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Measurements have been made of the magnetoresistance of dilute (approximately 0. 1 at. %)
alloys of Fe and Co in a Pd matrix over a temperature range from 1.5 to 10 E and for fields
of up to 60kOe. The magnetoresistances follow the predictions of Yosida and show thai the
giant moments in these alloys can be described by g factors of (2. 9 +0.1) for both alloys and
by S values of (4. 5+0. 1) for Fe and (4. 7+0. 1) for Co. The enhancement of the g factors is
interpreted in terms of the enhanced Pauli susceptibility of the host and the exchange inter-
action between the local spins and the d-band conduction electrons, and is found to correlate
well with the ferromagnetic ordering temperatures observed in these alloys if only the on-site
spin is considered.

,INTRODUCTION

The giant-moment phenomenon observed in dilute
alloys of iron and cobalt in palladium has attracted
considerable experimental and theoretical interest
in recent years. It was originally revealed by
analysis of the paramagnetic susceptibility' and the
ferromagnetic saturation magnetization of such
alloys which indicated anomalously large mag-
netic moments associated with the impurity ions.
The long-range ferromagnetic interaction between
the impurities, inferred from the observation that
ferromagnetic coupling was found in alloys with
as little as 0. 1 atP/& of impurity, 3 suggested the
existence of a long-range spin polarization in the
host metal and direct evidence for such a polari-
zation was supplied by neutron- scattering' and
Mossbauer-effect studies.

The physical picture provided by the neutron
scattering is of an on-site impurity moment of
3. 5 p& in I'dFe, and 2. 1 p.~ in I'dCo with an in-
duced polarization extending over some 200 Pd
near neighbors of the impurity ion, each contrib-
uting an average of about 0. 05 p, ~ to the giant
moment. The spatial extent of this induced polari-
zation has been attributed to the nearly ferromag-
netic itinerant nature of the d band of the host which
suppresses the Ruderman-Kittel-Kasuya- Yosida
(RKKY) oscillations and results in an exchange
enhancement of the range of the polarization.

A theoretical treatment of the properties of these
alloys has been given by Moriya, concentrating
firstly on the mechanism by which a local moment
is formed upon the impurity site and in its im-
mediate neighborhood, and then upon the enhance-
ment of this resultant moment by the exchange in-
teraction in the host metal.

This paper presents the results of magneto-
resistance measurements in such dilute alloy sys-
tems in the temperature range 1.5—10 K and for

fields of up to 60 koe. The measurements show
that the giant moments can be described by g fac-
tors of (2. 9+ 0. 1) for both alloys and by S values
of (4. 5+0. 1) for Fe and (4. 7+0. 1) for Co. The
enhancement of the g factors is interpreted in
terms of the enhanced Pauli susceptibility of the
host and the exchange interaction between the local
spins and the d-band conduction electrons, and

is found to correlate well with the ferromagnetic
ordering temperatures observed in these alloys
if only the on-site spin is considered.

EXPERIMENTAL

The alloy specimens were selected from those
studied by Williams and Loram' in zero field down

to 0. 5 K and analyzed concentrations of 0. 1-
at. % Fe and 0. 098-at. /, . Co. They are in the form
of foils 2 to 3 mm wide and 10 cm long, and are
bent into a hairpin shape before mounting inside
a superconducting solenoid in such a way as to
keep 9. 5 cm of the foil in a longitudina1 field and

only 0. 5 cm in a transverse field. The field homo-

geneity over the sample length was better than
4 in 103. Previous investigations~ have shown that
both longitudinal and transverse magnetoresistances
of polycrystalline paramagnetic specimens of mag-
netic alloys have the same field and temperature
dependence.

Because of the small changes expected in the
resistivity, the foil resistances were measured
by altering the current through the specimen to
balance a highly stable voltage, the off-balance
signal being detected by a Keithley 149 millimicro-
voltmeter and the current and voltage being read
simultaneously to a resolution of 1 in 10' on
Hewlett-Packard digital voltmeters. The equip-
ment was capable of reproducible measurements
to 1 nV and an accuracy in resistance measure-
ment of 2 in 10 . Temperatures below 4. 2 K were
stabilized and measured to within 1 mdeg and those
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FIG. l. Impurity mag-
netoresistivity of Pd O.l-at. %
Fe vs &/&. The solid line
represents Eq. (2), evaluated
for the parameters shown
in Table I. The dashed curves
at the knee of the curve are
curves plotted for g=3. l and
g=2. 7.
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above 4. 2 K to better than 1% using vapor pressure
and gas thermometer techniques, in combination
with carbon resistance thermometers in the tem-
perature control system. The area to length ratios
of the samples were measured by a technique sim-
ilar to that of Dugdale and Basinki.

To facilitate analysis of the results, resistivities
were measured in constant fields as a function of
temperature between 1.5 and 10 K. The upper
limit to the temperature range chosen is such as
to eliminate resistivity changes due to the break-
down of Matthiessen's rule. '

ANALYSIS OF RESULTS

The resistivity due to the magnetic impurities at
a particular temperature was calculated by sub-
tracting the resistivity of a pure Pd specimen, of
resistance ratio 100, from the measured resis-
tivities. It is important to correct for the normal
Kohler magnetoresistance due to potential scat-
tering in the host metal and by the magnetic im-
purities themselves. This was done by assuming
that the resistivity due to the impurity spins would

be a universal function of H/T for a given impurity,
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FIG. 2. Impurity magne-
toresistivity of Pd 0.098-at. %
Co vs H/T. The solid line rep-
resents Eq. (2) evaluated for
the parameters shown in Table I.
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for both alloy systems can be thus plotted as uni-
versal function of H/T, taking

&p'= p.»., (H, T) p—v~ (T)

pK hl r (H, T) —p(H = o, T = ~),

the value of p(H= 0, T= ~) being deduced from the
curve-fitting procedure described below.

The Kohler magnetoresistivities were then plotted
for the two alloy systems as functions of the mag-
netic field, as shown in Fig. 3, and were found to
agree quite well. The maximum Kohler magneto-
resistivity [p&{H)—p„(12 kOe)j was of the order of
G. 025 pQcm, whereas the total resistivity of the
alloy at the same field was of the order of 0. 3

p 0cm. The Kohler magnetroresistivities were
found to be temperature independent to within the
experimental error of the measurements.

The apparent saturation of the spin-disorder
magnetoresistivity appears to indicate that the
local spins are all aligned and accordingly the de-
parture of the resistivities from saturation might
be expected to follow a Boltzmann temperature
dependence of the form

gp~{H T) gp&(H 0) g &-gasser

FIG. 3. Kohler magnetoresistivities for the two
RIIoy systems Rs R function of field.

as shown below, and by calculating the Kohler
magnetoresistivity required to ensure this. Fig-
ures 1 and 2 demonstrate that the resistivity data

where g relates to the local spin. Figure 4 demon-
strates such behavior for the PdCo specimen, and
it ls clear that the value of g required ls 2. 6 in
excess of the free-electron value of 2. A similar
increase of g above 2 is observed for PdFe.

The temperatuxe dependence of the magnetoresis-
tivity of dilute magnetic alloys is discussed by
Yosida and by Heal-Monod and Seiner. The lat-
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ter authors take their calculations to third order
to include the effect of a spin-compensated state
but the PdFe system shows no sign of an appre-
ciable temperature dependence of the zero-field
resistivity and such third-order terms may be
presumed to be negligible. The PdCo, however,

does exhibit some temperature dependence ' but
the magnitude of the change is small enough to sug-
gest that an attempt be made to fit not only the
PdFe data to the second-order theories but also
the PdCo. For the purpose of. analysis, we use
the expression derived by Yosida:

p(tt, T)=Ac (T*+i'((S',) (P(S t) —(P',) —(S,)((t tcctt(lc)()

4v'P(s, )'
V'+8 (8,) +J [8(8+1)-(S~A) —(S,) ] [1+tanh( —,'n)]

where e is the impurity concentration in at. %,
n =ggsH/kT, (8,) and (S,) are the expectation val-
ues at the temperature T of the operators S, and
S„respectively, and the constant A is given by

A = 3w m V/2h e Ey

with V being the host atomic volume. The assump-

tion of isotropic potential and exchange scattering
has been made. It should be emphasized that this
formulation by Yosida is valid for arbitrary V
and J. By evaluating the expectation values in
zero field, the general expression for the magneto-
resistance is given by

4V'z'(8) '
AP(tt, T)=P(D, T) —P(K, T) =Ac (P'(S,) tcctt(-', n), ,

( ( )
-, , ()8 8+ 1 — S,q t~nh, n

which can be seen to yield a negative magnetore-
sistance.

Assuming ) V)» ) Jj, the limiting behavior of
the magnetoresistance for small n is given by

Ap(H, T)=(Ac/18) J 8(8+1)(88 +8S+3)n, (4)

assuming Brillouin behavior of the spins, and Fig.
5 shows a plot of [ap'(H/T) —4p'(0)] vs (H/T)'
for the lowest field investigated, the linearity for
small values of (H/T) apparently agreeing with

Eq. (4). Using the value of g deduced from the
high-field low-temperature data of Fig. 4, val-
ues of g[$($+1)]' can be calculated, yielding val-
ues of 12 for PdFe and 14. 5 for PdCo. It will be
shown later that this agreement is fortuitous, and
that if more accurate values of g and S, derived
from a fit of the magnetoresistivities over the
whole range of field and temperature, are com-
bined with a lifting of the restriction that I V)» j J),
then the values of n are not sufficiently small to
exhibit the true linear dependence. This is shown
in Fig. 5 where the dotted line indicates the be-
havior to be expected at higher temperatures, where,
however, the experimental data become increasing-
ly inaccurate due to the breakdown of Matthiessen's
rule. Extrapolation of the observed data in Fig. 5

does yield an approximate value for the over-all

I

change of spin-disorder resistivity, the "step
height" [p(0, T) —p(H, 0)].

The magnetoresistivity for various combinations
of g, S, and step height can now be computed from
E(l, (2) for all values of field and temperature,
the value of A being 5. 78 pQcm/at. %if V and J are
expressed in eV and a yarabolic s band is assumed
with 0. 36 electrons per Pd atom and an effective
mass m/mo= 2. 2. ' The solid lines in Fig. 1
represent the best fit to the experimental points
and the resulting values of g and S are shown in
Table I. The agreement between the calculated
curves and the experimental points is shown at the
knee of the curve, the most sensitive region to
such curve fitting, and the data can be seen to fall
between the curves for the quoted limits. Further
confirmationof the assignment ofg arid S is shown in
Fig. 6, where the low-temperature high-field data
are plotted as a function of x = p, ~H/'k T with the
calculated curve superimposed. Using these val-
ues of g and S, true saturation of the spin system
in the sense of description by a single Boltzmann
exponential of the type in E(l. (1) is to be expected
for values of x greater than 1.34, a value not at-
tained in our experiments.

From the resistivities, we are further able to
deduce a value for the exchange constant J since
it satisfies the equation

2(2$+ 1)p(0, T) —p(H, 0)+ [8S(2S+1)p(0, T)p(H, 0) + p(H, 0) ]
s-local ( 2Ac 8(2S + 1)

(5)
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It is of interest to compare the step heights de-
duced from the present work with those deduced
from the zero-field resistivities of the same alloys
and Table II shows the comparison. It can be seen
that the step height from magnetoresistivity in each
case is the larger, indicating that in the zero-
temperature limit not all the spins in the alloys are
aligned. If we assume that the step height from the
magnetoresistivity corresponds to complete align-
ment of the spins over a distance of the order of
magnitude of a mean free path for spin-flip scat-
tering, then it can be shown that the ratio P of step
heights in zero field and in a magnetic field will
be given by

P = 1 —
t 4Sa/(1 + 4S)] (1 —a ),

where a is the fraction of spins aligned parallel to
the z axis with the remaining spins aligned anti-
parallel. This expression can be derived from
Eq. (2) by substituting (S2) = S~ and (S,) = (1 —2a)S
over the distances considered and assuming, as
has been shown to be the case, that ) V(» )ZI.
Such analysis suggests values of a=0. 86 in I'dFe
and 0. 76 in I'dCo. These figures may be explained
in a semiquantitative way by considering the spin
polarization around the impurity ion in Pd. The
neutron diffraction experiments suggest a range

I
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FIG. 5. Inpurity magnetoresistivity of Pd 0. 1-at. %
Fe vs (H/T)~.

A value for the potential scattering I V) due to the
impurity spins can similarly be deduced, and the
values of V and J are included in Table Z. It should
be noted that there is no evidence from the data for
any interaction field other than an exchange field,
in contrast to the behavior of the magnetization
described by Manuel and McDougald. ' It can be
seen that the values of V are of comparable mag-
nitude as would be expected from the agreement
between the Kohler magnetoresistivities shown in
Fig. 3.
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TABLE I. Values of V, J, g, and S for the alloy
systems studied.
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V (eV) J (eV) g S

PdFe 0. 582 0. 0163 2. 9+0.1 4. 5+0. 1
PdCo 0. 496 0. 0307 2. 9+0. 1 4. 7+0. 1

13.1+0.2
13.6+0.2

FIG. 6. High-field low-temperature magnetoresis-
tivity of Pd 0. 1 at. % vs x =p~H/KT. The solid curve rep-
resents Eq. (2) evaluated for the parameters shown in
Table I.



Z ero-f ie].d
step height
V(&,) —V(0)

pQcm

Magnetoresistivity
step height

p(0, T) -0(H, 0)
pQ cm

TABLE H. Comparison of step heights for anoy
systems studied.

coupling the local spin to the d-bRIld eflocal& ~

Turner and Long hRve derived an expression
for the Curie temperature of an enhanced system,

Pd Fe
I'd Co

0. 0071
0. 0139

0.0129
0. 046

where 8 is the on-site spin, Z the number of con-
duction electxons pex atom, and C the concentra-
tion. Substituting Eqs. (V) and (8) into (8) we have

of the giant moment spin cloud of approximately
10 A, roughly 22 lattice spacings. Beyond this
1RDge the spin polarization ls osclllRtory, so we
may assume that impurities sitting in the oscillatoxy
part will order in a random antiferromagnetic way,
If n is the Dumber of atoms within the range of the
glRDt, moment Rnd 0 ls the fx'RctloDRl CQDcentl RtlQD

of impurities, then the probability of finding an im-
purity outside the range of the giant moment will be
(1 —c)". Of these impurities, half will align them-
selves parallel to the spin giving rise to the giant
moment, leading to the identification of the param-
eter a as —,'(1 —c)". Values of n equal to V20 and 520
in PdFe and I'dCQ, respectively, result. ID a fcc
lattice such as Pd, there are 256 atoms within two
lattice spacings Rnd 864 within three. The fact that
the observed values of n fall between these limits
shows rough agreement with the neutron-scattering
results, and suggests that the polarization range for
Fe in Pd is slightly lax'ger than that of Co in Pd.

It has been shomn14 that ag shift occurs in the
process of s-d exchange given by

~here g, is the g factor for the localized spin, y
the susceptibility of the host, and g, the g factox
for the conduction electxons. In Pd-based alloys,
the stRtlc spin susceptlblllty ls glveD by

q p~ N(Ep) Xo~g~ ps N(Eg)
l-m(E, )

&,Eo (2&) yNg5. 18X10~
gsff gs CS(S 1) l (9)

where NJ, is the atomic number of the host. For
the Pd 0. 1-at. '//& Fe alloy we find V', = 0. V8 K, ~

8 = 1.5 from neutron diffraction, 3 and y = V. 5x 10 6

emu/gm. Assuming g, = 2 and taking the plus
sign in Eq. (9), we have g,« = 2. VO. In the case of
the Pd 0.098-at. /~ Co, we have T, = 0. V9 K, 6

8= 1, Rnd g,gf
—-2. 93.

The enhancement of the spin deduced from the
magnetoresistivities above the expected value of
1.5 for Fe and 1 for Co, Rnd in particular the
greater enhancement of the Co spin, cannot be
simply explained. An attempt to repeat Moriya's
calculation for the double-peaked density of states
expected to be applicable to Pd proved to be too
sharply dependent on the parameters selected to
be meaningful.

We have used magnetoresistivity data on dilute
alloys of Fe and Co in Pd to assign values to the
potential scattering, the exchange scattering, and

the g and 8 values of the impurity giant moments.
It is found that the results are compatible with the
zero-field measurements on the same alloys over
a wider temperature range, if the "on-site" mo-
ment alone is involved in the exchange interaction
between local spins and the d-band conduction elec-
trons to give ordex ing in the alloys.
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The equilibrium configuration of a submonolayer film adsorbed on a solid surface is analyzed
via a model classical Hamiltonian. In this model, the adsorbed atoms or molecules are repre-
sented by point particles interacting through connecting springs and the substrate is simulated
by a two-dimensional periodic potential. The resulting structure of the film is found to be either
commensurate or incommensurate with the periodic potential, depending on the force constant
of the springs, the. amplitude of the periodic potential, and the degree of mismatch between the
Iength of the unstretched springs and the lattice parameter of the underlying periodic potential.
Next, the lattice-vibration spectrum of the film is studied. It is found that when the film struc-
ture is incommensurate, the excitation spectrum starts from zero energy. In the commensu-
rate structure the phonon spectrum always starts at a finite frequency. It is noted that this
difference between commensurate and incommensurate behavior has an important influence on
the thermodynamic properties of the film. Qualitative comparison with experimental data is
made.

I. INTRODUCTION

A submonolayer film adsorbed on a solid surface
is a system with complexity rivaling that of a three-
dimensional solid: The atoms or molecules in the
film can exist in various phases (and undergo phase
transitions); and they interact in a complicated
manner with the substrate underneath. Recently,
the system of He or He submonolayers adsorbed
on solid surfaces has received considerable experi-
mental and theoretical consideration. ' Dash and co-
workers have performed a series of experiments
with He submonolayers adsorbed on a copper sponge,
and found that at low temperatures the contribution
of the adsorbed layer to the specific heat has a T
dependence. This peculiar behavior seems to indi-
cate that the film behaves like a two-dimensional
solid. However, if we neglect the substrate com-
pletely, the concentration of He atoms and vapor
pressure under those experimental conditions indi-
cates that it is very unlikely for the adsorbed atoms
to condense into a solid phase. Taking the substrate
into account, condensation into complete registry
seems possible, but then the specific heat wbuld
have an exponential behavior at low temperature.
This apparent paradox remains unexplained at the
present time. However, the latter alternative moti-

vates one to ask the following: When the atoms or
molecules exist in a solid phase on the surface,
does their configuration bear any simple relation
with the lattice underneath, and how will their con-
figuration influence thermodynamic properties? In

this paper, we attempt to answer these questions
for a system described by a model classical Ham-
iltonian. The equilibrium configuration (the ground
state) is obtained by minimizing the system poten-
tial energy, i. e. , the kinetic part of the energy is
neglected. This is equivalent to neglecting zero-
point vibrations. Because of the extreme light mass
of helium atom, this model may not be directly ap-
plicable to a system of He molecules adsorbed on
surface: It would be more appropriate for an ad-
sorbate of other rare gas species such as Ne and
Ar.

II. HAMILTONIAN AND THE DIFFERENCE EQUATION

In actuality, for many physisorption systems,
various central factors, such as the nature of the
adsorbate- adsorbate and adsorbate- substrate inter-
actiono, are little known. It seems worthwhile,
therefore, to investigate idealized models of the
system to arrive at a qualitative understanding of
the interplay of various factors in determining the
equilibrium configuration and excitation spectrum.


