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Measurements of the low-temperature electrical resistivity of pure Pd and a series of very
dilute Pd:Ni alloys (0.32-, 0.55-, and 1.0-at.% Ni) have been carried out under hydrostatic pres-
sure (~4.5 kbar) using solid helium as the pressure medium. It has been found that the coef-
ficient of the T? contribution believed to arise from paramagnon-enhanced electron-electron
scattering is reduced upon application of pressure for each alloy by an amount greater than
that estimated on the basis of a localized-exchange-enhancement model coupled with earlier
magnetostriction work. The dependence of this effect on the concentration of Ni is compared
with the prediction of a localized-exchange-enhancement model. The results are consistent
with the idea that electron-paramagnon scattering gives rise to a negative deviation from 7
behavior—of order greater than T2 and less than T°—in the alloys which is more strongly re-
duced in size upon application of pressure than is the T? contribution itself. For the alloy
containing 1-at. % Ni both the zero-pressure data and the pressure data indicate that a descrip-
tion of the temperature-dependent resistivity p(7) for T<10°K by p=p, +AT? +BT5, as has
previously been suggested, is inadequate. A large reversible decrease in the residual resis-
tivity of each of the alloys was observed upon application of pressure. The relative size of
this effect is four times as large as the relative volume change. This suggests that there
may be a significant transfer of low-mobility d electrons to high-mobility s states with appli-
cation of pressure. A simple model is offered to explain the role of Ni in this effect.

I. INTRODUCTION
A. Review of Exchange Enhancement

A single Ni atom dissolved in a Pd host does
not give rise to a local moment even at 0 °K, but
the presence of the Ni significantly increases the
polarizability of the Pd host in the vicinity. ! Such
a system is known as an “exchange-enhanced”
alloy and, along with similar systems, it has been
intensively studied with a view towards understand-
ing the onset of the magnetic state. The Pd: Ni
system is a particularly appropriate testing ground
for specific models of exchange enhancement
since Pd and Ni are isoelectronic and the Hartree—
Fock impurity potential should be negligibly small.
Our data show that the residual resistivity of the
alloy with 1-at.% Ni is only 0. 3 u cm larger than
the value for pure Pd, and so this approximation
seems reasonable.

The dominant feature of the existing models of
exchange enhancement is the way in which the in-
tra-atomic (d band) Coulomb repulsion terms are
included. As a starting point the limit of the
screened Coulomb interaction is approximated by
the “Stoner-model” limit of a repulsive §-function
interaction. In the subsequent Hartree—Fock cal-
culation the tendency towards spin ordering through
exchange interactions corresponds to removing the
Coulomb interaction corresponding to antiparallel
configurations from the energy of the system. The
ratio of the uniform susceptibility of the exchange-
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enhanced system, X, to the susceptibility in the
Hartree picture (without exchange), x°, is called
the Stoner enhancement factor S. For Pd,

Xpd _ 1 _
s~ 1-UN©) "S- ()

Here xopd is the susceptibility per Pd atom in the
Hartree picture (without exchange), U, is the size
of the intra-atomic Coulomb repulsion between a
pair of electrons in the d band, and N(0) is the bare
band density of states of electrons in the d band at
the Fermi energy.
Alocalized-exchange-enhancement model (LEEM)
in which a single Ni impurity serves to increase
the local exchange field seen by the d electrons
affords a fairly good description of the Pd: Ni al-
loys. Lederer and Mills? formulated such a model
in the single-impurity limit and applied it to the
calculation of the magnetic susceptibility and the
T? contribution to the electrical resistivity of the

alloys. Their result for the enhanced susceptibility
for a concentration ¢ of impurities is

x()
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Here the intra-atomic Coulomb repulsion term Uy
associated with the Ni impurity is assumed to be
larger than the corresponding term U, for the
matrix by the amount 6U=U; - U,. xo(k, w) is the
susceptibility per atom of the matrix under the
influence of a small magnetic field of wave vector
k and amplitude H,. ypqis the dynamical suscep-
tibility xp4(%, w) of the host with exchange enhance-
ment; thus the statement that the dilute alloy con-
tains long-wavelength low-frequency spin fluctua-
tions (paramagnons) is contained in Eq. (2). The
paramagnon energy spectrum follows from the low-
frequency poles of the susceptibility function given
in Eq. (2). This furnishes a starting point from
which to calculate the influence of paramagnons on
other low-temperature properties of the dilute-
alloy system,

Englesberg, Brinkman, and Doniach® have re-
evaluated the single-impurity limit of the LEEM
and extended it to a many-impurity limit for the
calculation of the specific heat. Their expression
for the susceptibility of the dilute-alloy system is

x(c) _ 1
Xpa 1-CAlgexpa
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where Al is of the same form as given in Eq. (3).

The role of spin fluctuations (paramagnons),
which are expected to appear in all exchange-en-
hanced systems, has been of particular interest
throughout the intensive investigation of the Pd-Ni
system in recent years. *™® Detailed studies of the
electronic structure of pure Pd through de Haas—
van Alphen measurements®!® and theoretical band-
structure calculations!! cast doubt on the applica-
bility of an exchange-enhancement model in ex-
plaining the incipient ferromagnetic behavior of Pd
itself. In particular, the paramagnon enhancement
of the band-structure effective mass, as deduced
from the specific-heat measurements, *%'!2 ig per-
haps an order of magnitude smaller than the pre-
dictions of the current models of exchange enhance-
ment. ® On the other hand, these models account
fairly well for the effect of alloying on the magnetic
susceptibility, the specific heat, and the electrical
and thermal resistivities.

B. Pressure Dependence of the Low-Temperature Electrical
Resistivity of Pd :Ni

There is little information available onthe volume
dependence of the low-temperature properties of
any of the above systems, and prior to the work of
Fawcett ef al., * none on dilute solutions of Ni in
Pd. ¥ The existing models of exchange enhance-
ment may be applied to predict the volume depen-
dence of the low-temperature properties of dilute
Pd: Ni alloys as a function of concentration of Ni.
The magnetostriction measurements!* coupled with
the many-impurity limit of the LEEM yield an es-
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timate of the volume dependence of the “effective
impurity potential” [Eq. (3)] as well as the volume
dependence of the intra-atomic Coulomb repulsion
term U, for pure Pd, thus furnishing the necessary
information to estimate the volume dependence of
other low-temperature properties of the dilute

Pd: Ni system. The effect of hydrostatic pressure
on the low-temperature electrical resistivity and/
or the magnetic susceptibility of Pd: Ni would
therefore provide an important additional check on
the validity of the current formulations of the
LEEM.

In its current formulation the LEEM predicts
only a T2 contribution from electron-paramagnon
scattering to the low-temperature electrical resis-
tance over the range of the present measurement,
Kaiser and Doniach® show that the Bose character
of the localized paramagnons leads to a gradual
change in the temperature dependence of the spin-
fluctuation resistivity from T2 to T at sufficiently
high temperatures (above about 19 °K in the case
of Pd: Ni). Schindler and Rice* suggested the pres-
ence of a “negative T contribution due to electron-
paramagnon scattering in order to explain their
observation that the T° contribution normally asso-
ciated with electron-phonon scattering decreased
with increasing Ni concentration, becoming nega-
tive for Ni concentrations exceeding about 0. 5
at.%. In the framework of the exchange-enhance-
ment models, it seems clear that a contribution
(B,T") to the electrical resistivity of higher order
than T associated with electron-paramagnon scat-
tering would be more sensitive to a change in
volume than the large T2 contribution attributed to
spin fluctuations in Pd: Ni. Thus a measurement
of the low-temperature electrical resistivity of a
series of alloys under hydrostatic pressure should
provide evidence whether the negative deviation
from T2 behavior observed by Schindler and Rice*
is indeed associated with electron-paramagnon
scattering.

We have undertaken to measure the pressure
dependence of the low-temperature electrical resis-
tivity of pure Pd and of Pd: Ni alloys of composi-
tion 0. 32-, 0. 55-, and 1. 0-at.% Ni in the tempera-
ture range 2-12. 3 °K using hydrostatic pressures
(solid helium) up to 4. 5 kbar.

Since the T2 contribution to the low-temperature
electrical resistivity is well based in paramagnon
theory, it is of particular importance to estimate
the effect of pressure on the coefficient A(c) of this
contribution. We present below an estimate of this
effect for pure Pd and for dilute Pd: Ni alloys.

For pure Pd the LEEM reduces to the uniform-
exchange-enhancement model (UEEM), inwhichthe
size of the intra-atomic Coulomb repulsion between
a pair of electrons in the d band (Uy) becomes the
relevant parameter. Schindler and Rice’s* original
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calculation of A(0) was done in an approximation
which neglected the 2 dependence of the dynamical
susceptibility. *® Mathon!” has repeated the calcu-
lation including the % dependence. His result,
neglecting numerical factors and physical constants,
is

2 2 2
A(0)~ J m%m,, kiN(0)

ns  [UNOF2[1-UNOT/2

where J is an s-d exchange parameter, m g and m,
are, respectively, the effective massofansandad
electron, n, is the number of s electrons per unit
volume, %, is the d-electron Fermi wave vector,
N(0) is the density of states at the Fermi level,
and U, is the intra-atomic Coulomb repulsion be-
tween a pair of electrons in the d band.

The volume dependence of J, mg, and m, are
assumed to be negligible. We neglect the possibili-
ty of any significant s to d transfer with small
changes in volume. Although this approximation
may be unrealistic, it will not affect the general
form of the volume dependence of A(c) as a func-
tion of concentration, which is calculated later.
Thus,

olnAQ)__, 8lum, , dlnk, _ 1 8lnN()
IV 8lnV  “ 8wV ~ 2 olnV
3 91nU0 i 91nS (5)

T2 emv T2 amv’

where S is the Stoner enhancement factor [Eq. (1)].
The volume derivative of the density of states is
taken to be 1, 5, a typical value for transition met-
als without pronounced exchange enhancement, 8
From 1ina.gnetostriction measurements of Fawcett
et al,

91nxpq
BV 3.5.

Using these values and taking S=10, it is deduced
that

9InlU, __ 2
dlnV ~ :
From Eq. (1),
91nS  dlnxpq N 9 1nN(0)
9InV = dInV dInV
and, substituting the values given above,
9InS 5
9lnvV ~
Neglecting s to d transfer implies that
dlnn, _ 1
dlnV ~ ’

and this approximation also makes reasonable a
crude estimate of the volume dependence of &4 on
the basis of free-electron theory, k,~V~'/% Then

Eq. (5) becomes

81n A(0) ~

alnv L.

Alternatively,
1 8A(0)

A(0) 9
where p is the pressure and the compressibility
K is defined by

-dV/V=kadp .

Proceeding to the calculation for the alloys, we
make use of the result of Lederer and Mills? for
the coefficient of the T2 contribution to the electri-
cal resistivity,

Al) Al \2
AQ) ~ “( Uo") 7 ™

where, neglecting numerical factors and physical
constants,

R—K, (B) .

B

Here a is the lattice constant for the fcc Pd: Ni
system, €, is the Fermi energy for s electrons,

vg is the corresponding Fermi velocity, #, is the
number of s electrons per unit volume, V is the
volume of the system, S is the Stoner enhancement
factor, and B;/B is the ratio of two dimensionless
definite integrals. PB;/B? is not expected to depend
significantly on volume in our approximation of
neglecting s to d transfer. Then the volume depen-
dence of A(c) is given by

9lnd(c) 291nA(0) A(c)-4(0)
9V~ 8lnV A(c)

9 1nAlgy, 9lnlU, Olny
<2 5lav "2 8mv *omv) - O

In order to compute the volume derivative of y
[Eq. (8)] note that Vxr, as defined above does not
change in the approximation that s to d transfer is
negligible. On the basis of free-electron theory
€ /vs~V"3 and since a~V*/? the volume depen-
dence of y is contained solely in the factor S&
Fawcett ef al. * deduce that 8 InAl, /8 InV=~17. 5.
Then Eq. (9) becomes

y~a %nsvs—'sz. (8)
8

2InA(c) 2InA(0) _ A(c)-A(0)

91nV 3 1nV Alc)
y 2( 91nAly, 81U, 81ns>
3 1nV 3lnV ' 8laV

_ A(c)-A(0)

e) X9

or, alternatively,
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1 8A(c) 1 84(0)
Alc) 3 T A(0) 9
XN —K Mx 9 . (10)

Ale)

In order to estimate the size of the pressure effect
we take for pure Pd k~0. 5% 10 bar™. ¥ Then for
a pressure of 5 kbar the estimate for pure Pd is,
from Eq. (6),

AA(0)/A(0) = — 2.5%107 .

This decrease in resistance with pressure is too
small to be detected in this experiment.

For an alloy containing 1-at.% Ni, A(c)~9A(0)."
Then for a pressure of 5 kbar the relative change
in A(c) is, from Eq. (10),

AA(c)/Alc)=-2.2%x107% |

In other words, a pressure of 5 kbar should result
in about a 2% decrease of the coefficient of the T
contribution for a 1-at.% alloy. An effect of this
order of magnitude should be well above the limits
of resolution of our measurement. Finally, note
that from Eq. (10) the relative change in A(c¢) with
the application of 5 kbar of pressure will be less
than the above value for concentrations of Ni less
than 1 at. %.

If there is present in the low-temperature resis-
tivity a contribution from electron-paramagnon
scattering of order higher than T 2, then it seems
reasonable that the sign of the associated pressure
effect should be the same as above. As suggested
earlier, the relative size of this effect could be
significantly larger than the corresponding pressure
effect estimated above for the T2 term.

The above description of the Pd: Ni system in
terms of a LEEM assumes a homogeneous alloy.
Except in the case of the most dilute alloys, one
cannot discount the possibility of chemical cluster-
ing on a microscopic basis. A model for the influ-
ence of clustering might be extremely valuable in
interpreting the pressure effects which are not
expected to be complicated by a change in the
amount of clustering with pressure.

II. EXPERIMENTAL METHOD
A. Sample Preparation

Samples were prepared using a “cold-crucible”
method in a purified Ar atmosphere, applying power
by induction. The cold crucible consisted of a Ag-
tube “cradle” fashioned from a continuous tube on
which the sample was supported. 2 This assembly
was placed inside an induction coil under a bell
jar. The crucible was cooled by a continuous flow
of cooling water through the tube.?

Samples were prepared from pure-Pd sponge
(99. 9995% nominal purity) supplied by Johnson—

Mathey and solid Ni (99. 999% nominal purity) sup-
plied by United Mineral and Chemical Co. A mas-
ter alloy (8-at.% Ni) was prepared prior to the
preparation of the dilute-alloy samples. Each
sample (~ 1g) was turned over at least four times
during the course of the melt in order to ensure
sample homogeneity.

The melted samples were cold worked into cy-
linders of about 0,105-in. diameter prior to swag-
ing into wires. The 0. 55- and the 1. 0-at.%-Ni
samples were reduced to 0. 0255-in. diameter; the
pure-Pd samples and the 0. 3-at. %-Ni samples
were further reduced to 0, 020-in, diameter. At
various stages during the cold working and swaging
operation each sample was etched, sealed in
vacuum inquartz, and annealed. The etchant was
a mildly heated solution of one part nitric acid and
one part water. Several drops of hydrogen peroxide
were added just before use. After the final swag-
ing pass the samples were again etched and an-
nealed for 24 h at 1050 °C.

The analyses of the final wire samples are pre-
sented in Table I.

B. Pressure Vessel

The pressure vessel (Fig. 1) for the low-tem-
perature resistance measurements was machined
from Berylco 25 and subsequently heat treated for
3 hat 610°F. The vessel includes a port external
to the pressurized region for mounting the control
sample or “dummy” and various tapped-screw
holes used for mounting thermometers and electri-
cal grounds. The vessel was designed to work at
pressures as high as 10 kbar.

The four electrical leads for a conventional

TABLE I. Analysis of wire samples.

Compositional®

uniformity over Other trace®

Conc.? of Ni 20-pin. resolution Fe content® impurities
(at. B (at. %) (ppm, atomic)  (ppm, atomic)
(Pure Pd) 4 Pt1.5; WO0.6;
Ag3; Nb2; Til
0.323+ 0,007 38 Pt 0.7; W0.4;
(0.32) Ag 35; Nb 3.5;
Cu 9.5; Ti 2.7
0.554+ 0.006 4 Pt 1.5; WO0.6;
(0.55) Nb 2; Cu 19;
Til
0.991 +0.011 0.06 16 Pt 1.6; Nb 3;
(1.0) Cu 38; Ti4

2For all samples the values reported have been deter-
mined by wet chemical analysis. The number in paren-
theses for each alloy is the concentration value used in
the text.

bFrom x-ray microprobe analysis (20 pin. =20X 10-6
in,),

®Mass spectrographic analysis; absolute analysis with
a possible error of + a factor of 3.
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FIG. 1. Pressure vessel.

four-wire dc resistance measurement were intro-
duced into the pressure cell via a length of four-
conductor swaged tubing® whichwas brought through
the Bridgman T piece (Fig. 2). The four-conduc-
tor swaged tubing was brazed to a i-in. stainless-
steel collar which was in turn brazed to the Bridg-
man T piece. The final brazing operation was
performed in vacuum and the T piece was quenched
in water immediately upon completion of the braz-
ing process. This elaborate precaution was neces-
sary in order not to greatly degrade the ultimate
mechanical properties of Berylco 25. Finally, the
stainless-steel sheath of the swaged tubing was
electrochemically etched away to expose the four
leads and the T piece was heat treated in the usual
way.

In order to complete the pressure seal for the
electrical leads, a small amount of alumina pack-
ing was removed from the upper end of the swaged
tubing (¥ 1 mm depth) using a fine needle. A small
bead of expoxy® was then formed in this depression
where the leads emerged and allowed to cure for
24 h. The stainless-steel collar and swaged tubing
were inset into the Berylco T piece so that the
Epoxy bead was actually down inside a 3-in, -diam-
eter cup in the head of the T piece. A mixture
of raw Epoxy base and 1-p glass beads (no
hardener) was packed into this cup and around the
Epoxy bead. This cryogenic pressure seal had a
mixed performance record. On the basis of its
performance at room temperature, it was not
possible to predict the success of a seal at low
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temperature. The initial success of a seal during
a pressure test at liquid-nitrogen temperature did
not always guarantee its success in a low-tempera-
ture experimental run,

C. Sample Mounting

The sample was well supported on the head of
the Bridgman T piece as shown in Fig. 2. Connec-
tions for the four-wire measurements were accom-
plished by spot welding 0. 005-in, Pd wires to the
sample and to the Cu leads emerging from the
swaged tubing fixed in the center of the T piece.
The method for sample mounting shown in Fig, 2
allowed the sample little freedom for movement
as the pressurized He froze around it. This fea-
ture, coupled with a slow cooling rate from above
the freezing point of the He, was essential for the
elimination of any increase in residual resistivity
after a pressure cycle at low temperature.

The control sample (“dummy”) was fixed to the
pressure vessel as indicated in Fig. 1. Although
various schemes were tried to ensure that the
dummy was well grounded thermally to the pressure
bomb, none were entirely successful.

D. Resistance-Measurement System

This experiment employed a conventional four-
wire potentiometric method for resistance measure-
ment, Currents of about 0, 050 A were supplied to
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FIG, 2. Sample mounted on Bridgman T piece.
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the sample and dummy by separate Willard DH-5-1
cells. After some initial tests this relatively low
value for the work current was chosen in order to
eliminate observable effects of Joule heating in the
resistance measurements. This measuring cur-
rent, as monitored by a Leeds & Northrup K-3
potentiometer, was stable to 2 or 3 parts in 10° in
the course of a measurement.

The voltage drop across the sample and dummy
was measured using a Honeywell model 2768 six-
dial potentiometer and a Keithley model 148 nano-
voltmeter as a null detector. The null detector
was mounted on nylon screws and bushings and was
used on battery operation. With these refinements
it was possible to achieve a stability of + 1. 5 nV in
most measurements. %

Voltage and current leads from the sample and
dummy were brought out of the cryostat via Cu
leads. All external connections were Cu to Cu and
were either pressed contacts or joints made with
thermal-free solder.

E. Cryogenic Apparatus

Low-temperature measurements were made
using a conventional He* glass cryostat. The pres-
sure bomb was enclosed in a brass vacuum can
supported on two vacuum lines which also served
as conduits for the pressure fill line and the elec-
trical leads. Helium gas entered the pressure
bomb via a 35 -in.-o0.d.Xx 0. 008-in, -i. d, stainless-
steel fill capillary. 2°

In order to minimize problems of thermometry
and of temperature uniformity between dummy and
sample all measurements above 3 °K were done
without exchange-gas coupling between the bomb
and the He bath. The bomb and fill line were per-
manently connected to the bath via a system of
metal thermal links. The link from the fill line to
the bath consisted of two annealed 0. 016-in. -diam
Au wires running from the underside of the vacuum
chamber cover to a -in.-diam brass collar fixed
to the fill line just above the bomb, Its purpose
was to serve as a heat shunt for heat coming down
the capillary fill line from room temperature. A
similar link made of four annealed Au wires cou-
pled the bomb to the bath., Three wires of the link
were connected at the bottom of the bomb and the
remaining wire was fixed to the top.

F. Resistance-Measurement Procedure

In most cases a complete series of measurements
over the temperature range 2-12, 3 °K was per-
formed at low pressure before doing a run at high
pressure. During each measurement the tempera-
ture of the bomb as monitored by the calibrated Ge
resistor was stabilized and continually recorded.
The temperature-control system? was capable of
control to better than 0.1 m °K below 5 °K and to a

few millidegrees at temperatures as high as 10 °K.
Since beryllium-copper alloys have rather poor
thermal conductivity at low temperature, care was
taken to keep the thermal gradients in the pressure
bomb as small as possible. The power level sup-
plied by the temperature controller to the bomb
heater had to be kept quite small in order that it
not affect the measurement. This necessitated a
rather elaborate series of measures for rough tem-
perature control. # It was possible to stabilize
temperatures as high as 12 °K with about 10 mW of
heater power to the bomb. Temperatures below

8 °K could be stabilized with less than 5 mW of
heater power.

In order to make measurements in the range
2-3 °K it was necessary to introduce He exchange
gas into the vacuum chamber surrounding the bomb.
One measurement was always made at T~ T, (He?)
with “positive” exchange-gas coupling.

The He level was allowed to fall below the level
of the pressure bomb in preparation for pressur-
ization. The pressure was raised in successive
stages. For each stage the sharp warming re-
sponse of the pressure vessel was used as the in-
dication that the warm He gas had actually entered
it. After the maximum pressure—usually 5 kbar—
was achieved the bomb was allowed to cool slowly
below the freezing point, keeping the fill line
open. A rough indication of the freezing point was
observed in the abrupt slowing and near halt of the
pressure drop on an external Heise gauge. %’ Once
it was certain that the He in the bomb had frozen,
the fill-line heater power was reduced and the
bomb was allowed to continue a slow cool-down via
the Au-wire links. The final pressure in the cell
was estimated from the appropriate isochore of
solid He.?® Details of the pressurization apparatus
are described elsewhere, %

Upon successful completion of pressurization
and cool-down—no leaks from the pressure vessel
at low temperature could be tolerated—a series of
resistance measurements in the range 2-12. 3 °K
was carried out as described above. For one of
the alloys (1-at.% Ni) measurements were made
at an intermediate pressure to check the linearity
of the effect of volume change. After a pressure
run was completed, a reversal of the procedure
described above was used to release the pressure.
The bomb was then cooled down once again and
measurements at a series of temperatures were
made to check reproducibility with the earlier
“zero-pressure” measurements.

III. RESULTS AND ANALYSIS
A. Three-Parameter Data Analysis

The electrical resistivities at lower temperatures
are expected to obey an equation of the form
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p=po+AT?+ BT®, (11)
Following Schriempf, ® Eq. (11) is rewritten as
(o - po)/T?=A+BT?® . (12)

The BT3 term falls off quite rapidly with decreas-
ing temperature. It was found that a fairly good
approximation for p, could be obtained by fitting
the lower-temperature data to

p=po+ ATZ,

The value of p, thus obtained was used as a starting
value in fitting the data for 2<7T <12, 3 °K to Eq.
(12); po was then varied until the least-squares fit
to Eq. (12) went through a minimum, The position
of this minimum was sensitive to incremental
changes in p, well beyond the experimental reso-
lution,

The data were fitted in this manner, except that
the resistance values for the pressure measure-
ments were corrected for the reduction in sample
dimensions due to hydrostatic pressure in comput-
ing the corresponding resistivities. The dummy
sample was used as a sensitive thermometer in
correcting the zero-pressure resistance measure-
ments and the resistance measurements under
pressure to a common temperature. This proce-
dure was necessary to correct for certain systema-
tic temperature errors.

B. Results

Figures 3-6 show plots of the electrical resis-
tivity p(T) vs T2 for pure Pd and for each of the
alloys measured. Each plot gives the results of
the zero-pressure measurements and the measure-
ments under pressure for a single sample. The
plot for the alloy containing 1-at.% Ni includes re-
sults for an intermediate pressure. The solid lines
show the best fit to Eq. (12) in each case.

Figures 7- 10 show plots of [p(T) - po)/T? vs T®
for each sample. The solid lines represent the
best fit to Eq. (12) in each case.

5.40 . . . T . T T
) PURE Pd
o ZERO PRESSURE
5.20 o 4% kbar (SOLID He) 1

460

0 20 40 60 80 100 120 140
T2 (°K2)

FIG. 3. p(T) vs T? for pure Pd.
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FIG. 4. p(T) vs T? for the Pd: Ni alloy containing
0.32-at.% Ni.

A summary of results is given in Table II. AV/V
is the relative volume change corresponding to the
pressure at which the temperature run was made.
To compute AV/V for each pressure we have used
Bridgman’s®® value for the compressibility « of Pd,

‘presuming that « does not change with slight Ni

additions:

- v _ -1 -12
K= 55 =107 - 26x107%p

1
Vo
where the pressure p is given in kg/cmz, a=75, 28,
and b=2.1, py, A, and B are, respectively, the
residual resistivity, the coefficient of the T2 term,
and the coefficient of the T® term in the resistivity
p(T) [Eq. (11)]. Experimental uncertainties asso-
ciated with these parameters are also given. The
values for py and A were found to be reproducible
to well within the experimental error given in Table
II. Apy/poand AA/A are the relative changes in
po and A with pressure (with respect to zero-pres-
sure values).

Table III summarizes the results of reannealing
each sample after a low-temperature run and re-
measuring the resistance at 4. 2 °’K. This proce-

2.30 T . T T
0.55-at.% Ni in Pd:Ni

o ZERO PRESSURE

o 4% kbar (SOLID He)

2.06

20 L . L . L L L
0O 20 40 60 80 100 120 140 160

T2 (°K2)

FIG. 5. p(T) vs T? for the Pd: Ni alloy containing
0.55-at. % Ni.
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TABLE II. Parameters of dilute Pd:Ni alloys—effect of pressure. The uncertainties given were computed from the
known experimental precision, The corresponding uncertainties associated with the scatter of the measured resistivities
from the best fit to Eq. (12) were always less. In the case of the parameters A and B the latter uncertainties were about
§ as large as the uncertainties associated with the experimental precision for all cases except for the alloy containing
1-at. % Ni, where the fit of the measured resistivities to Eq. (12) was not good.

Maximum
Ni cone. AV P Ap Ax 108 AA Bx10° temp. used
= x a 0 —OX b == b

(at. %) y 100 (1 cm) Py 100 @ em/Kk) A <100 (42 em/°K®)  in fit Ky
0 0. 045981 33.0 13.1 11.49
(Pure Pd)  _o.239  0.045896% 000002 _g qge  325%05 g5 13,0520 11,49
0 0.12795 78.6 9.2 12.28
0.32 —0.243 0.12678* 000003 -0.91° 75.9% 07 -3.4 9,012 12.28
0 0.204 28 143.4 1.6 12.28
0.55 —0.243 0.20229* 0-00004 —-0.97 133,551 g9 3,9%2:0 12.28
0 0.33583 248.7 -14.4 12.28
1.0 -0.127 0.33404 % 0.000 06 -0.53 241.6+1.6  —2.9 £2.4 6.00
—0.239 0.33235 -1.03 235.6 -5.3 -11.7 12.28

#AV/V is the relative volume change of each alloy corresponding to the pressure sustained by the solid helium at low
temperature and computed from the compressibility given in Sec. III B.

"Apo/p(, and AA/A are, respectively, the relative change in p, and A with the application of a pressure corresponding
to the relative volume change AV/V shown in the second column.

°The pure-Pd sample and the alloy containing 0.32-at. % Ni suffered some cold work in mounting (see Sec. III B and
Table III). The values of Apy/p, for the above alloy would presumably be about 12% higher for a well-annealed sample
(Table III).

9The data in the upper part of the temperature range for the intermediate pressure run [(AV/V)x100=—0.127] are in-
complete. The parameters given are the results of the best fit to p—BT°= Po +AT? for the lower-temperature data where
p— BT is evaluated using the value for B obtained from the fit to the larger temperature range.

dure was used to check the amount of cold work (ii) the coefficient of the T contribution (B) ex-

.which had been introduced into each sample as a re-
sult of mounting it in the sample holder for the low-
temperature measurements under pressure. The
effect is quite significant for the pure-Pd sample
and is appreciable for the alloy containing 0. 32-at.%
Ni. Room-temperature resistivities are alsogiven.
The main features of the resistivity data shown
in Figs. 3-10 and summarized in Table II are: (i)
The coefficient of the 72 contribution (4) is re-
duced by the application of pressure in each case;

372 - . - —— - -
r 1.0-at.% Ni in Pd:Ni
o ZERO PRESSURE
3.64f o 2% kbar (SOLID He)
o 4 kbar (SOLID He)
z
o .
(o]
S
T
o
Q
3.40 1
3325 20 40 60 80 100 120 140 160
T2 (°k?)
FIG. 6. p(T) vs T? for the Pd : Ni alloy containing

1.0-at. % Ni.

hibits a rather complex dependence on pressure,
depending on the concentration of Ni; and (iii) for
each of the alloys, application of pressure results
in a (reversible) decrease of the residual resis-
tivity pg.

Because the decrease in residual resistivity with
the application of pressure was large and reversi-
ble, it was imperative that the pressure cell be
absolutely tight for the period of two or three days
necessary to complete the temperature run.

.60 T . T T . T
PURE Pd
o ZERO PRESSURE
& .54t o 4Y% Kbar (SOLID He) 1
X
E
§
o 48f 1
1
b
e
~ 42 1
al
~
k3
236 ]
8

I | L 1 1
'300 2|5 50 7% 100 125 150 175

T3 (10 °k3)

FIG. 7. [p(@) = p,l/T? vs T® for pure Pd.
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TABLE III. Room-temperature resistivity and resis-
tivity at 4.2 °K after reannealing. Each sample was re-
annealed after each run and remeasured at 4.2 °K in or-
der to check the amount of cold work which had been
introduced during mounting for a low-temperature run
with pressure.

Resistivity Recomputed
Conc. of Ni #Q cm) po? o (T =296 °K)®
(at. %) T=296°K T=4.2°K (#Q cm) Po
(Pure Pd) 10.57 0.02731 0.02673 395
0.32 10.65 0.1131 0.1120 95
0.55 11.10 0,1953 0.1928 58
1.0 11.46 0.3211 0.3167 36

2The recomputed p, is found by subtracting A (4. 2)°
from the value for resistivity p (T'=4.2°K). A is from
the zero-pressure run in eacn case (see Table II).

PThis resistivity ratio incorporates the “Recomputed
pO- »

IV. DISCUSSION OF RESULTS

A. Effect of Pressure on 72 Contribution-Comparison with
Theory

Application of pressure (~4. 5 kbar) results in a
decrease in the T2 contribution to the electrical
resistivity [A(c) T?] for pure Pd and for each of the
alloys measured. For pure Pd the decrease in
A(0) is just within the limits of the experimental
resolution (Table II). For a pressure of 4. 5 kbar
this effect increases with the concentration of Ni
for alloys containing 0. 32- and 0. 55-at.% Ni, but
the size of the decrease in A(c) for the alloy con-
taining 1-at.% Ni is intermediate between the values
for the above two alloys.

The results of the measurements made at an in-
termediate pressure (2. 3 kbar) for the alloy con-
taining 1-at.% Ni indicate that the decrease in A(c)
is linear with respect to volume change.

The effect of pressure on the T2 contribution to
the electrical resistivity of the alloys shows quali-

T T T T T T T
951 0.32-at.%Niin Pd:Ni

o ZERO PRESSURE

o 4% Kkbar (SOLID He) >

. . . .
0 25 50 75 100 125 150 175
T3 (10 °k3)

FIG. 8. [p(T) —pol/T? vs T® for the Pd : Ni alloy containing

0.32-at. % Ni.
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~ 138} © -
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© a s o
Qc
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73 (0 k%)

FIG. 9. [o(T) = pg/T? vs T® for the Pd: Ni alloy containing
0.55-at. % Ni.

tative and quantitative disagreement with the esti-
mate given in Sec. IB [see Eq. (10)]. The quali-
tative disagreement is illustrated in Fig., 11 in
which (AA/A) fora pressure of 4. 5 kbar is plotted
versus [A(c)-A(0)]/A(c). The linear variation
predicted by Eq. (10) is clearly not satisfied.
Quantitatively, the magnitude of the decrease of
A(c) with application of pressure is found to be
larger by about a factor of 3 or 4 than that predicted
by Eq. (10).

The quantiative disagreement is not surprising.
Aside from the approximation that s to d transfer
(associated with a small change in volume) can be
neglected, the prior calculations contain another
possibly unjustifiable approximation. The expres-
sion for A(c) [Eq. (7)] derives from transport
theory coupled with the LEEM inthe single-impurity
limit. The magnetostriction results!* were fitted
to the LEEM in the many-impurity limit which pre-
dicts a quite different form for the concentration
dependence of 3 lnx(c)/91nV. From Egs. (2) and
(4) it follows that

2.65 - : . ; | : .
1.0-at.% Ni in Pd:Ni

_ o ZERO PRESSURE

& 2850 o 4% kbar (SOLID He) 1

OX o

£
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o 245 |
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]

~ 235 .

o

> af

£

& 225 4

0

2.15 1 L L 1 I . L
0 25 50 16 100 125 150 175

T3 (10 °K3)

FIG. 10. [p(T) —pol/T?vs T?forthe Pd : Ni alloy containing
1.0-at. % Ni.
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I T I
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Niin Ni:Pd
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0.32-at.%
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FIG. 11. Relative change in the coefficient of the 72
contribution to the electrical resistivity with pressure
(AA/A) vs [A(c) =A(0)]/A(c) for a pressure of 4,5 kbar.
[A(c) —A(0)]/A(c) in the abscissa is evaluated at this
pressure.

81nx(c) . x(c)-x(0)
31nV x()

in the single-impurity limit and

dlnx() . x(c)-x(0)
3nV x(0)

in the many-impurity limit. The size of the mag-
netostriction effect is directly proportional to
91ny(c)/? InV. Since the magnetostriction results
fit the prediction of the LEEM in the many-impurity
limit that the size of the effect is proportional to
the absolute change in the susceptibility, it follows
that the analogous prediction of the LEEM in the
single-impurity limit with respect to the relative
change in the susceptibility is incorrect.

This suggests thatthe relaxation-time calculation,
from which Eq. (7) is derived, should be redone
using the paramagnon energy spectrum from the
many-impurity limit of the LEEM in order to obtain
an expression for A(c) valid in the many-impurity
limit. The new calculation of the volume depen-
dence of A(c) could then proceed as above.

The qualitative disagreement concerning the
failure of AA/A to exhibita monotonic single-valued

increase with respect to [A(c) - A(0)]/A(c) (Fig.

11) is more serious and is not expected to be rem- -
edied simply by this improvement in the calculation
of A(c). This result suggests that the range of con-
centration of Ni for which the LEEM is valid may
be somewhat less than 0- to 1-at.% Ni, as has pre-
viously been suggested. #" However, as noted in
Sec. IV B, the value obtained for AA/A is sensitive
to the choice of exponent for the contribution of
order higher than T°Z for the 1-at. % alloy. Thus, the
qualitative discrepancy noted above may be the re-
sult of inadequacies in the model for electron-
paramagnon scattering.

It should be noted that there is not direct disa-
greement between the present studies and the mag-
netostriction studies of Fawcett et al.!* Our re-
sults are consistent with their conclusion that, in
the framework of the LEEM (many-impurity limit),
the strain dependence of the effective impurity po-
tential of the alloys is large and positive, This
leads to the prediction that the volume derivative
of A(c) is large and positive or, alternatively, that
the pressure derivative of A(c) is large and nega-
tive [Eq. (10)]. Our data are in qualitative agree-
ment with this prediction for each of the alloys in-
vestigated.

B. Effect of Pressure on Contribution of Terms of Order
Higher than 77

The pressure dependence of the coefficient of the
T® contribution (B) exhibits a complex behavior with
respect to the concentration of Ni for the alloy data
(Table II). The pure-Pd sample and the sample
containing 0. 32-at.% Ni show only a small decrease
in a comparatively large value of B with the appli-
cation of 4. 5 kbar of pressure. For the alloy con-
taining 0. 55-at. % Ni, the value of B is quite small
and the application of 4, 5 kbar of pressure pro-
duces a large increase in the zero-pressure value.
Fo. the alloy containing 1-at.% Ni, the value of
B is large and negative, and the application of
4. 5 kbar of pressure results in a rather large de-
crease in the size of B,

The above phenomena are consistent with the
idea that electron-paramagnon scattering gives
rise to a contribution to the low-temperature elec-
trical resistivity of order higher than T2 with a
negative coefficient. As pointed out in Sec, IB,
one might expect the size of such a contribution to
decrease with increase in pressure since, as this
experiment has demonstrated, the size of the T?
contribution decreases with increase in pressure.

Assuming that the T° contribution for pure Pd
arises from electron-phonon scattering, and com-
paring the value of B for the alloy containing 0. 32-
at.% Ni with the value of B for pure Pd, it is seen
that the negative contribution from electron-para-
magnon scattering is not very large for this alloy.

’
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The small decrease in B with pressure exhibited
by these two samples presumably reflects the
change in electron-phonon scattering (p,,) due to
pressure. Assuming the Bloch—Griineisen form
for py at low temperatures,

C (T\®
g (5) 19

where C is not expected to depend significantly on
volume. 6jis a characteristic temperature de-
duced from p(T') and characterizes the degree of
excitation of the vibrational modes of the lattice at
any temperature. Its volume dependence (if not

its numerical value) should be the same as the
volume dependence of the Debye temperature

(which experimentally is deduced from the low-tem-
perature specific heat) and is given by the Griin-
eisen constant

dln@R
dlnV

YG = -
Then, from Eq. (13)

dlnph
—_ph
dmv - e

or
Apm
Py
Taking (AV/V)Xx100= - 0.24 corresponding to a
pressure of 4.5 kbar and y, ~2.3 for Pd we have

(Apgm/Pp) X100~ - 3. 3. (14)

For 4. 5 kbar of pressure, the relative change in
B for the pure-Pd sample and for the alloy contain-
ing 0. 32-at.% Ni (Table II) is somewhat less than
the value of 3% predicted by Eq. (14). Consider-
ing the experimental uncertainty in these values
for B this is not surprising. A better indication
of the reduction in the electron-phonon scattering
with pressure is seen from inspection of the higher-
temperature resistivity data for pure Pd (Fig. 3).
It is evident that in the upper part of the tempera-
ture range (9-11. 49 °K) the pressure measure-
ments fall significantly below the zero-pressure
measurements for each temperature and the spac-
ing is increasing with temperature.

For the sample containing 0, 55-at.% Ni, the
negative contribution from electron-paramagnon
scattering, although nearly equal in size to the
contribution from electron-phonon scattering,
changes more rapidly with increase in pressure.
The decrease in size of the negative contribution
from electron-paramagnon scattering gives rise
to a net increase in B (Table II) with 4. 5 kbar of
pressure.

For the alloy containing 1-at.% Ni the negative
(and higher order than T2) contribution from elec-
tron-paramagnon scattering has completely

AV
= (8y¢) .

swamped out the contribution from electron-phonon
scattering, and the effect of pressure is a net
(large) decrease in the size of B.

It is evident from Figs. 6 and 10 that Eq. (11) is
not an adequate description for the temperature-
dependent resistivity of the alloy containing 1-at.%
Ni. It is also evident that the magnitude of the
value for B extracted from such a fit is quite sen-
sitive to the maximum temperature used in the fit.
Table IV shows the result of using a lower-tem-
perature cutoff for the best least-squares fit to
Eq. (12) and the result of replacing the T° term in
Eq. (11) by a T*term and a T3 term, respectively.
The uncertainty in the values of py and A is rather
insensitive to the presence of a contribution of or-
der higher than 7% and the experimental uncertain-
ties given in Table II remain valid for the values
of py and A deduced from the above fits. The fit
steadily improves as the exponent of the contribu-
tion of order higher than T2 is lowered from 5 to
4 to 3. The relative change in B, (for n=3, 4, or
5) associated with the application of 4. 5 kbar of
pressure varies only slightly among the above fits.

On the other hand, the relative change in A (for
the alloy containing 1-at.% Ni) for a pressure of
4. 5 kbar and for #» =3 has significantly increased
over the value for =5 (~ - 5. 3%) and is about the
same size (~-7%) as AA/A for the alloy containing
0. 55-at.% Ni. Insofar as this fit is meaningful,
our results for AA/A as a function of concentration
of Ni are no longer inconsistent with the LEEM
(single-impurity limit). Decreasing the value of
n from 5 is not expected to result in a significantly
different value for AA/A for the alloys with lower
concentrations of Ni, since the deviation from the
fit for »=5 is not nearly so large, presumably
because the contribution from electron-paramag-
non scattering of order higher than T2 is much
smaller for the lower-concentration alloys.

Figure 12 shows that even for the fit with n =3,
the data for the alloy containing 1-at.% Ni exhibit
a systematic deviation which indicates that an
exponent lower than 3 would give an even better
fit. One is thus led to doubt the validity of using
Eq. (11) to describe the temperature dependence
of the alloys below 10 °K. Our results indicate
that in this temperature range there is negative
deviation from T2 behavior of order higher than T?
but less than T'5, Upon application of pressure this
contribution is reduced in size more rapidly than
is the T contribution itself.

For pure Pd and for the alloys containing 0. 32-
and 0. 55-at. % Ni the plots of (p — pg)/T2vs T?
(Figs. '7-9) for both the zero-pressure data and
the pressure data show a peculiar systematic devi-
ation from the best fit to Eq. (12) at the lower tem-
peratures. T was known only to + 20 m°K and that
probably accounts for these systematic deviations



522 R. A. BEYERLEIN AND D. LAZARUS 1
TABLE IV. Summary of results of least-squares fit of data for alloy containing 1 at.% to (p —Po)/T2=A +B, T2 for
n=3,4,5.

Relative
volume Maximum
change B.x 10° temperature
AV oo P Ax 108 " 8By 1002 (CHI? x 10° used in fit
n v (¢Q cm) (12 cm/°K? (1Q cm/°K") B, (12 cm/°KY? (°K)
3 0 0.33569 283 -5520 5.0 0.185 10.17
—-0.239 0.33224 263 —4370 4.9 0.112 10.17
4 0 0.33576 261 - 348 8.2 0.314 10.17
-0.239 0.33229 246 - 281 7.6 0.176 10.17
5 0 0.33579 254 -28.2 12 0.452 10.17
—0.239 0.33232 240 -23.0 11 0.257 10.17
5 0 0.33583 249 —-14.4 15 0.784 12,28
- 0,239 0.33235 236 -11.7 15 0.493 12,28

3Relative uncertainty in value of B due to scatter of measured resistivities from best fit to equation given in caption.

around 6 °K where we changed control schemes.
This has little effect on our qualitative conclusions.

It is evident that very precise thermometry as
well as precise resistivity measurements are re-
quired to determine the nature of the deviation
from T2 behavior in the low temperature resistivity
(T <10 °K) for the alloys.

C. Effect of Pressure on Residual Resistivity

The residual resistivity of each of the alloys
undergoes a reversible decrease of about 1% upon
application of 4. 5 kbar of hydrostatic pressure.
The residual resistivity of pure Pd also shows a
decrease well beyond the limits of the experimen-
tal resolution upon application of this pressure (see
Sec. IIIB and Table II). Data for an intermediate-
pressure run on the alloy containing 1-at. % Ni
(Table II) indicate that the (reversible) decrease
in residual resistivity is linear with respect to
volume change. For the alloys the 1% decrease
noted above is quite large since this is a factor of
4 greater than the change in volume. A significant
transfer of low-mobility d electrons to high-mobili-
ty s states might account for this remarkable be-
havior.

In the absence of a conduction band at zero tem-
perature the Fermi level would maintain its rela-
tive position within the d band as the width of the
band increases with application of pressure. In the
presence of a conduction band, this simple picture
breaks down, since compression of the crystal
causes carriers to be transferred between the d
band and the conduction bands. Two distinct ef-
fects produce this transfer. As the lattice con-
stant decreases, the spacing between conduction
levels increases, and, if the bottom of the conduc-
tion band were to remain fixed relative to the top
of the d band, conduction states would move up
through this region emptying electrons into the d

band as they passed through the Fermi level.
effect, by itself, would produce an increase in
resistivity by removing some of the more mobile
carriers. However, compression also leads to a
downward movement of the bottom of the conduction
band, which, in itself, implies a transfer of car-
riers in the opposite direction. There are indica-
tions that this effect may be characteristic of the
entire transition series. 3! It occurs because,
under compression, the mean d-band energy stays
roughly constant relative to the atomic zero, while
the zero of the “muffin-tin” ionic potential, which
gives the approximate position of the bottom of the
conduction band, moves downward with respect to
this point as the distance between ionic potentials
decreases. Lang and Ehrenreich® show that for

Ni and Ni-Cu alloys the second of the two opposing
mechanisms for charge transfer is more important.
If this is also true for Pd and very dilute Pd: Ni

This

2.82

T T T T T T
1.0-at.% Ni in Pd:Ni

o ZERO PRESSURE

o 4% Kkbar (SOLID He)

2,70

FIG. 12. [p(T) —pO]/T2 vs T for the Pd: Ni alloy con-
taining 1.0-at.% Ni. The solid lines show the result of
the best fit of the data to (o —pg)/T?=A +BsT.
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alloys, the resulting relative increase of high-
mobility s-like electrons at the expense of the popu-
lation of low-mobility d-like states would result in
a decrease in the residual resistivity with pressure
as is seen in this experiment.

For small concentrations of Ni (<1 at.%) both the
total residual resistivity of the alloys and the (ab-
solute) decrease in the residual resistivity with
pressure are proportional to the concentration of
Ni. This suggests a simple model for the role of
the Ni in the pressure effect.

There are two ways in which the addition of Ni
in Pd can bring about an increase in the residual
resistivity. Each Ni ion is expected to behave as
a defect, giving rise to local strains in the sur-
rounding lattice. Since Ni and Pd are isoelectronic,
the resulting increase in residual resistivity is
small, as previously noted. It might also be true
that the addition of Ni tends to fill the d band which
:is known to contain about 0. 36 holes/atom in Pd.®
This could only occur at the expense of the popula-
tion of carriers in the conduction band, which will
aliso result in an increase inthe residual resistivity.
Then for a series of alloys with successively lar-
ge1” concentrations of Ni, a characteristic increase
in the population of carriers in the conduction band
for a given pressure should result in a larger ab-
solut'e decrease in the residual resistivity for each
case, since a fixed amount of s to d transfer repre-
sents: a larger 7elative increase in the population
of carriers in the conduction band for each alloy.

The' above model indicates that the Ni plays a
passive role and that the large decrease (with
pressure) in the residual resistivity of the alloys
is a manifestation of the intrinsic properties of
Pd. Simnilar investigation of other alloys, e.g.,
Pd: Ag, would help to clarify the nature of this
effect.

V. CONCLUSION

Measur ements of the low-temperature electri-
cal resistiivity of pure Pd and a series of very di-
lute Pd: Ni alloys (0. 32-, 0.55-, and 1.0-at.% Ni)

have been c:arried out under hydrostatic pressure (~4. 5

kbar) using solid helium as the pressure medium.

It has been found that the coefficient of the T2
contribution believed to arise from paramagnon-
enhanced electron-electron scattering is reduced
upon application of pressure for each alloy by an
amount greater than that estimated on the basis of
a localized-exchange-enhancement model coupled
with earlier magnetostriction work. ** Ambiguities
in curve fitting, particularly for the alloy contain-
ing 1-at.% Ni, make it difficult to conclude whether
the concentration dependence of this effect agrees
qualitatively with existing localized-enhancement
models.

The results are consistent with the idea that
electron-paramagnon scattering gives rise to a
negative deviation from 7% behavior—of order
greater than T2 and less than T°—in the alloys
which is more strongly reduced in size upon appli-
cation of pressure than is the T2 contribution it-
self. For the alloy containing 1-at. % Ni both the
zero-pressure data and the pressure data indicate
that a description of the temperature-dependent
resistivity p(T) for T <10°K by p=po+AT?+ BT®,
as has previously been suggested, is inadequate.

A large reversible decrease in the residual
resistivity of each of the alloys was observed upon
application of pressure. The relative size of this
effect is four times as large as the relative volume
change. This suggests that there may be a signifi-
cant transfer of low-mobility d electrons to high-
mobility s states with application of pressure. A
simple model is offered to explain the role of the
Ni in this effect.
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Neither of the intermetallics SmAl, (a ferromagnet below T¢=120 K) and SmSn; (an antifer-
romagnet below Ty =11 K) show the sign reversal predicted by White and Van Vleck for the

4f-induced Knight shift in the paramagnetic region.

On the other hand, no particular anomaly

has been observed in the temperature dependence of the susceptibility. An explanation for
this is given in terms of mixing of excited J levels of Sm® into the J=§ ground multiplet by
cubic crystal fields. The calculation is described of the crystal field matrix elements of Sm®
between any J and J’, and expressions are derived for the Knight shift and the susceptibility

in the presence of crystalline and molecular fields.

It is shown that the sixth-order compo-

nent of the crystal field is important, and that the anomalous behavior is enhanced by ferro-
magnetic exchange between the Sm ions. A study of the lattice constants and the 2'Al quadru—
polar coupling in comparison with other RAl, (R=rare earth) compounds excludes the possibil-

ity of Sm in SmAl, not being trivalent.

I. INTRODUCTION

In rare-earth intermetallic compounds the orbit-
al as well as the spin part of the localized 4f mag-
netism is accessible to experimental study. In the
paramagnetic region, the 4f magnetic susceptibil-
ity x; is a direct measure for the rare-earth mag-

netic moment, i.e., (L,+2S,), while: the part of
the Knight shift at a nonmagnetic site due to s-f ex-
change enhancement of the conduction-electron-
spin polarization K, is proportional to (S,). With-
in the ground multiplet of the rare earth, (L, +2S,)
and (S, ) are proportional to each other, differing
by a factor (g; - 1)/g;, with g, the I.andé g factor.



