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Measurements of the magnetic moment cr(H, T) of Pd, ,Gd„alloys were made for 0.0003 & x & 0.02 in applied
fields H up to 215 kG and for 1.3 & T & 4.2 K. The data were analyzed using four different formulas which

permitted extrapolation of cr to very large fields so that the saturation moment p., and matrix susceptibility

g „could be determined. Detailed data analysis shows that: (a)p,, 7p,~/(Gd atom) for all the alloys studied,

(b) g „&gp, for all the alloys and (c) the Gd moment is more difficult to saturate at large x. The most satis-
factory fits to the data were obtained with the expression o = (aH/ [H(H+ He)]'"}Br,i(JP[H(H+ Hs)]" )
+ g t H, where a, P, Ho, and y „are fitted parameters and 87 /2(y) is the Brillouin function for J = 7I2. A

model is presented in which (HHO)'" is associated with an average anisotropy-like field transverse to the
applied field. A paramagnetic Curie temperature is extracted from the parameter P, which also includes s-f
exchange effects. Some discrepancies with previously published results are discussed.

I. INTRODUCTION

In a recent paper' we presented results of high-
field measurements of the magnetic moment of a
series of Pd-rare-earth alloys, with rare-earth
concentrations of about 1 at. %. The general fea-
tures of the magnetization versus magnetic field
could be described by a semiempirical formula
which permitted determination of the saturation
moments of the rare-earth ions. The derived sat-
uration moments generally were equal to the free-
ion rare-earth values. Earlier studies' (for which
the applied magnetic field H ~ 20 kG did not com-
pletely saturate the Gd moment} had suggested that
the magnetic moment per Gd atom in Pd decreased
with decreasing Gd concentration, implying a neg-
ative conduction-electron polarization. We found
the Qd moment in Pd was not fully saturated at
4.2 K even at fields up to 215 kG; thus, as indi-
cated in Ref. 1, no evidence for negative polariza-
tion was detected. Furthermore, studies of the
electrical resitivity' did not show the anomaly that
should result from a negative electron polarization.
However, the magnetic properties of Qd in Pd for
Gd concentrations well below 1 at+, remained a
problem; analysis of our magnetic measurements
using the semiempirical formula indicated that the
saturation moment per Gd atom seemed to increase
with decreasing Gd concentration. ' Because such a
behavior would suggest a giant moment for very
dilute concentrations of Gd in Pd, we have reex-
amined alloys of Pd, „Gd„ for 0.000$ &x ~0.02.

In this paper we summarize the results of these
measurements. Within the present limitations of
our experiments, we find that there is no convinc-
ing evidence for an increased moment above the

Gd~ free-ion value. The limitations of the analysis
of the present data for x ~ 0.001 involve the com-
petition of the relatively large Pd host susceptibil-
ity with the very small contribution of the dilute Gd
moment, as well as the limits of the determination
of the Gd concentration. Although the data unam-
biguously indicate that the free-ion value of Qd'+ is
a lower bound for the lower Qd concentrations, the
upper bound is set by experimental uncertainties.
The results obtained employing other empirical
formulas in addition to the one used in Ref. 1 are
also compared, and the limitations of the present
studies are summarized.

In Sec. II we very briefly summarize the experi-
mental details. In Sec. III the experimental results
are analyzed by employing three other empirical
formulas in addition to the one used in Ref. 1. Also
the magnetic properties for T& 4.2 K are dis-
cussed. Based on these studies, we find that the
results obtained with one of the formulas (involving
a modified Brillouin function and an ad hoc aniso-
tropic contribution} yield the most consistent anal-
ysis. In Sec. IV, the various parameters that en-
ter into this formula are determined and values for
the paramagnetic Curie temperature 6 are ob-
tained. In Sec. V we discuss magnetic measure-
ments performed in Pd, , Gd„alloys by others.

II. EXPERIMENTAL DETAILS

The polycrystalline Pd, „Gd, alloys were pre-
pared by arc-melting in an argon atmosphere. '
Based on the weight loss incurred during fabrica-
tion (and assuming all the weight loss was due to
Gd loss), we estimate that the Gd concentration
could be in error by as much as 10% in some
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cases, but in general was less than 5%. In this
paper we quote the nominal concentration, x, based
on the measured weights of the constituents used
for arc-melting.

The measurements of the magnetic moment were
carried out as described in Ref. I. High-magnetic-
field data to 215 kG were obtained in high-power,
watercooled Bitter solenoids with a very low-fre-
quency vibrating -sample magnetometer. ' High-
resolution data up to 55 kG were obtained with a
conventional vibrating-sample magnetometer
adapted to a superconducting magnet. The low-
field data also were used to normalize the lower-
resolution high-field data. An average of 30 points
were used to fit the data for each sample.

III. DISCUSSION OF RESULTS

Because the fields necessary to saturate the Gd

moment were in excess of 200 kG at 4.2 K, it was

imperative to develop an approximate analytical
expression in order to fit the data and allow an

analytical extrapolation to very large fields. ' A

semiempirical expression developed earlier, ' and

used extensively by us, is

AH 1' I+a [Hi
where o is the magnetic moment, X, is the matrix
susceptibility for the Pd(Gd) alloy, A is the initial
susceptibility of the Gd, and p, , =A/B is the satura-
tion magnetization of the Gd. Application of this
formula to magnetic data' for Pd, „Gd„, as well

a,s for other rare-earth-Pd alloys in the concen-
tration range 0.005&x & 0.02 showed that Eq. (1)
fit the measured results well, and gave g, = 7ys/
(Gd atom) and y, & gpd.

Equation (1) also provided a good fit to the mag-
netic data for more dilute Pd, „Gd„(0.0003
&x & 0.005), but a general trend was noted'. as x
decreased, p., and g increased. The increase
of g „is understandable since g „will approach

pd
when x- 0. However, the increase in the value

of p., was substantial and exceeded the uncertainty
of x. We obtained g, = 10.5 ps/(Gd atom) for x
=0.0003. This value is 5 higher than the Gd~
free-ion value of 7 y, s/(Gd atom).

A more detailed analysis of the data presented
here suggests that the increase in the value of p.,
with decreasing concentration [when Eq. (1) is em-
ployed] is spurious, and that within our experimen-
tal error, for 0.0003 ~& ~0.02, the saturation mo-
ment of Gd in Pd is y,, = 7ps/(Gd atom). This con-
clusion is based on the examination of (i) more
detailed measurements and reexamination of the
high-field magnetization at 4.2 K, (ii) further mea-
surements at temperatures down to 1.3 K, and (iii)
fits of the data using other analytic expressions.

We measured the magnetization up to 150 kG for
x =0.0003 and x =0.0005 for T =4.2 K and 1.3 K.
The analysis of the 1.3 K data for x =0.0003 and
0.0005, using Eq. (1), produced a lower value for
p,, ana a higher g, than the 4.2 K data. Clearly,
this result, which is based on Eq. (1), is not rea-
sonable. In order to observe the temperature
dependence of the approach to saturation, the high-
field magnetization (from 20 to 215 kG) was mea-
sured for x=0.0005 at 4.2 K and 1.5 K. For these
measurements the sample was not removed froD:
the apparatus; the 4.2 K data was taken as a func-
tion of the applied field, and subsequently we

pumped on the He and repeated the measurements
as a function of field at 1.5 K. In this way we en-
sured that ratios of the raw data at T=4.2 K and
1.5 K showed only the T dependence of the mag-
netization. At 1.5 K more rapid saturation oc-
curred; the moment at 28.5 kG was 12' larger at
1.5 K than at 4.2 K, but at high fields (from 75 to
215 kG) the 1.5 and 4.2 K results were identical
within the noise of the measurements.

In order to study the limitations of Eq. (1), three
other analytical expressions were employed:

AH
1+H(H2+H2)~/2 )(ma~ (2)

H'+I/„p ~ (3)

o =
[ ]gy2 Hg (clP[H(H+ Hp)] )+ y Hy

where Hz (y) is the Brillouin function for angular
momentum J, gndA, B, n, p, and H, are param-
eters which are fit separately for each equation.
The rationale for the alternative expressions can
be understood by comparing them with Eq. (1).
Equation (2) simply removes the H=O singularity
in the simple Pads approximation given by Eq. (1).
This is done by replacing the term ~H ~ by
(8'+H', ).'~' Both equations are identical when

H, =0. Equations (3) and (4) may be explained if
we assume that the conduction-electron-4j-elec-
tron (s f) interaction produces-an average aniso-
tropy field, (H.„'„)'~', which is transverse to the
external field H. (The source of (H,'„) may also be
Gd-Gd interactions. ) Figure 1 shows the relative
orientations of (H,2)'~2, H,«, and the applied field.
H. In the molecular-field approximation the Gd
magnetization is along H, «= (H'+ (H,'„))'~'. For a
random, polycrystalline, dilute alloy, there is no
preferred transverse direction, and the transverse
component of the magnetization should average to
zero. Thus only the component along Fl is detec-
ted, and this component is given by
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( +)„,H, (ZP(H'+(H, '„&)'~') .

Here we also assume that the magnetization fol-
lows a Brillouin function. For Eq. (3) we choose
(H,'„) =H'„ independent of the Pd matrix magneti-
zation, whereas for Eq. (4} we choose (H,'„) =HH„
which is proportional to the Pd matrix magneti-
zation. Although this latter assumption may be
more reasonable, both Eqs. (3) and (4) are based
on the introduction of an anisotropy field which is
transverse to the applied field.

It is interesting to note that if H»H„Eqs. (2)
and (4) reduce to Eq. (1)~ Furthermore, for
H-, Eqs. (2)-(4) all reduce to Eq. (1).

When considering the application of Eqs. (1)-(4)
to the analysis of the magnetization data for the
most dilute samples ("=0.0003, and x =0.0005), it
should be noted that the Pd host magnetization is
much larger than the Gd contribution. Therefore,
the parameters A, gg, n, p, and H, are deduced
from the very small curvature (the nonlinear Gd
contribution} superimposed on the linear depen-
dence of 0 versus H for the Pd matrix. For x
& 0.005 the Gd contribution is large and, therefore,
our confidence in these parameters is much
higher.

Our data cover a wide range of applied fields and

Heff

H, „)

FIG. 1. Qlustration of the applied magnetic field H,
transverse anisotropy field (H2„), and resultant
effective field H, ff. The average Gd moment is assumed
to be aligned along the instantaneous Hef f and to have a
temperature and magnetic-field dependence given by a
modified Brillouin function [see Eqs. (3) and (4)] . Be-
cause (H,„) ~ can have an arbitrary direction in the xy

plane, the measured time-averaged Gd moment is the z
component of the effective moment along H, ff .

concentrations and we would expect that they would

permit a clear choice between the four analytic
expressions used to fit the data. An extensive
compilation of the results (not given in detail here)
shows that: (a) For all the data from 16 to 215
kG, good fits are obtained for Eqs. (1}-(4); the
rms errors of the fits at 4.2 K are about 0.3 j&.

Thus, for this field range, the quality of a fit as
reflected in the rms errors gives no guide for
selecting a best expression. (b) Equation (4) gives
the most satisfactory description of all the data
when a/l values of x, H, and T are considered.
When Eqs. (1)-(4) were fit to the data over the
wider fieM interval, 4 & H ~ 215 kG, the rms er-
rors increased, but the rms errors for fits of Eq.
(4) were substantially smaller than for Eqs. (1)-
(3). This feature of Eq. (4) was especially notice-
able when the results for high-resolution data up
to 50 kG were compared. In this field range, the
data were taken with the high-resolution vibrating-
sample magnetometer for which we expect the
data to have a higher degree of internal consis-
tency. This was confirmed by the smaller rms
errors compared to those obtained for data up to
215 kG. Similarly, Eq. (4) gave the best fits when

data taken at 1.3 K were analyzed over the field
range of 4c H ~150 kG. (c) Although in some cir-
cumstances it was difficult to determine a set of
parameters that optimized the fit of Eq. (3) to the
data, Eq. (4) always allowed an optimum fit. (d}
For x =0.01 and 0.02, Eqs. (1) and (2) gave iden-
tical results, i.e., the best fit for Eq. (2) occurs
for Hp=0.

In order to compare the results of the analyses
using Eqs. (1)-(4), derived values of p, and }(
are shown in Table I for four representative con-
centrations. These particular analyses have been

performed using magnetization data for 16 ~ H
~ 215 kG. This low-field cutoff was made in or-
der to emphasize the high-field results, and be-
cause Eqs. (1)-(4) do not give equally good fits to
the data at low fields. The general features of the
results in Table I show that the presence of the
Hp term always reduces p,, and the reduction of
p,, is always accompanied by an increase in g
For x =0.0003 and 0.0005 this increase in y „is
very small, but nonetheless this small increase
is reflected in a very significant reduction of p,

In Fig. 2 we show the values of p,, obtained from
the fits of Eqs. (1)-(4) as well as the limits of er-
rors of p, The indicated error ranges of p.,
(dashed lines) reflect estimates of uncertainties
in the parameters derived from the fits as well as
uncertainties in concentration. Note the larger
errors at lower x. It is clear that the weight of the
results points to p, ,= 7ps/(Gd atom), independent
of Gd concentration for x ~ 0.02. This conclusion
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TABLE I. Saturation moment p~, and matrix susceptibility g „, calculated with Eqs. (1)-
(4). The results for four representative Pd~~Gd„alloys are tabulated.

pe [pg/(Gdatom)l
Eq. (1) Eq. (2) Eq. (3) Eq. (4)

g „(10 emu/gG)
Eq. (1) Eq. (2) Eq. (3) Eq. (4)

0.0003
0.0005
0.0035
0.01

10.7
9.8
8.2
7.0

8.7
8.0
7.2

7.4
7.2
6.4
5.8

8.2
7.6
6.9
6.5

6.40
6.55
5.43
4.42

6.48
6.63
5.89

6.54
6 ~ 68
6.28
5.79

6.50
6.67
6.06
5.01

is reinforced by the evidence mentioned above
about the overall applicability of Eq. (4) to the
present data.

IV. FURTHER DISCUSSION OF EQ. (4)

g ff 1.800 + 4.5x,

so that

1-&=g„;/g =g„,/2

(8a)

(8b)

Because we have found that Eq. (4) gives the best
analytical description of the data, we will examine
its coefficients in more detail. According to our
simple phenomenological derivation of Eq. (4), the
coefficient a is given by

n =Ngz Jp~, (6)

where N is the number of Gd atoms, g~ = 2 is the
Lande g factor, J =& is the angular-momentum
quantum number for Gd~, and p,~ is the Bohr mag-
neton. Our justification for writing Eq. (6) is based
on the conclusions of Sec. III where we showed that

g, =gzJps = 7p, s/(Gd atom).
For no Gd-Gd interaction and no s finteraction-,

the coefficient P equals gags/ks T, where ks is the
Boltzmann constant and T is the absolute temper-
ature. For x =0.0003 and 0.0005 and at a temper-
ature T =4.2 K, the value of p determined from the
fit is p= 0.028/ kG, whereas the value that results
from the expression above is p = 0.032/ kG. The
results of the EPR of very dilute Gd in Pd gave a
value for the exchange' of —10% of the applied
field. When this exchange correction is included,
the two values of p agree within experimental er-
ror. This result suggests the following expression
for p:

p =g~ gs (1 —6)/k (Ts- e),
where the factor 1 —6 accounts (to first order) for
the s-f exchange interaction, and 8 is the para-
magnetic Curie temperature that results from Gd-
Gd interactions. The parameters 1 —5 and 6 can
be determined by other measurements: the con-
centration dependence of the EPR g factor' ~" of
Gd in Pd determines 1 -5, and temperature-de-
pendent magnetic -susceptibility measurements'
may be used to determine e.

For g ~0.02, the measuredg factor, g,«, is ap-
proximately linear with concentration, ~ '
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FIG. 2. Results of fits of the magnetization data at
42 K for PQ, Gd, to Eqs. (1)-(4). Upper curves:
saturation moment p, vs concentration x. The fits de-
rived from Eq. (4) are the most satisfactory and these
results are shown with a heavier line. The dashed
lines show our estimates of the uncertainties of p,
arising from errors in the fit and the concentration.
Note the larger uncertainties at lower concentrations.
The solid horizontal line indicates the free-ion value
for Gd . Lower curves: matrix susceptibility comet
vs concentration x. The value of y is also indicated.'

Pd
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TABLE II. Parameters P and Ho derived from fits of Eq. (4) to the magnetization data at
4.2 K for Pdf gGdg alloys. The parameter 8 was calculated from Eqs. (7) and (8).

0.0003 0.0005 0.0010 0.0025 0.0035 0.0050 0.0065 0.01 0.02

P (1/kG) 0.028
6 {Kf ~ ~ ~

Ho (kG) 7

0.028 0.031
0 ~ ~ 0.3

8 3

0.037
0.9

11

0.039
1.1

13

0.043 0.049
1.4 1.7

14 14

0.061 0.127
2.2 3.2

17 16

In Table II we list the calculated values of p and
8 for all our samples. The values of 8 have been
determined by the use of Eqs. (7}and (8) using the
values of p determined from the fit of Eq. (4) to
magnetization data taken at T =4.2 K aad 4 c H
&215 kG. (For the purposes of this paper we have
analyzed measurements on paramagnetic samples
only, aad have not concerned ourselves with the
magnetic ordering temperature T,. However, for
completeness we discuss some results of T, mea-
surements in Ref. 11.)

The parameter H, also given in Table II is con-
centration as well as temperature dependent. It
is also possible that the spread in the values of
Hp as a function of x may be dependent on sample
preparation. We have not investigated this pos-
sibility. The effect of the general increase of Hp
with increasing x is evident in the high-field pro-
perties of the alloys; the Qd is more difficult to
saturate as x increases. This tread is contrary
to that expected for the increase of 8 with x.

H, is most elusive to theoretical interpretation.
Our assumption that the anisotropy field is pro-
portional to the band susceptibility led to the ex-
pression (F'}=If',. We expect that for Pd this
linear analytical form applies for fields of at
least 300 kG, because it was shown' that Xp, was
independent of H up to 150 kG, and in Ref. 12 it
was shown that the field dependence of Xp, is very
small up to 325 kG.

As iadicated previously, g, is the band suscep-
tibility of the alloys. As seen in Table I, X

varies appreciably with x. Because the band sus-
ceptibility of Pd is strongly exchange enhanced,
the changes of X,must reflect both changes in
the exchange enhancement as well as band-filling
effects.

V. SUMMARY OF OTHER EXPERIMENTAL RESULTS

The results of magnetic-moment measurements
on dilute rare-earth-palladium alloys have been
used in attempts to interpret the results of EPR
measurements'3 "on similar alloys. One recur-
ring problem has been the explanation of the large
negative g shift for dilute Qd in Pd, and a negative
polarization of the conduction electrons at the Gd
site has been invoked to explain this effect. Be-

cause there have been some problems in interpret-
ing published magnetic data for Pd(Gd}, we will
briefly discuss these data here.

Peter et al."and Shaltiel et g/. ' first reported
magnetic data for x =0.03 for which values of para-
magnetic Curie temperature 8 between + l.2 K (Ref.
13) and +3 K (Ref. 14) and g,«= 6.28ps/(Gdatom)
(Ref. 14) were presented (y,, =p,«[J/(I+1)]'~'
= 5.5ps/(Gd atom)) .

A more extensive range of Qd concentrations
(0.02 &x & 0.10) was studied by Crangle' for fields
H ~20 kG, and a concentration dependent p., was
reported. In Ref. 1 we criticized this apparent
concentration dependence of p., and showed that the
reduced values of p,, were the result of incomplete
magnetic saturation of the Qd for H ~20 kG. De-
spite our discussion, Crangle's results continue
to be quoted in the literature as evidence for a re-
duced Qd moment.

Schaller et cE."measured the magnetic moments
of high-concentration Pd, ,Gd„alloys for 0.025
&x & 0.12 (0.12 is the limit of Gd solubility in Pd).
They concluded that p,, was independent of x and
about 6.5gs/(Gd atom). From their discussion, a
magnetic-moment deficiency, a = p, —g~J= -0.5
ps/(Gd atom), is assumed to meaningful. How-
ever, we believe that the scatter of the data (Fig.
2, Ref. 16) and their questionable correction for
the matrix contribution to the total moment place
the Qd moment deficiency within experimental
error.

Taylor and Coles" recently compared the nor-
malized g shift for Gd in Pd with the apparent mag-
netic-moment deficiencies in the limit x- 0. They
quote moment deficiencies of —22%, —18%, and
—2(Pjp for Refs. 14, 16, and 2, respectively.
(However, for Ref. 16 the correct deficiency is
—7%.) It is puzzling why Taylor et sf. (Ref. 15,
p. 311)compare Crangle's magnetic data for
x =0.075 at 1.75 K (for which the alloy is ferro-
magnetic} with our low-x alloy results, for which
the alloys are paramagnetic. Furthermore, it is
difficult to understand why these and other authors
use magnetic data for large-x alloys in order to
interpret EPR results for extremely dilute alloys.

Most recently, Moret et al. ' compare a calcu-
lated conduction-electron polarization of —0.4ps/
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(Gd atom) with E = —&.4gs/(Gd atom) obtained by
extrapolation from Crangle's' low-field data.
They say that —0.4p, s/(Gd atom) ".. . is a little
smaller than that found by Crangle [Ref. 2], but
exceeds the more recent value (zero) extracted by
Guertin et al.[Ref. 1].. ."These authors also quote
the results of Taylor and Coles" which were dis-

cussed above.
The results presented in this paper clearly in-

dicate that A =0 within our experimental error.
Thus we conclude that the conduction-electron po-
larization effects invoked so far to explain the g
shifts are not supported by the magnetic data for
Pd, ,Qd, .
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