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Magnetoresistance measurements on a Pd—2.91-at. % Mn alloy in the temperature range
1.4—20 K and in applied fields up to 60 kOe are presented. The data demonstrate the effects
of interimpurity (near-neighbor) covalent admixture, the antiferromagnetic coupling from
which appears to be in qualitative agreement with the calculations of Moriya. These data also
allow an estimate of the near-neighbor Mn-Mn interaction energy to be made, and this is com~
pared with quantitative estimates on the basis of the double-resonance coupling mechanism of
Caroli and Blandin. By including a magnetic field in the collective-excitation model of Long
and Turner, the magnetoresistance data can be fitted once allowance has been made for near-
neighbor antiferromagnetic coupling. The acoustic-spin-wave stiffness D, which is obtained
by fitting the data to this model, is found to be field dependent; it decreases rapidly with in-
creasing field. The possibility of optical-mode collective excitations is briefly discussed.

I. INTRODUCTION

The static response of the conduction electrons
of some hosts to moment bearing impurities,
particularly impurities from the first transition
series, has been the subject of considerable theo-
retical speculation. That group of hosts, especial-
ly, in which exchange-enhancement effects play
an important role, has had much attention focussed
on it. A phenomenological account of the static
properties of alloys in this latter group, based
essentially on a rigid-band model, has been given
by Rhodes and Wohlfarth!; in contrast, Clogston
and co-workers? used an approach in which the
near-neighbor host “lattice sites” were perturbed
by a magnetized virtual-bound impurity state. This
latter approach, however, suffered from the ob-
vious drawback of predicting an induced moment
in the surrounding matrix which was not only
parallel to the “on-site” impurity moment but also
related to the magnitude of this moment by a con-
stant factor.

Moriya®* has subjected this problem to a de-
tailed analysis based on both the Anderson® and the
Wolff—Clogston®” (tight-binding) models. Within
the framework of the Anderson model, the physical
origin of the various contributions to the induced
conduction-band polarization are easily identified.
The admixture term in this model [3, %, Vis(cE 4o
+CX Cp) in Anderson’s® notation] causes part of
the spin-up (occupied) localized d state to be mixed
into the empty conduction-band states of the same
spin orientation, while occupied spin-down conduc-

a

tion-band states are mixed into the unoccupied spin-
down localized d state. This is the covalent-ad-
mixture contribution, which is clearly parallel to
the impurity moment (and in hosts where exchange-
enhancement effects are unimportant, the inte-
grated conduction-band polarization from covalent
admixture must exactly compensate the reduction
in local moment). The admixture term also causes
an energy shift (in second order) of the conduction-
band states; this energy shift is positive for the
spin-up and negative for the spin-down band states.
The consequent redistribution of conduction elec-
trons leads to a contribution to the induced conduc-
tion-band polarization which is antiparallel to the
local moment.

The sign and magnitude of the net conduction-
band polarization is thus dependent on the relative
magnitudes of the covalent-admixture and energy-
shift contributions, which, in turn, are closely
related to the slope of the density of states at the
Fermi level, and to the arrangement of the spin-
up and spin-down localized d states relative to the
Fermi energy. ** It is this net contribution which
is subject to the effects of intraband exchange.
Indeed, detailed application of Moriya’s calculations
to first-row transition elements in Pd not only pre-
dicts the correct sign of the induced polarization
in the host’s d band (i.e., the “giant-moment”
phenomenon associated with Fe and Co impurities
in Pd?®~10 along with the negative polarization in-
duced by Cr impurities in the same host), but
also gives realistic quantitative estimates for the
magnitude of this polarization when allowance is
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made for the effects of exchange enhancement. At
this point the polarization induced by Mn impurities
‘in Pd warrants some comment. Calculations of
the above type indicate that the induced polarization
is small and negative; the magnitude of the induced
polarization has been confirmed by impurity NMR
measurements'! (these indicate that the on-site
moment is close to the total moment). However,

it seems possible that when the effects of true s-d
exchange are taken into account, #° a small positive
polarization will result, which will then be in
quantitative agreement with paramagnetic resonance
(g =2.09)'® measurements, and with the analysis of
resistivity measurements on PdMn alloys'®!* (the
latter indicate that the ferromagnetic ordering
temperature T, per atomic percent Mn is much
less than that for Fe or Co impurities in the same
host).

In the low-concentration limit (< 1-at.% impurity)
the nature of the ordered ground state of the alloy
is determined essentially by the spatial variation
of the conduction-band polarization. Typically,
the Ruderman-Kittel-Kasuya-Yosida (RKKY) os-
cillations’® induced in the host conduction band
lead to a “disordered” antiferromagnetic ground
state.'® In hosts where intraband exchange effects
are important, the RKKY oscillations are sup-
pressed out to relatively large distances, 1"*®leading
to a ground state of largely ferromagnetic charac-
ter. However, in alloys containing several atomic
percent impurity, this latter behavior can be modi-
fied by the effect of direct interimpurity coupling
(operative virtually only when impurities are
nearest neighbors). Near-neighbor-interaction
effects have been studied by several authors;
Alexander and Anderson® and Moriya® have inves-
tigated interaction effects due to admixture between
two near-neighbor magnetic impurities. The rele-
vant conclusions reached on the basis of this ap-
proach are that impurities with nearly half-filled
d shells tend to couple antiferromagnetically;
ferromagnetic coupling is increasingly favored as
the number of d electrons increase. These con-
clusions appear to be in good qualitative agreement
with the observed concentration dependence of the
magnetic ordering temperature T, for Fe, Co, and
Mn impurities in Pd.!* For concentrations of the
order of a few atomic percent, dT,/dc is an in-
creasing function of concentration for Fe and Co
impurities, but is a decreasing function of concen-
tration for Mn in Pd.

Theoretical investigations of the dynamic
properties of the ordered phase of alloys formed
from impurities in the latter half of the first transi-
tion series with Pd, on the basis of an s-d model
in which the impurity spin (§) is coupled to itin-
erantd electrons (of spin G,) via an isotropic ex-
change coupling — 2J,0ca1 S » 0 have indicated that
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at temperatures well below T,, the elementary
excitations of the coupled local-moment d-hole sys-
tem can be approximately described by spin waves.
The conductivity of this ordered phase has been calcu-
lated?? on the basis of s electrons scattering from
these elementary excitations via a coupling of the
form - 278 . G¢ where the effective exchange con-
stant J has contributions from both “direct” and
“indirect” processes.? The random distribution
of impurities implies a lack of translational sym-
metry in the s-d Hamiltonian for the alloy, which
thus predicts a 7°/2 limiting low-temperature
form for the incremental resistivity Ap(T); the
latter has been observed in dilute PdFe,*® PdCo, 2*
and PdMn!*?® alloys. This model has also been
extended to take into account the effects of an ap-
plied magnetic field, %6 and appears to give a rea-
sonably good account of the observed magnetore-
sistance in dilute ferromagnetic PdFe and PdCo
alloys. 27

In this paper magnetoresistance measurements
are presented on a Pd-2.91-at.% Mn alloy over
the temperature range 1.4-20 K, and in applied
magnetic fields up to 60 kOe. These data can be
analyzed within the framework of the above model
when allowance is made for the effects of near-
neighbor interimpurity interactions.

II. EXPERIMENTAL DETAILS

The specimen used in this investigation was in
the form of a carefully etched and annealed strip
of approximate dimensions 0. 01 cm thick, 0.3 cm
wide, and 7 cm long. It was prepared in a pre-
viously described manner? from 99.999%-pure Pd
(from Johnson Matthey and Co., London) and
99. 95%-pure Mn (supplied by Koch-Light Ltd.,
England) and had been subjected to measurements
down to 0.41 K in zero applied field.'* During the
course of the present measurements the sample
was mounted in the longitudinal field of a super-
conducting magnet operating in a persistent mode.
This magnetic field was measured by a Hall probe
to within + 0.1 kOe, and varied by about 2 parts in
10° over the length of the sample. While the mag-
net was immersed in a He* bath at atmospheric
pressure, the sample was mounted in a copper
enclosure which was inserted into the bore of the
solenoid. Temperature stabilization of this en-
closure was achieved by using a carbon resistor
in a feedback control circuit; this allowed tempera-
tures below 4. 2 K to be stabilized and measured /
(via He* vapor pressure) to + 1 mdeg and above
4.2 K to better than 1% (using a gas thermometer).

A four-probe technique was used to measure the
sample resistance; in this the sample current was
varied to balance a highly stable voltage. Balanced
conditions reproducible to +10™ V were achieved,
leading to a resistance measurement accurate to
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FIG. 1. Incremental resistivity payqoy(H, T) = ppa(T)
(uQ cm) plotted against temperature (K) in zero field
and in applied fields of 9.7, 24.8, and 58.5 kOe.

1in 10%. Reliable estimates of the sample resis-
tivity were made by measuring the area-to-length
ratio of the specimen to an accuracy of + 0. 5%. 2

III. RESULTS AND DISCUSSION

In Fig. 1 the measured incremental resistivity
Ap(H, T) = pay1oy(H, T) — ppa(T) is plotted as a func-
tion of temperature up to 16 K in zero field and in
applied fields of 9.7, 24.8, and 58.5 kOe.2® The
measurements in zero field and in 9.7 kOe were
extended up to 25 K, and indicate that Ap(H=0,
T=25K) - Ap(H=9.7 kOe, T=25 K) is vanishingly
small. This latter result demonstrates that the
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effects of “normal” magnetoresistance due to the
cyclotron curvature of conduction-electron orbits
is not an important consideration in the present
investigation. This appears to be in quantitative
agreement with the work of Campbell et al. * in
which it is suggested that such effects are unimpor-
tant in alloys whose resistivity is greater than 1
uf2cm, From Fig. 1 the magnetic ordering tem-
perature T, is estimated at 7.85+0.1 K, while the
coefficient of the 7%/2 limiting form for Ap(H=0, T)
valid up to about 3.5 K (see Fig. 2) is (8.95+0.1)
x107% uQ2 cm/K%/2, These estimates compare
favorably with previous zero-field measurements
on this Pd-2, 91-at. %-Mn sample'*; previous data
on this and less concentrated PdMn allows are
summarized in Table I.

In zero applied field it is usual® to take the dif-
ference Ap(T,) — Ap(T =0) as a measure of the
“spin-disorder” contribution to the resistivity,
Ap(T,) representing the contribution from the
totally disordered state and Ap(7 =0) that from the
fully ordered state. In the random-phase approxi-
mation (RPA), Ap(T,) - Ap(T'=0) is linearly pro-
portional to the impurity concentration ¢,% An
inspection of Table I reveals that this approximation
is not a good description of the zero-field data on
PdMn [for example, Ap(T,)— Ap(T=0) is larger
for 2.4 than 2.91-at.% Mn]. This is confirmed by
the data plotted in Fig. 1; in examining these data
it is clear that Ap(H, T,) can no longer be taken
as the contribution from the totally disordered
state. However, the opening observations of this
section indicate that neglecting the contribution to
the incremental resistivity from the breakdown
of Matthiessen’s rule® (in this case due to the
competing effects of spin disorder and phonon
scattering), then Ap(H=0,T,) =Ap(H, T > T, —the
contribution from the totally disordered state does
not depend on the applied field—in which case
Ap(H=0, T,) - Ap(H, T =0) represents the appropri-
ate measure of the spin-disorder contribution in an
applied field H. The observation of a field depen-
dence in this latter difference is thus clearly in-
consistent with our ‘assigning Ap(H=0, 7=0) as the
contribution from the fully ordered state. This

TABLE I. Summary of existing zero-field data on dilute PdMn alloys.

Mn concentration Ap(T =0)* Coefficient of the Ap(T,) ~ Ap(T =0)*
(at. %) T, (K) (1 cm) T3/2 term (uQ cm/K3/2) 2 cm)

1,054 3.90+0.02 1.363(5) = 0.001 (15.6+0.1) x 102 - 0,101(5) £ 0.001
2,40 7.35+0.02 3.413(0) £ 0.001 (10.7+0.1)x 1073 0.187(0) + 0.001
2,914 7.71+0.02 4,788(1) + 0,001 (9.0+0.1)x 103 0.177(9) + 0. 001
1,029 3.4 1.647 15.1 x 103 0.092
0.5 1.7
1,049 3.7
2,049 5.25

2The errors quoted in these columns exclude errors in the measured area-to-length ratio of the samples.
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FIG. 2. Incremental resistivity Ap(H,T) (uQ cm) plot-
ted against (T3/2)(K3/?) in zero field, and in applied fields
of 9.7, 24.8, and 58.5 kOe.

inconsistency is removed by conceding that in zero
field the ground state of more concentrated alloys
contains a significant number of antiferromagneti-
cally coupled, near-neighbor Mn pairs, in qualita-
tive agreement with calculations based on inter-
impurity covalent admixture. *

(BN

A. Near-Neighbor Interactions

In order to treat the effects of near-neighbor in-
teractions on a quantitative basis it is necessary
to obtain reasonably accurate estimates for
Ap(H, T=0). According to Long and Turner, ? at
temperature 7 T,,

Ap(H=0,T)=Ac+Bc™/21%/2 1)

where A and B are constants. In Fig. 2, Ap(H, T)
for T<< T, are plotted against T/ 2, as expected
Ap(H=0, T) is well described by Eq. (1) up to

about 3.5 K; unexpectedly Ap(H, T) also follow a
7%/2 limiting form up to about 2.8 K (* $7T,), with
B decreasing with increasing H—this is not the
situation in dilute ferromagnetic PdFe and PdCo
alloys.?" This result enables Ap(H, T=0) to be
accurately evaluated (see Table II). The difference
Ap(H=0, T,) - Ap(H, T =0) is plotted against the
applied field H in Fig. 3, in this way the “infinite-
field” step height is estimated at 0.44+0.04 uQcm
(the estimate is admittedly crude, this is reflected
in the +10% error). One can write

Ap(H=0,T,) - Ap(H, T=0)=E - Fe™*# , (2)

which is essentially a molecular-field description
of the antiferromagnetic Mn-Mn nearest-neighbor
interaction. F is identified with the infinite-field
step height, F is a parameter with the dimensions
of uf2 cm, while

azglJvBS/Eint . (3)

Here E,,; is the assumed unique nearest-neighbor
interaction energy due to interimpurity covalent
admixture, g is the impurity Landé factor, and up
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FIG. 3. “Step height”
Ap(H=0, T,) —Ap(H, T=0) (uQ
cm) plotted against applied field
T (kOe).
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TABLE II. Magnetoresistance data on Pd—2.91-at.% Mn. .

Magnetic field Coefficient of the T3/22
(kOe) term (uQ cm/K3/2)

Ap(H=0,T,)—Ap(H, T=0)*
(1 cm)

DpH, T=0)2
(12 cm)

zero [8.9(5) = 0.1]% 1073

0.171(5) +0.001
0.245(0) + 0.001

4.728(5) £0.001

9.7+0.1 [7.0(0) +0.1]x 10 4.655(0) + 0.001
24.8+ 0.1 [4.5(5) £0.1]x 103 4.602(0) = 0.001 0.298(0) £ 0.001
58.56+0.1 [2.0(6) = 0.1]x 1073 4.525(4) £ 0.001 0.374(6) +0.001

*Errors quoted in these columns exclude errors in the measured area-to-length ratio.

is the Bohr magneton. Figure 4, in which In[E

- Ap(H=0, T,)+Ap(H, T=0)] is plotted against the
applied field H, demonstrates that the assumption
of a unique value for E, , is reasonable, while the
slope of this plot gives

@=(2.40+0.06) %10,
Using g=2.09'2 and S=2.5* yields
Eg=(1.21£0.05)x 107 eV,

Although the effects of interimpurity covalent ad-
mixture, as discussed by Moriya, * appears to
account qualitatively for the observed near-neigh-
bor coupling, quantitative estimates on the basis
of this model are difficult to obtain. However, the
double-resonance coupling model of Caroli® and
Blandin® may be applied directly to the present
situation. Double-resonance coupling between two
near-neighbor impurities separated by a distance
R leads to an interaction energy

2
) E (2l+1)
m

E,+(R)= Egsinnf

l

. .y COs(2kxR+15+n7°)
x sinn;® (kiR)a e

1 labels various partial waves and o is a spin index,
E. is Fermi energy, and 1;°, 71;° are the phase
shifts for the appropriate (spin-up or -down) par-
tial waves; kp is the Fermi momentum. The phase
shifts appearing in Eq. (4) may be estimated from

zZ=2 EZ:—I 3(ER) +n7°(ER)] . (5)
1

. (4)

Z is the charge difference between host and impuri-
ty—this is the Friedel sum rule®®*—while

5-2 2L nitep) - neEp) ©®)

Assuming d-wave (I =2) contributions dominate Eqgs.
(4)-(6), and using Z=-3 and S=3,% Egs. (5) and
(6) yield nj=—35 mand n;=-27. To estimate
E(R) from Eq. (4) it is necessary to evaluate

kp and Ep. Recent band-structure calculations for
Pd ® have indicated that the Fermi velocity v for
XW5, the open d-hole surface in the fifth zone,
averages approximately to 0.2 a.u. The bare
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FIG. 4. In(E - step height)
b plotted against applied field
(kOe).
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TABLE III. RPA estimates of the concentrations or-
dering ferromagnetically (c;) and antiferromagnetically
(cy) in various fields. These estimates are based on an
infinite field step height of 0. 44 uQ cm.

Magnetic field [ Cy
(kOe) (at. %) (at. %)
Zero 0.955 1.955

9.7+0.1 1.49 1.42
24.8+0.1 1.87 1.04
58.5+ 0.1 2.44 0.47

band mass for this surface® is 9.1 and the enhance-
ment factor 1.66, * the effective mass m} is thus
estimated at 15. 1m,, which gives £z=5.7 A'l, and
the product 2R for nearest-neighbor impurities is
15.6. The estimated Fermi energy E is 7.6 eV®
(relative to the potential zero between muffin-tin
spheres); from Eq. (4) one obtains

E,,.(nearest neighbors) =1.3x107% eV,

which appears to be in good agreement with that
estimated from the experimental data.

B. Low-Temperature Magnetoresistance Data

The extension of Eq. (1) to include the effects of
an applied field H yields for Ap(H, T) for T T,
and in those alloys in which charge scattering is
much stronger than “exchange” scattering?s:

ap(H, T) = Ac(V? - 372s%) + ACTSTE) (E.)

2 N
[ BT\ & () & (et
(55) (42 -2 5

(7

Here

A =3mm*Q/2e*hELN . (8)

© is the atomic volume and N the number of atoms
in that volume; m* is the conduction-electron effec-
tive mass. For Pd, an effective-mass treatment

of the s band with m¥ =2. 2m, and 0. 36 s electrons
per atom®®*! gives A=6.56 pQcm/ev? at.%. In

Eq. (7), V is the spin-independent screened Cou-
lomb potential arising from the departure of the
lattice field from perfect periodicity, and J is the
effective exchange coupling discussed in Sec. I.
T'(x) is the appropriate I" function, %5 is Boltzmann’s
constant, and

t=gugH/ksT .

D is the acoustic spin-wave stiffness constant.
Owing to the complications of mixed ferromagnetic
and antiferromagnetic coupling in PdMn, a direct
analysis of the present magnetoresistance data
using Eq. (7) is not possible. The following ap-
proximate scheme was thus adopted; if, in some
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applied field H, the concentration of impurities
ordering ferromagnetically is ¢, and concentration
¢, order antiferromagnetically, then in the RPA%
the following expression results:

Ap(H=0, T,) - Ap(H, T=0)=AJ%S[c,(1+4S) +c,] .
(9)
For the 2.91-at.% Mn alloy examined here, obvious-
ly ¢y +¢;=2.91. |J| may be calculated from the
infinite field step height (since ¢, =0 for H=);
using the previously listed parameters,

|7] =(2.9£0.2)x 1072 ev.

Using this estimate, V can also be evaluated, since
in infinite field

Ap(H=, T =0)=Alc, +c,) (V2 - 3J%52), (10)

from which
V=0.49(5) eV.

Using the above value of |J| in conjunction with
Eq. (9) and the measured values of Ap(H=0, T,) and
Ap(H, T =0) leads to the estimates of ¢; and ¢,
listed in Table III.

In fitting the present magnetoresistance data to
Eq. (7), we make use of the concentration ¢, of
impurities ordering ferromagnetically and assume
that those impurities antiferromagnetically ordered
at T=0 are not significantly thermally randomized
at temperatures of interest here (up to about 4 K)*
and thus make no significant temperature-dependent
contribution to Ap(H, T) for T<T,. Figures 5,6,
and 7 show the fit to the experimental data in ap-
plied fields of 9.7, 24.8, and 58.5 kOe, respec-
tively, obtained using the above scheme, and with
£=2.105 as measured in the ferromagnetic phase
using resonance methods. *** The zero-field 7°/2
expansion [Eq. (1)] is found to be valid up to about
3.5 K, a similar range of validity is expected for
the field-modified form [Eq. (7)]. An inspection
of Figs. 5-7 confirms this. The values of D re-
quired to fit these data are listed in Table IV,
along with that value of D derived from the ob-
served zero-field T%/2 coefficient and the appro-
priate effective concentration. The origin of the
relatively small magnitudes for D estimated from
resistivity measurements compared with those
derived from analyses of other data* is discussed

TABLE IV. Estimates of the acoustic spin-wave stiffness
from the magnetoresistance data.

Magnetic field (kOe) DK A%
Zero 4,89+ 0.03
9.7+0.1 4,82+ 0,04
24.8+0.1 4.33+0.04
58.5+ 0.1 2.99+ 0,20
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a calculated fit using D =4.,82

K A%,

elsewhere. *°

From Table I it can be seen that for those alloys
examined in zero field, the T%/2 coefficients are
within experimental error, proportional to ¢™/2,
as predicted in Eq. (1).22 However, it was pointed
out in Ref. 14 that this agreement must be re-
garded as fortuitous since Eq. (1) is based on a
straightforward molecular-field model in which
both 7', and D are proportional to ¢; experimentally,
T, is clearly not proportional to ¢ for concentra-
tions of interest here. The present measurements
emphasize this point since they demonstrate that
not all impurities are free to participate in acous-
tic-mode collective excitations. From previous
work on dilute ferromagnetic PdFe and PdCo
alloys, 2 the acoustic-spin-wave stiffness D was
found to increase with both increasing field and
concentration; however an examination of Table IV
indicates that for PdMn, D is a decreasing function
of H (and hence of ¢;). While it could be argued
with some justification that the absolute values of
D listed in this table may be in error due to our

3.5 4.0

use of an admittedly simplified RPA scheme for
separating the ferromagnetic and antiferromagnetic
contributions, *® a general trend has nevertheless
been established—this can be demonstrated as
follows: The expression for Ap(H, T) can simply
be rewritten

Ap(H, T) = Ac(V? = 3J28%) +yT3/2

o -\ ©
(4250 -2
n n=

=1 1

(= e't)ﬂ> , (1)

n3f2

where v can be obtained from comparison with

Eq. (7). Changes in y reflect changes in D, but
obviously the values obtained for v do not depend
on a particular “separation” scheme. In Table V
the various values for y used to fit the present data
are listed as a function of field; the corresponding
¥’s for Pd-0. 78-at. % Fe?" are listed for compari-
son; the opposing trends are apparent. Available
calculations of the acoustic spin-wave stiffness D?0~22
in dilute binary alloys predict that this quantity
should be proportional to the impurity concentra-

4.660F I 24.8Kk0e : D=4.33 KA’
L |
B
I
4640 |2
=
!b
(2}
EA

4.620

1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L

TEMPERATURE (K)

FIG. 6. Low-temperature
incremental resistivity data
(1€ cm) in a field of 24.8 kOe,
plotted against temperature
(K). The solid line is a cal-
Eulated fit using D=4.33 K

2

1 L I I L L I

3.5 4.0
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TABLE V. Estimates of the parameter vy.

Magnetic field v(PdMn) v(PdFe)
(kOe) 107 u@ em/K%¥?) (107! Qua cm/K3/?)
zero 9.0(5)x 0.1 1.38+£0.01

9.7+0.1 14.6+0.2 1.37+0.01

24.8+0.1 21.4+0.2 1.31+£0.01

58.5+0.1 48.5+ 5.5 1.14+0.01
tion ¢. The present measurements suggest that

in the PdMn system the concentration of impurities
ordering ferromagnetically increases with increas-
ing field, yet paradoxically D appears to decrease
rapidly with increasing field.*’

In the ordered phase, analyses of the spectrum
of the collective excitations previously discussed?*2!
reveal two branches (due to the inequivalent con-
tributions from conduction electrons and local
moments to the total magnetization). According
to Doniach and Wohlfarth, 2° the energetically low-
lying acoustic mode is separated from the optical
mode by an energy gap E;(q) which, at =0, has
the value

Boli=0)= Tt (12)
where u is the moment per impurity site. Using
p=2.5 g, Eg(d=0) then depends on the value
estimated for J;;,c..; - The latter can be evaluated
in two ways: (i) from the measured g shift and (ii)
from the observed magnetic-ordering temperature.

(i) g shift. From the work of Peter ef al. ' it
follows that the g shift (Ag) due to an isotropic ex-
change coupling of the form discussed in Sec. I

is48

Ag = 2Jd local Xz/ge”B ] (13)

where ¥, is the host susceptibility (per atom) and
g, is the conduction-electron ¢ factor. For Ag
=0.1% and x,="7.25%107° emu/g, and for simplicity
putting g,=2, then
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Iy 10ca1 = 4. 2X107° eV (14)
and from Eq. (12)
E;d=0)=6%x10" eV (=7 K).

(ii) Magnetic-ordering temperature. Assuming
that in alloys of this type, the onset of magnetic
ordering is controlled by d-band properties, Long
and Turner?? arrived at the following expression
for T,:

| 10ca1 12 €SS + 1) N(E)
30K 5(z/2)° ’

where N(Ej) is the total unenhanced density of d
states at the Fermi level, ® K32 [=1 - IN(E}), I
being the d electron, intra-atomic Coulomb re-
pulsion] is the Stoner enhancement factor and Z is
the number of d holes per atom. The product
N(Eg)K % can be estimated from the low-tempera-
ture susceptibility of the host, since

N(EpKs*=4x, /8565 - (15)
Putting g,=2 yields ‘

N(Ep)K;2=23.8 (states/eV)/atom .
With® K2=0.14 and T,=7.85 K, Eq. (14) yields

kpT, =

I 100a1 = 1. 2% 1072 eV;
hence
Eg(d=0)=17.5%X10™ eV (19 K).

J is, of course, wave-vector-(q) dependent!?;
clearly, the relevant J for Eq. (12) is J;0ca(q=0).
The Jj;,4cq; derived from Eq. (13) is in fact
Jy100a1(@=0), since the g shift probes the static
response of the system, whereas that derived from
the magnetic~-ordering temperature (as estimated
from resistivity data) is a weighted “average” over
the range =0 to {= 2k,. The former should
consequently be more relevant. However, using
either estimate it would thus appear that on the
basis of the Doniach—Wohlfarth model there is a
possibility of optical-mode excitations being pro-

4.570r | 58.5k0e : D= 2.92 KA? T
=
]
- .‘I -
; FIG. 7. Low-temperature
4.5501 ?3 incremental resistivity data
g (42 cm) in a field of 58.5kOe,
= plotted against temperature
(K). The solid line is calcu-
lated using D =2,92 K A2,
4.530 1
TEMPERATURE(K)
1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1

1.5 2.0 25 30

3.5 4.0
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duced at temperature of interest here in PdMn.
The smallness of E4;(q=0) in PdMn compared with
that in the giant-moment systems PdFe and PdCo®!
is readily understood in terms of the discussion in
the introductory section. At §= 0, optical-mode
excitations correspond physically to a reversal of
an “on-site” impurity spin relative to the surround-
ing conduction-band polarization; this reversal
occurs in the exchange field of this conduction band
polarization, hence the smaller the polarization
the smaller E4(J=0) becomes.

Further, one not only expects E4;(q+0)< E4(d=0)—

the optic-acoustic mode gap further narrows as

4 increases from zero®*—but also the application
of an applied magnetic field should assist optic-
acoustic mode coupling. Optical-mode excitations
would add to an already complicated system; it
would thus appear that in many respects the PdMn
system is more complicated than the PdFe or PdCo
system. Considerably more theoretical and ex-
perimental effort (particularly neutron scattering
and magnetization measurements) is required to
clarify the ground state of PdMn and elementary
excitation from it.
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