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far applied the technique only to single crystals. It
should be applicable to powder samples as well.
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The temperature dependence of the resistivity of a Pd-0.78-at.% Fe alloy and a Pd-0.73-at.%
Co alloy has been measured in the temperature region 1.4—-20 K, and in applied fields up to
60 kOe. These data can be fitted simply by including the effects of the applied field in a model
due to Long and Turner; this model, based on s-electron scattering from collective excitations
in the coupled impurity-moment d-band system of the alloy, satisfactorily accounts for the
majority of the zero-field properties of this class of alloy. Analysis of the PdFe data yields
g£=2, while the acoustic spin-wave stiffness D is found to be field dependent. Various origins
of this field dependence -are discussed. For the PdCo system this scheme of analysis re-

quires the splitting factor g to be significantly less than 2.

dependent.

I. INTRODUCTION

The properties of alloys of Pd with the transition
metals. Fe and Co exhibit many anomalous features,
of which (i) the giant moment phenomenon'~* and
(ii) the rapidly increasing magnetic-ordering tem-
perature T, with relatively low impurity concen-
tration® ¢ have received the most experimental and
theoretical attention. The origin of both (i) and (ii)
lies in the nearly ferromagnetic, itinerant character
of the Pd d band. The conventional Ruderman-
Kittel-Kasuya-Yosida (RKKY) oscillations® induced
in the host conduction band via an exchange coupling
of the form —2J5- § between the impurity spin (§)
and the conduction-electron spin (G) are, in this
case, " suppressed to relatively large distances
by the effects of exchange enhancement. ®#° Con-
sequently, there is an enhancement in the 7ange
of the induced polarization, as evidenced by neutron
diffraction'® and Mossbauer data. 12

The D is again found to be field

Clogston et al.® used the concept of a magnetized
virtual bound state to discuss the static magnetic
properties of these alloys, while Rhodes and Wohl-
farth'® have used a rigid-band model in their theo-
retical discussion. More recently Moriya14 has
given careful consideration to these static proper-
ties on the basis of the Anderson model.®

The dynamic properties of these alloys in the
ferromagnetic state were first investigated by
Doniach and Wohlfarth'®; this work was later ex-
tended by Cole and Turner,!” who concluded that the
dynamical spin states could, at temperatures well
below the magnetic-ordering temperature T, be
approximately described by spin waves. In a re-
cent publication by Long and Turner'® the resistiv-
ity of this class of alloy has been calculated on
the basis of this dynamical model; the conductivity
is regarded as being dominated by s electrons
(in view of their relatively low effective mass!®:2?)
which scatter from the collective excitations in two
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ways: first, by scattering from the impurity spin
system via “direct” exchange coupling at impuvity
sites, and second, via the excitation of an electron-
hole pair in the coupled d band of the alloy, which
subsequently scatters from an impurity spin. Since
the spin system is not translationally invariant,
momentum is not conserved during a scattering
event. This leads at low temperatures (7 < T,) to
an incremental resistivity 2p(7)[= pa110(7) — ppa(T)]
which has a 7%/ limiting temperature dependence.
The inclusion of the effects of an applied magnetic
field in this type of calculation is quite straight-
forward.”

In this paper we present magnetoresistance mea-
surements in the temperature range 1.4-20 K, and
in magnetic fields up to 60 kOe, on a Pd-0.78-at. %
Fe alloy and a Pd-0.73-at.% Co alloy. An analysis
of the data in terms of the above model is pre-
sented. These alloys were chosen since the range
of validity of the equations used to fit the magne-
toresistance measurements was expected—for al-
loys of this concentration—to extend to around 12 K.
For alloys of higher concentration the expected
range of validity extends to higher temperatures,
but above about 12 K the situation is complicated
by the breakdown of Matthiessen’s rule® due to the
presence of several different scattering mechan-
isms with different anisotropies® (in this case pho-
non and magnon scattering). In addition, for more
concentrated alloys the temperature variation of
the resistivity (and hence the change of resistivity
in an applied field) is less rapid; these alloys thus
represent an optimization of these two aspects.

II. EXPERIMENTAL DETAILS

The alloys examined were taken from those pre-
viously studied in zero magnetic field down to 0. 45
K. %% The samples were prepared from 99. 999%-
pure Pd and 99. 999%-pure Fe (both supplied by
Johnson Matthey and Co., London) or 99, 99%-pure
Co (from Koch-Light Ltd., England) by a previously
described method.?’ The magnetoresistance sam-
ples in the form of carefully etched and annealed
strips, approximately 0.01 cm thick, 0.2 cm wide,
and 8 cm long, were mounted in the longitudinal
field of a 60-kOe superconducting solenoid. During
the course of the measurements the solenoid was
locked in its persistent mode; the applied magnetic
field, measured to within £ 0.1 kOe using a Hall
probe, varied by approximately 2 parts in 10® over
the length of the sample. The solenoid itself was
immersed in a He* bath maintained at 4. 2 K; the
magnetoresistance sample was mounted in an en-
closure which could be inserted into the bore of
the solenoid and which, in addition, could be ther-
mally isolated from the main He® bath. Tempera-
ture stabilization of this enclosure was accomplished
using a carbon resistance thermometer (100-$
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Speer) in a feedback control circuit, the output from
which was fed into heaters wound around the insert.
In this way temperatures below 4.2 K were stabil -
ized and measured to =1 millidegree (by observing
the He* vapor pressure), and temperatures above
4.2 K were stabilized and measured to better than
+1% (using gas-thermometer techniques). The
sample resistances were measured using a four-
probe technique in which the sample current was
altered to balance a highly stable voltage. Repro-
ducible measurements to + 10" V were achieved

by measuring the sample voltage and current with
Hewlett-Packard digital voltmeters; a Keithley

149 millimicrovoltmeter was used to detect the
balanced condition. The estimated accuracy of the
resistance measurement is 1 part in 10*, Reliable
estimates of the incremental resistivity of the alloy
were made by measuring the area-to-length ratio
of the samples to within = 0. 5%, using a method
described by Loram, Whall, and Ford.?

II. RESULTS AND DISCUSSION

In order to facilitate analysis of the experimental
data, the sample resistances were measured in
constant magnetic fields (of approximate magnitude
10, 25, and 59 kOe) as a function of temperature in
the interval 1.4-20 K. In order to estimate the
incremental resistivity of the alloy Ap(7)

[ = Parioy (T) = ppa(T)] it was necessary to measure
the resistivity of a pure-Pd sample.

A. Pure-Pd Resistivity

In Fig. 1 the measured resistivity of the Pd sam-
ple ppy(T) is plotted as a function of temperature T
up to about 10 K ; in Fig. 2, pp4(7T) is plotted
against 7%. This figure indicated that up to about
6 K the resistivity of the pure metal is well rep-
resented by

PPu(T)=Po+AT2 ’ (1)

with p, estimated at 8.98X102 1 Q cm, and A is
approximately 29X 10 uQ cm/K?. The functional

T y T T T T T T
0.0094} ' J
by
D J
3 .
0.0092} . .
0.0080F,.. ..o |
\ ) ) o A )
2 3 4 5 6 7 8 9
TEMPERATURE(K) ——
FIG. 1. The resistivity of the Pd sample ppy(T)

(12 cm) plotted against temperature (K).
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form for pp4(T) given in Eq. (1) agrees with pre-
vious measurements on Pd by Schindler and Rice®
over a comparable temperature range; these
authors estimate A to be 26X10® uQ cm/K2. This
T2 contribution to the resistivity is believed to
originate from s electrons scattering from rela-
tively long-lived spin density fluctuations in the

nearly ferromagnetic itinerant d band of the metal.?®

The absolute resistivity of the pure-Pd sample,
measured at the ice point, provides a check on the
measured area-to-length ratio; the value of 9. 81
£0.05 1 cm obtained here compares well with
previous values.®

B. PdFe Magnetoresistance

In Fig. 3 the incremental resistivity Ap(H, 7)
= Parroy(H, T) ~ ppo(H = 0, T) of the Pd-0.78-at. % Fe
sample is plotted as a function of temperature up to
15 K, in zero applied magnetic field, and in fields
of 9.7, 25, and 59 kOe.

Long and Turner'® have given the following ex-
pression for the incremental resistivity of the alloy
in zero magnetic field at temperatures T<< T,:

Ap(H=0, T)=poc+Bc* 2 T3 2, 2

The temperature-independent term pyc arises from
the elastic part of the exchange scattering and
(elastic) charge scattering, while the temperature-
dependent term has contributions from s-electron
spin-flip scattering from collective excitations,
from the temperature dependence of the non~-spin-
flip (elastic) part of the exchange scattering, and
from interference effects between exchange and
charge (potential) scattering. Previous measure-
ments on this sample®® in zero magnetic field have
shown that Eq. (2) provides [a good description of
the data up to around 12 K (the Curie temperature
T¢ of the alloy was estimated to be (32.6+0.3K)].*°
These measurements also estimated pyat 1.9 u@
cm/at. %Fe, and the coefficient of the 7%/ 2 term
(Bc™'/?) for the 0.78-at. % Fe alloy as 1. 36 0. 2
x10% uQ em/K%/ 2; the concentration dependence

00092} ’ ]
B 1
&
i

0.0091} 4

0.0090 1

- S0, 70
[ TEMPERATURE(K)] " ——
FIG. 2. The resistivity of the Pd sample ppy(T)

(1Qcm) plotted against [temperature (K)]?.
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FIG. 3. The incremental resistivity of the Pd-0, 78-

at.% Fe sample [oa130y (H, T) = Ppg(T)] (U cm) measured
in various applied fields and plotted against temperature
(K).

of this T%/2 term is not that predicted in Eq. (2);
the origin of this discrepency is discussed else-
where, %231 Fitting Eq. (2) to the present data
over the temperature range 1.4-12 K yields p,
~1.9(7) uQ cm/at. % Fe while the T% 2 term agrees
within experimental error with that previously
quoted. The increase in the estimated value for
P, could simply reflect the effects of thermal cy-
cling.

The extension of the previous model to include
the effects of an applied magnetic field H yields
(at temperatures T < T, and in those alloys where
the charge scattering is much stronger than the
exchange scattering) the following expression for?
Ap(H, T):

_ 2 2 q2 . acd2ST(3)(Q Eﬁ)”z
Ap(H,T)~aC(V -3J S)+T— ~N/)\D

e =t\n fad =t\n
X(4 (e) _"‘(—e)>. (3)
n=l R n=1 n
The V is the spin-independent screened Coulomb
potential arising from the charge difference be-
tween impurity and host; J and S are as previously
defined. I'(x) is the appropriate gamma function,
Qis the atomic volume, and N is the number of atoms
in that volume; %y is Boltzmann’s constant. In the
long-wavelength limit the energy E, of a collective
excitation of wave vector g in an applied field H is
written®?
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g tivity of the Pd-0, 78-at.% Fe sam-
E2 ple [pa110y(H, T) — ppg(T)] (@R cm) in a
1560 4 field of 9.7 kOe plotted against tem-
1560
g-l perature. The curve through the
z data points is calculated from Eq. (3).
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4
The up is the Bohr magneton and g is the splitting
factor. This equation defines the acoustic spin-
wave stiffness constant D. (It is assumed to be
independent of temperature; this assumption will
be discussed later.) In Eq. (3), t=guzH/ksT and

a=3mm*Q/2e*INE; . (5)

Here m* is the conduction-electron effective mass
and E labels the Fermi energy. Assuming that
the conductivity is dominated by s electrons in a
parabolic band with m*/m =2, 2,20 then E, =1, 33
eV and a=6.52 ucm/(eV)® at. %. Since Eq. (3)
is a divect extension of Eq. (2), its vange of valid-
ity (in temperatuve) in an applied field H should

be the same as the range of validity of the T2
Jorm fov the incvemental vesistivity in zevo applied
field.

In zero applied magnetic field (¢=0), not unex-
pectedly, the 7°%/2 temperature dependence of Eq.
(2) is recovered from (3), with the coefficient of
this term (in the limit of | V21> | J2| ) being
given by

E,=Dg*+gugH .

3/2 . Q\ (ks %2 Sy /¢
T coeff1c1ent=<—ﬁ> <_b—> [4T(2)G(2) + Fy/5(0)]
[Ap(H=0,T,) -Ap(H=0, T=0)
“ 27%(1 + 4S) ) - ©

In arriving at Eq. (6), use has been made of the
following expression for J2, 3 valid in the limit
[ VIE> | JI2;

 Ap(H=0,Tg)=Ap(H=0, T=0)
- acS(1 +4S)

J? (7
In Eq. (6), G(x) and F,(x) are the appropriate
Riemann zeta and Fermi-Dirac functions, respec-
tively. The zero-field measurements enable
ac(V? - 3J252) to be estimated [this is simply

Ap(H=0, T=0)], while measurement of the 7°/2
coefficient allows estimates of D to be made via
Eq. (6); for the model used here— single-band
conduction in which the carriers are treated in an
effective-mass approximation—this estimate of D
depends only on the assumed value for S. [It does,
however, differ by a factor of c¥3 from values ob-
tained using conventional analysis®*'®%; the origin
of this difference is discussed elsewhere®; the
various estimates for D are otherwise in good
agreement. This difference in definition does not
affect the analysis of the magnetoresistance data,
since here one essentially considers the modifica-
tion of the measured (zero-field) T3/ ? coefficient
by the field-dependent sums of Eq. (3).] The cal-
culation of the incremental resistivity Ap(H, T) in
a field H, via Eq. (3), is then straightforward.

In Fig. 4 the experimental data points in an ap-
plied field of 9.7 kOe are fitted using Eq. (3) in
conjunction with the measured zero-field T%'2 co-
eifficient. The only adjustable parameter is the
splitting factor g in Eq. (4); the curve shown is
for g=2. The experimental data are well fitted up
to about 12 K, the expected range of validity of Eq.
(3). No mention has yet been made of the effects
of “normal” magnetoresistance (designated pxoner)
due to the cyclotron curvature of the conduction-
electron orbits in an applied magnetic field. Koh-
ler®” has indicated that

PKohler "f H

ParoyH=0, T) “\p(H=0, T)) ’ (8)

with f representing some general function. The
dual conditions of T << T, and | V12> | J 1% mean
that over the temperature range of interest
p(H=0, T) is not a rapidly varying function of tem-
perature. For the PdFe alloy examined here
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FIG. 5. The incremental resis-
tivity of the Pd-0.78-at.% Fe sam-
ple [Panoy H,T)- de(T)] HQem) in
a field of 25 kOe plotted against tem-
perature. The two curves are cal-
culated from Eq. (3) (see text).
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pauoy(H= 0,T= 12K) "'palloy(H: 0, T=0)
pa.lloy(H= O; T= O)

<4% .

In a fixed field, pPgoner iS thus regarded as being
constant in the temperature interval up to 12 K;
correction for the normal magnetoresistance con-
sequently amounts simply to a uniform shift of the
data. The magnitude of pgn e 1S taken as that
shift necessary to make the experimental data and
the theoretical calculation agree at 1.5 K; these
estimates are listed in Table I. They appear to
be in agreement with measurements made by
Arajs, Dunmyre, and Dechter®® on PdEr alloys,
where the magnetoresistance seems to be dominated
by the “normal” contribution, spin-disorder scat-
tering apparently making a negligible contribution.
For a Pd-0. 5-at. % Er alloy with p(H=0, T=0)
=1.58 uQcm (close to the value of 1. 54 uf cm for
the PdFe alloy investigated here), Ap(H=60kOe,
T=4, 2K) was measured at 0. 016 uQcm.

Figure 5 shows Ap(H, T), measured in an applied
field of 25 kOe, plotted against temperature. The
dashed curve in this figure is calculated from Eq.
(3) using H=25 kOe, the measured T°/? coefficient,
and putting g=2. The fit is not good; we thus con-
clude that D is field dependent. Similar conclusions
have been reached from recent analyses of magnet-
ization and specific-heat measurements on PdFe
alloys of comparable concentration.’*%® To account
for this variation with field, a modified T3/2 coef-

TABLE I. Estimated Kohler terms for Pd-0.78-at. % Fe.

Field (in kOe) Kohler term (in pScm)

9.7 <0.0001
25 0.0056
59 0.0157

ficient is fed into the magnetoresistance calculation
via Egs. (3) and (6). The full curve in Fig. 5 is
calculated using the appropriate field, g=2, and

a modified T%/2 coefficient of 1.29x10°° uQ.cm/
K*/2; the modified T3/ coefficients used to fit the
experimental data in various applied fields are
listed in Table II.

The values of D associated with these modified
coefficients, calculated from Eq. (6), are also
listed. In calculating these values of D the impurity
spin S has been taken to be 4.5. This value derives
from fitting recent magnetoresistance data on a
Pd-0.1-at. % Fe alloy in the temperature range
1.5-10 K and in fields up to 60 kOe (T =0.78 K
for this alloy), using an s-d model.® This value
for S is somewhat higher than the value required
by Maley, Taylor, and Thompson® (S= 3.9) to fit
their Mossbauer data on dilute PdFe alloys [al-
though the g values (2. 9) deduced from both sets
of measurements are in excellent agreement].

The magnetoresistance data in 59 kOe are plotted
as a function of temperature in Fig. 6; the dashed
curve in this figure is again the calculated varia-
tion using the measured T3/2 coefficient, whereas
the full curve uses the modified coefficient listed

TABLE II. Parameters deduced for Pd-0.78-at.% Fe
from the fitting procedures. All fits were done with
£=2.00.

Acoustic -
Modified T3/2 spin-wave
coefficients stiffness
Field (in kOe) (in 10° uQ cm/K3/?) (in K A%
0 1.36 14.9(3)
9.7 1.35 15. 0(0)
25 1.29 15. 4(7)
59 1.13 16. 8(9)
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gin of the two curves shown.
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in Table II.

When D is field dependent, there is an extra con-
tribution to A p(H, T) as calculated in Eq. (3).
Smith, Gardner, and Montgomery®® have considered
the modification of the magnetization resulting from
a field-dependent acoustic spin-wave stiffness con-
stant; in the present context the lowest-order con-
tribution (in temperature) to A p(H, 7) from this
source is simply the term

acd 2T (3) ( n) (kBT )”zgg

2rgus. \N)\ D oH

w© -t\n © “t\n
(enleh -2 50 o
nsl R n=l n

Clearly, in zero applied field (¢ = 0) this supplies

a T%% term; thus, as long as we confine our fitting

procedure to the temperature region where the

T3/2 expansion is valid, we can simply use Eq. (3)

to fit the data taken in an applied field, leaving out

the contribution in Eq. (9) above. This is, in fact,

the approach used.

C. PdCo Magnetoresistance

The measured incremental resistivity Ap(H, T)
of the Pd-0.73-at.% Co alloy, in zero field and in
fields of 9.7, 24.8, and 58. 5 kOe, is plotted in
Fig. 7 as a function of temperature. An analysis
of these data along the lines followed for the PdFe
system was attempted.

The zero-field measurements are well repre-
sented up to about 12 K by Eq. (2) [7; for this alloy
is (27.5x 0. 3) K], with p, estimated at 1. 42 uQcm/
at.% Co and the coefficient of the 7% ? term at
3.52x107° pQcem/K*2, These estimates are in
good agreement with previous measurements.?
Figure 8 shows in more detail the experimental
data in 9.7 kOe; the dashed curve represents the

TEMPERATURE {K) —

variation of Ap(H, T) calculated from Eq. (3) using
g=2, the measured T%/? coefficient and the ap-
propriate field. Unlike the situation in PdFe alloys
of comparable concentration and in the same applied
field, this calculated variation does not fit the ex-
perimental data (it clearly lies well below the ex-
perimental points). Within the present scheme of
analysis we can attempt to fit the data either by
rveducing D below its zero-field value, or by re-
ducing the splitting factor g describing the field-in-

- T T
1.20F
Zero field S {120
o 1o -
I
5 4
I - -
+ 10kOe 0
qL
2
(=¥
= 1.00
=] N
3
110F
. 100
i k0 L. T
118
1.00F
B Jos
1 1
0 5 10 15
TEMPERATURE(K)
FIG. 7. The incremental resistivity of the Pd-0. 73~

at.% Co sample [p(H, T) — ppg(T)] (R cm) in various ap-
plied fields plotted against temperature.
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FIG. 8. The incremental resistiv-
ity of the Pd-0, 73-at.% Co sample
[p(H, T) — ppg(T)] ®R cm) in a field
of 9.7 kOe plotted against temper-
ature. The curves are explained in
the text.

TEMPERATURE { k)

duced energy gap in the magnon spectrum at ¢=0.
The dot-dash-dot curve in Fig. 8 is the best cal-
culated fit obtainable with g=2 and a reduced D

[it corresponds to a modified T3/2 coefficient of
4.40%10°° uQem/K¥2, and an associated D of
9.9(5) KA?, The latter is calculated using an im-
purity spin of S=4.7, obtained from the analysis
of recent magnetoresistance data on a Pd-0. 098~
at.% Co alloy*®]. The solid curve in this figure

is that calculated from Eq. (3) using the measured
(zero-field) T% 2 coefficient [the associated D=11.6
(8) K A?] with g reduced to 0. 8. Not only does this
latter prescription provide the best fit to the data,
but its range of validity also corresponds to that

of the T3/2 expansion in zero field; in addition, the
previous analysis of the PdFe data suggested that
D does not reduce below its zero-field value, the
latter also being applicable to fitting the data in an
applied field of 9.7 kOe. It was therefore decided

to fit the data with a splitting factor g=0. 8.

The data taken in fields of 24. 8 and 58.5 kOe are
reproduced in Figs. 9 and 10, respectively, along
with the calculated variation of Ap(H, 7). In both
figures the dashed curve represents the results of
calculations using g=0.8 and the measured 73’2
coefficient, whereas the solid curves use the modi-
fied coefficients listed in Table III. It is clear
that we are again forced to conclude that D is field
dependent. Wheeler® has measured the low-tem-
perature specific heat of several dilute PdCo alloys
in the ferromagnetic phase, and observes a T3/ 2
(spin-wave) contribution. Wheeler’s estimates of
the coefficient of this term are admittedly unreli-
able, but for an 0. 5-at. % Co alloy the acoustic
spin-wave stiffness constant associated with the
(range of) coefficient quoted is 27-31 KA2, This
is, at least, in order-of-magnitude agreement with
the estimates obtained in this investigation.

IATY

Pd-0.70t % Co

12+ 24.8 kQe

110

108 —

106

PINT) =~ PIPd) {prem)

1.0

102 1 1 L 1 1 PR ' L ) s

. FIG. 9. The incremental resis-
| tivity of the Pd-0.73-at.% Co sam-
ple [p(H, T) = ppa(T)] (12 cm) in a
field of 24. 8 kOe plotted against

4 temperature. The curves are ex-
plained in the text.

TEMPERTURE | K}
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FIG. 10. The incremental resis-
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field of 58.5 kOe plotted against
temperature. The curves are ex-
plained in the text.
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Estimates of the Kohler terms for this alloy are
listed in Table IV.

D. Field-Dependent Acoustic Spin-Wave Stiffness Constants

In Fig. 11 the dimensionless quantity
[D(H) - D(0)]* D(0)™* for Pd-0.78-at.% Fe is plotted
against the applied field H; the figure shows that
this dimensionless ratio is roughly proportional
to the applied field, in agreement with the con-
clusions of Smith et al.%® The latter authors esti-~
mate the coefficient of proportionality as (14 +4)

% 10%/kOe, which is about a factor of 5 larger than
that estimated in Fig. 11 for this investigation,
(2.3+0.4)x1073/kOe.

Realistic calculations of the acoustic spin-wave
stiffness in a binary alloy are difficult to perform.
Using the dynamical model previously discussed
and an effective-mass treatment of a single d band,
the analysis of Doniach and Wohlfarth leads to the
following expression for D (see Ref. 18):

D= 2(J4 10001 Xp)* cS
27(1+Jy10ca1 Xo) 2ME

(10)

Here z is the number of d holes per atom, m} is
the effective mass of the d holes, and ¥, is the

TABLE IIl. Parameters deduced for Pd-0.73-at.% Co
from the fitting procedures. These fits were obtained

with g=0. 8.
Acoustic
Modified T3/? spin-wave
coefficients stiffness
Field (in kOe) (in 103 pQ cm/K3/2) (in KA?)
0 3.52 11.6(1)
9.7 3.48 11.6(8)
24.8 2.80 13.4(6)
58.5 1.90 17.4(3)

static exchange-enhanced susceptibility of the
host’s d band. Equation (10) is valid in the limit

q <[kp(4) =kp(¥)], with 2z(4) and %, (¥) being the
Fermi momenta of spin-up and -down d holes. "
However, in Ref. 16, it is claimed that the relevant
range of q is kp(4) = kr(¥) < g <kp(t), kx(¥), conse-
quently (see Long and Turner'®),

D=2J %001 SN(0)c/3[1 = IN(O)F (11)

where N(0) is the total unenhanced density of d
states at the Fermi level, and I is the intra-atomic
Coulomb repulsion between d electrons. Equation
(11) may simply be rewritten as

D= ZJS Loca1 Xo5¢/3K gﬂB ’ (12)

with the enhancement factor K ;2=[1 -IN(0)]™. It
is clear that over the relevant temperature range
neither Eq. (10) nor (12) suggests that D will be
temperature dependent. This accords with the
present observations, and with the analysis of mag-
netization,*?® specific heat, 3°*** NMR,* and neutron
diffraction®? studies on PdFe alloys of comparable
concentration. The only contrary result comes
from the analysis by Oder® of magnetization mea-
surements on a Pd-0. 1-at.% Fe alloy. In the ap-
proach of Doniach and- Wohlfarth,'® the saturation
moment pg per iron atom is given by

ts=ghpS(L+Jy10ca1Xo) - (13)

We now use this expression in conjunction with
Eqgs. (10)and (12) to examine the various possible

TABLE IV. Estimated Kohler terms for Pd-0.73-at.% Co.

Field (in kOe) Kohler term (in 4Qcm)

9.7 <0.0001
24.8 0.0030
58.5 0.0082
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FIG. 11. The dimensionless ratio [D(H) — D(0)]+ D(0)"!
plotted against applied field H (kOe). The vertical error
bars correspond to a +1% variation in the estimated 73/2
coefficient.

sources of field dependence in D, '

1. Field Dependence of J;;gca1 Xo

Following Smith et al.}” we assume that at typical

applied fielas z and m¥ appearing in Eq. (10) are
field independent, and initially attribute a field de-
pendence solely to the product J;16ea3 X,- This
leads, via Egs. (10) and (13), to®

alnD 8ln
= Vst ) oS (14)

J4 pea1 X, My be estimated from the measured g
value in the paramagnetic phase of alloys contain-
ing less than 0.1-at.% Fe ***; g,.,=2.9 implies
J410ca1 Xo= 0.45. The obvious limitation of this
estimate lies in the field independence of g.,;, and
hence (J410a1 X,); in the paramagnetic regime; it
is, however, the most realistic estimate available.
Using the field variation of D estimated in Fig. 11
from the magnetoresistance data, Eq. (14) implies
a 23% increase of ug (for the 0.78-at. % Fe alloy)
in 40 kOe over its zero-field value.

In the case of the Cole-Turner expression for
D{Eq. (13)], assuming that the enhancement factor
K2 is field independent over the field range of
interest here, an analogous approach yields

alnD S a].n[ls
sH ~ 8H °

(15)

Application of Eq. (15) for these same data implies
an increase in g of < 9% for the v.78-at.% Fe al-
loy in 40 kOe. Analysis of the magnetization data®®
yields an 8% increase in pg in 40 kOe for an 0. 53-
at.% Fe alloy, and a 6% increase for a 1-at.% Fe
alloy in the same field.

2. Field Dependence of S

Using the assumptions of Sec. IIID1 *¢
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regarding the field independence of z, m¥, and
K32, but now attributing a field dependence to S
rather than J;, a1 %,, both expressions yield

3lnD _ Bln[J.s

oH oH ’ (16)

i.e., bothmodels suggest a 9% increase in pg (in
40 kOe for the 0. 78-at. % Fe alloy) from the field
variation in D estimated from the magnetoresis-
tance data.

We conclude this section with a brief discussion
of the PdCo results. The field dependence of D,
derived from fitting the magnetoresistance data
(Table III), does not appear to vary in a systematic
manner with applied magnetic field. This, how-
ever, could simply reflect the restrictions placed
on D and g in our fitting procedure, viz., we re-
quired D(H=9.7 kOe)~ D(H= 0)—as was the case
for the magnetoresistance data in PdFe—conse-
quently, needing g=0.8. However, we could have
allowed D(H= 9.7 kOe) > D(H=0), but then we would
have required g<0.8. In any event the choice of
g=0. 8 still requires D(H> 9.7 kOe) to be field de-
pendent.

Using Egs. (15) or (16), which appear to corre-
late the field dependence of D with pug for PdFe
quite well, ugs should increase with applied field
in PdCo. The nonsystematic variation of D with
H means that we can only make a rough estimate
of this increase; for the variation of D found in
this investigation, ugs should increase by approxi-
mately 30% in a 40-kOe field for this 0.73-at. % Co
alloy.

IV. SUMMARY

Magnetoresistance data on a Pd-0.78-at. % Fe
alloy for temperatures in the range 1.5-12 K and
in magnetic fields up to 60 kOe, appear to be well
fitted by the inclusion of an applied field in the
model of Long and Turner,'® the latter satisfactor-
ily explaining the zero-field properties of this
system. These data are consistent with a splitting
factor g—describing the field-induced energy gap
in the magnon spectrum at g =0-being 2. 0, but
require the acoustic spin-wave stiffness D to be
field dependent. The field dependence of D, esti-
mated from the magnetoresistance data, is rea-
sonably well represented by [ D(H) — D(0)]- D(0)™
=pBH, in agreement with the recent analysis of
magnetization data,®® but with 8 about five times
smaller than the value estimated from this latter
analysis.

An attempt to correlate the field dependence of
D with that in the saturation impurity moment ug
within the framework of the Doniach-Wohlfarth
model,'® by attributing a field dependence to
(J410ca1 X,) 1eads to a predicted field variation in g,
which is some three times larger than that ob-
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served experimentally. Similar conclusions were
reached by Smith et al.,* although it should be
pointed out that the numerical values chosen for

B and (Jy 1ca; X,) Were significantly different from
those used in the present analysis. However, the
field variation of D and ug correlate well if the
field dependence is attributed in the Doniach-Wohl-
farth model to the impurity spin S; in the Cole-
Turner model, ' attributing a field variation to
either S or (J; a1 X,) reproduces the field depen-
dence of ps from the observed field dependence
of D.

SWALLOW, AND LORAM 3

Magnetoresistance measurements on a Pd-0.73-
at. % Co alloy can only be fitted within the present
scheme of analysis by assuming a splitting factor
g significantly different from 2. 0. Magnetization
measurements in various applied fields on this
class of alloys in the ferromagnetic phase would
clearly be useful in clarifying their properties.
The field variation of D again required to fit the
magnetoresistance data implies a field variation
in pg, the field dependence being roughly estimated
as a 30% increase in ug in a 40-kOe field over its
zero-field value.

*This work has been sponsored in part by the Air Force
Materials Laboratory through the European Office of
Aerospace Research, United States Air Force, under con-
tract F61052~68-C~0011. The final sections of this work
at the University of Manitoba were supported by the Na-
tional Research Council of Canada under Grant No. A6407.
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implies a temperature independence in the other, as ob-
served experimentally.
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The room-temperature (paramagnetic) structure of CsMnCl; is verified by neutron powder
diffraction studies. This compound is found to be aperovskite-related compound (the nine-
layer structure) which belongs to the trigonal space group D3-R3m. The compound is antifer-
romagnetic below 67 °K; its magnetic structure is deduced from its neutron diffraction pattern
at liquid-helium temperature. This structure is of the G type with a k vector &, 3, 3) related

to the rhombohedral crystallographic lattice.
diagonal of the rhombohedral unit cell.

The spin direction is perpendicular to the body
The magnetic symmetry is monoclinic, belonging to

the space group Cy2/m. A dipolar energy calculation confirms the spin direction found. A
magnetic moment of (5.5=0.5)kp is calculated for the Mn*? ions.

INTRODUCTION

The compound CsMnCl, was prepared!~® and in-
vestigated by x rays, ¥ nuclear magnetic resonance
(NMR), ® antiferromagnetic resonance (AFMR), ¢
and ultraviolet fluorescence.® This compound was
reported by Kestigian et al.* to have a hexagonal
unit cell (ay =17.288, ¢y =27.44) with nine formula
units. According to the same authors'® this com-
pound is not related to the perovskite structure.
Accordingto Seifert and Koknat!! the arrangement of
the ions in this unit cell (after Andersen'!''?)is based
on the A X, octahedra which build the perovskite -
related compounds of formula ABX,. This unit cell
with the nine Mn*Z ions is shown in Fig. 1. McMur-
die et al.'® propose for CsMnCl; the space group -
D§,-P6y/mmc. This space group is inconsistent
with Refs. 11 and 12. Rinneberg and Hartman® con-
clude from NMR measurements that this compound
has trigonal symmetry with the space group
D3,-R3m, which is consistent with Refs. 11 and 12.

Magnetic measurements were carried out on
CsMnCl, by Asmussen® and by Kedzie et al,”®
Asmussen® reported an effective magnetic moment
of 6.13u 5 and a Curie-Weiss temperature of
-145°K. Kedzie et al."” reported the results of
AFMR observations on CsMnCl,; they reported it
to be an antiferromagnet with a Néel temperature
of (69 +3) °K. In another paper® they report that the
spins of the Mn*?ions lie in the plane normal to the
hexagonal ¢ axis.

We report here the results of a neutron diffraction
study of powder sample of CsMnCl;. Our results
concerning the crystallographic and magnetic struc-
tures are in agreement with the results reported in
Refs. 4-8, 11, and 12 but inconsistent with 10 and 13.

EXPERIMENTAL

The material CsMnCl; was prepared according to
the following procedure: Stoichiometric amounts of
anhydrous MnCl, and CsCl were mixed in a quartz
ampoule. The ampoule, after being evacuated and
sealed, was heated up to 700 °C and kept at this
temperature for several hours, and then slowly
cooled down to room temperature. The manganese
ion content in the resulting red compound was de-
termined by ethylene diamine-tetraacetic-acid
(EDTA) complexometric titration. The chlorine ion
content was determined by argentometric titration.
Results of the chemical analysis were: Mn, 18, 6;
Cl, 36.2 (calculated: Mn, 18.67; Cl, 36.15).

X-ray measurements were done on a powder sample
and a single crystal of CsMnCl,; and showed it to
possess rhombohedral symmetry. 5
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] 23,3)708) B¢ +
—— (%3 ,1/3 J518) 3t -
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) (0,0 ,8) 6c -
o] (/3,2/3 5118) 6c +
(3,23 ,318) 3b )
. ««% ‘.Y”( 173,2/13,118) 6c +

FIG. 1. Crystallographic unit cell with the coordinates,
site label (Ref. 14), and relative spin direction of the mag-
netic ions in CsMnCl;. (The ideal close-packing para-
meter is assumed here for the magnetic ions.)



