the data for the Lu, Q„
alloys are strikingly different from those of our
Pdt „R„alloys. The values of ps(4. 2 K) for the
Lu& Q„system are closely proportional to the
de Gennes factor plotted in Fig. 10. Thus these
data obey the Kasuya formula of magnetic im-
purity resistivity given by

0.6—

0.5—

0.4—
0

0.5—
E

0.2—

O. I—

I I I I I I I I

—l5

—IO

Ps (0) = Ax[A'(0) + Za~(g —I)aZ(Z+ 1)j

In interpreting the Lu, „R„data it is assumed that
A(0) (proportional to the Coulomb scattering) and
J,z (conduction-electron-4 f-electron exchange
parameter) are constants for all these alloys. This
model is based on the premise that the rare-earth
moments are well localized and have 2J+ 1 degen-
erate ground-state levels available for magnetic
exchange scattering with the conduction electrons.

It is clear from Fig. 10 that the p~(4. 2 K) for

-O. I—
I I I I I

Eu Gd Tb Dy Ho Er
I

Tm Yb Lu

FIG. 11, Resistivity p& (see open circles) at 4. 2 K of
the Pd~ „R„alloys for R=Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, or Lu after subtraction of the potential scattering
t.see Eq. (7) J. The error bars represent the +5% varia-
tion of several measurements of the 4. 2 K resistivity on
the same samples. The triangles represent the free-
ion moment gJ for the R3' ions (see right-hand scale) and
show the rough proportionality between pR and the free-
ion moment.
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A variation of p~ with I might be expected if
Coulomb scattering from the nonspherical part of
the 4f charge distribution is important in these
alloys. This effect was discussed by Fulde et al. , 4

who pointed out that aspherical Coulomb scattering
is strongest when the conduction electrons have
a large d-like character. This may be important
for Pd, which has a large d-band density of states
at the Fermi surface. However, we have no way
of evaluating the strength of the aspherical Cou-
lomb scattering from first principles or from
independent expe rimental evidence.

The p~ terms also may be produced by conduc-
tion-electron scattering from the magnetic dipole
moment of the rare-earth ion. A moment which
responds as a free ion to a magnetic field should
produce conduction-electron scattering by the free
ion resulting in a resistivity given by the de Gennes
factor in Eq. (6). For a less responsive moment,

p~ should be better characterized by scattering
from a more nearly fixed magnetic dipole moment.
For a rare-earth magnetic moment with a fixed
orientation, p„would be given by

p„'=c(gz) . (6)

From the field dependence of the rare-earth
moment for all the Pd, „„R„alloys, we conclude
that the rare-earth moment in Pd is less respon-
sive to a magnetic field than a free ion. There-
fore we would expect p~ to be more nearly pro-
portional to gJ rather than the de Gennes factor in
Eq. (6). This appears to be the case; the term
gJ is also plotted (see triangles) in Fig. 11 for
comparison.

In contrast, the data of MacKintosh and Smidt '
showed that p& was proportional to the de Gennes
factor for Lu& +„. From the above discussion
the rare-earth moments in these alloys appear to
behave as nearly free ions. Although no magnetic-
moment data are available for these alloys, we would
expect that the field dependence of the rare-earth
moment would follow closely a Brillouin function.
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APPENDIX B: COMPARISON OF ARC-MELTED ALLOY
WITH SPLAT-COOLED ALLOY

the Pd3Gd phase was found for x~0. 05.
A striking resistive maximum was observed '

for PdsGd: p(T) increased by - 30% from 4 K to a
maximum at 8 K, then decreased to a shallow
minimum at 10 K, and finally increased monotoni-
cally with increasing temperature. The p(T) data
of Schiffrin on a Pdp gggGdo 08g alloy showed a
similar resistive anomaly, which we attribute to
the presence of Pd3Gd in his sample. We care-
fully examined the electrical resistivity of our
Pdo ggGdo, og alloy for 4. 2 & T ~ 20 K. The resolution
of our p(T) data was better than 1:104. No p(T)
anomaly was detected: p(T) was constant up to
-8 K and then increased monotonically up to 20 K.
We conclude that any Pd3Gd phase, if present,
constitutes less than-0. 03/p of this sample. Since
for most of our samples x&0. 01, we assume that
the Pd3R intermetallic phase is negligible in our
Pd~ Q„alloys. '~
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,APPENDIX A: SEARCH FOR Pd3R PHASE IN Pdl „R„ALLOYS

The results of x-ray studies on the Pd& „Gd„
alloys were presented in Sec. II. No evidence of

We have compared the magnetic moment of a
splat-cooled 1200-ppm Er-in-Pd alloy of Davidov
et al. with our arc-melted 1000-ppm Er-in-Pd
alloy. The magnetic moment vs Ho per 1000-ppm
Er for both alloys at 4. 2 K is shown in Fig. 12.
Here we assumed that X „=&~ (= 6. 7&& 10 emu/g).
The normalized data agree within 2%%u~ up to 50 kG.
We conclude that the magnetic properties of the

Pd, Q„alloys in the x- 0. 001 concentration range
are identical for both methods of preparation.
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