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First-principles calculations of the electrical conductivity of disordered ferromagnetic alloys based on the
Kubo-Greenwood formalism and the spin-polarized relativistic Korringa-Kohn-Rostoker coherent-potential-
approximations method are presented. Application to the alloy systems Co-Pd and Co-Pt yields results for the
isotropic and anisotropic residual resistivity which are in very satisfying agreement with experiment. In addi-
tion, scalar-relativistic calculations of the isotropic residual resistivity were performed on the basis of the
two-current model for these alloy systems, and were found to agree with the relativistic results fairly well.
@S0163-1829~96!01336-7#

I. INTRODUCTION

The transport properties of ferromagnetic alloys show a
remarkable feature: their resistivity depends on the direction
of the electrical current with respect to the direction of spon-
taneous magnetization even for a vanishing external mag-
netic field. This behavior is reflected by the shape of the
resistivity tensor, which for cubic systems with a magnetiza-
tion vector in thez direction takes the form1
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rH r' 0

0 0 r i
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with r' and r i being the transverse and longitudinal resis-
tivities, respectively. The off-diagonal elementrH represents
the spontaneous or anomalous Hall resistivity,2 which shall
not be considered in the present paper. The spontaneous
magnetoresistance anisotropy~SMA! is defined by1
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wherer̄5 1
3(2r'1r i) is the isotropic resistivity. Experimen-

tally the SMA is found by measuringr i(B) and r'(B) as
functions of the applied magnetic fieldB, and by subsequent
extrapolation toB50. In general, the electrical resistivity is
found to be higher for the current aligned parallel to the
magnetization than for the current perpendicular to the mag-
netization ~i.e., r i.r'), but the opposite situation is also
encountered in a few cases.3

It is important to note that the SMA as defined in Eq.~2!
must not be confused with the conventional magnetoresis-
tance which is defined as aB-dependent function
Dr/r5@r(B)2r(0)#/r(0). In contrast to this situation, the
external magnetic field here is applied just to align the spon-
taneous magnetization.

The interest in the anisotropic resistivity is of twofold
origin: first there are important technological applications for

the effect such as, for example, for magnetic recording
devices.4,5 Here the goal is to find alloys which exhibit large
SMA ratios at room temperature, and which can be prepared
as thin films. On the other hand, the effect is interesting from
a theoretical viewpoint: unlike the conventional magnetore-
sistance which is due to the Lorentz forces acting directly on
the conduction electrons, the SMA cannot be explained this
way. The reason for the occurrence of a resistance anisotropy
even for vanishing magnetic fields must be seen in the re-
duced symmetry of the crystal lattice due to the alignment of
the magnetic moments. The scattering of the electrons then
depends on the angle between the current and the magneti-
zation vector because of the spin-orbit interaction.6

Smit6 and later Campbell and co-workers7,8 carried out a
series of investigations on nickel-based alloys which exhibit
very high anisotropy ratios for low temperatures, and applied
the two-current model of electrical conduction in order to
explain the SMA. However, more recent theoretical investi-
gations of nickel alloys, and here mainly the system Fe-Ni,
seem to indicate that the two current model does not work
very well for these alloy systems2,9,10 because of an unusu-
ally low scattering rate in the majority-spin band. In contrast,
the alloy Co-Pd, which also has a high SMA and has recently
attracted attention of experimentalists,11–14 is expected to be
more suited to be described in terms of the two-current
model. We have chosen this alloy system as well as the
system Co-Pt in order to test the recently developed method
of first-principles calculation of anisotropical transport coef-
ficients, allowing also for an assessment of the two-current
model.

II. THEORETICAL FRAMEWORK

A straightforward and rigorous access to galvanomagnetic
effects is supplied by the Kubo-Greenwood equation for the
conductivity tensors,15,16
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HereG1(EF), representing the electronic structure of the
system, is the positive side limit of the single-particle Green
function at the Fermi energyEF , j m is themth spatial com-
ponent of the electronic current operatorj , and ^ & conf. de-
notes the atomic configuration average for a disordered alloy.
A very accurate determination of the electronic Green func-
tion G1(r ,r 8,E) in real space is achieved by using the
Korringa-Kohn-Rostoker~KKR! method of band-structure
calculation or, in other words, on the basis of multiple-
scattering theory:

~4!

Here ZL(r ,E) is the regular solution to the Schro¨dinger
equation~or Dirac equation; see below!, andtL,L8(E) is the
scattering path operator — the central quantity of multiple-
scattering theory. To deal with a randomly disordered alloy
the corresponding configurational average of the Green func-
tion is obtained in a most reliable way by using the coherent-
potential-approximation~CPA! alloy theory. This single-site
theory ignores any correlation in the occupation of neighbor-
ing atomic sites, i.e., atomic short-range order, and aims to
supply a hypothetical ordered CPA medium that represents
the configurationally averaged electronic properties of a dis-
ordered alloy. Within the multiple scattering formalism, the
CPA medium is described by its single-sitet matrix tCPA and
its scattering path operatortCPA, and specifying the CPA
medium consists in solving the CPA equations

tCPA5
1

VBZ
E

VBZ

d3k@~ tCPA!212G~k,E!#21,

tCPA5xtA1~12x!tB, ~5!

tA5@~ tA!212~ tCPA!211~tA!21#21.

Here an alloyAxB12x has been assumed, and use has been
made of the fact that the CPA medium is ordered, and
tCPA can be determined by a Brillouin-zone integral with
G(k,E) the so-called KKR-structure constants.

Having determined the electronic Green function
G1(r ,r 8,E), Eq. ~3! can be evaluated in a rather straightfor-
ward way. For paramagnetic systems the corresponding ex-
pression forsmn has been worked out in great detail by
Butler.16 In particular he has shown how to deal with the
configurational average of the product of two Green func-
tions in the framework of the CPA, that primarily deals with
the configurational average of one Green function. The ex-
pressions derived by Butler have been applied so far with
great success in their original nonrelativistic form17 as well
as their corresponding fully relativistic form18 to calculate
the residual resistivity of various alloy systems.

To obtain access to the SMA in the limitT50 K, Butler’s
approach was generalized recently2 by evaluatingG1(EF)
using the spin-polarized relativistic version of the KKR-CPA
~SPR-KKR-CPA!.19 This scheme, based on the Dirac equa-
tion for a spin-dependent potential derived from local spin-
density-functional theory, accounts on the same level —
without using any parameters — for all relativistic effects as
well as for the magnetic state. A direct consequence of this is
that the symmetry reduction due to the simultaneous pres-
ence of spin-orbit interaction and magnetism — giving rise

to the form ofr in Eq. ~1! — is automatically accounted for.
Finally, one has to mention that using the SPR-KKR-CPA
there is no need to rely on the two-current model anymore.
This is the case because the SPR-KKR formalism accounts
in a natural way for the fact that the electronic states have in
general no unique spin character. Therefore, no artificial sub-
division of the electronic current into spin-up and -down
parts has to be assumed. Nevertheless, whenever it is pos-
sible and sensible in the following, the residual conductivity
of the investigated alloy systems will be discussed on the
basis of the spin-projected electronic structure.

III. RESULTS AND DISCUSSION

A. Electronic structure

To provide the basis for the calculation of the conductiv-
ity tensor~see above! the electronic structure of a series of
Co-Pd and Co-Pt randomly disordered alloys has been cal-
culated using the SPR-KKR-CPA method of band-structure
calculation.19 All these calculations have been performed us-
ing potentials that have been created within the framework of
local spin-density-functional theory20 in a scalar-relativistic
way, i.e., omitting the spin-orbit coupling. As representative
examples for the results of the SPR-KKR-CPA calculations,
that account for the spin-orbit coupling, the spin-projected
density-of-states~DOS! curves for Co40Pd60 and Co40Pt60 are
given in Fig. 1. For both systems the partial DOS of Co is
strongly exchange split, with a corresponding magnetic mo-
ment that increases monotonously with decreasing Co
concentration.19 For Pd and Pt, the hybridization with Co
states also gives rise to a small exchange splitting for these
components, resulting in an induced spin magnetic moment
of some tenth of a Bohr magneton.19 The main difference
between the systems Co-Pd and Co-Pt is obviously the
widths of the Pd and Ptd bands. The higherd-band width in
the case of Co-Pt is due to the fact that thed-wave functions
of Pt are less localized than those of Pd and, to a lesser
extent, due to the higher spin-orbit coupling strength of Pt. A
consequence of the higherd-band-width of Pt, compared to
Pd, is the weaker hybridization with Co states and a smaller
resulting spin magnetic moment. However, more important
for the conductivity is the influence on the DOS at the Fermi
energy. As can be seen in Fig. 2, the difference for the spin-
resolved DOS at the Fermi energy,n↓(EF) andn

↑(EF), re-
spectively, decreases much faster for Co-Pt than for Co-Pd as
function of concentration. As will be discussed below, this
will have important consequences for the isotropic resistivity
r̄ as well as the SMA ratioDr/ r̄ for these alloy systems.

B. Relativistic calculation of transport properties

The fully relativistic treatment of the electrical conductiv-
ity or resistivity, respectively, yields a tensor which is re-
duced in symmetry, thus reflecting the presence of magnetic
ordering @see Eq.~1!#. Averaging the diagonal components
of this tensor gives the isotropic resistivityr̄ which can be
compared to the experimental resistivity measured on mag-
netically saturated polycrystalline samples, whereas the dif-
ference between the diagonal components is a measure of the
SMA according to the definition in Eq.~2!. All calculations
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presented in the following were carried out including angular
momenta up tol max53in the angular momentum expansion
in Eq. ~4!. The Brillouin-zone integration in Eq.~5! as well
as in that connected with Eq.~3! has been evaluated using a
special direction method ink space21 with a very fine grid to
ensure the convergency. In all calculations the vertex
corrections,16 that account for the difference of Eq.~3! and

its simplified version with the average of the product of two
Green functions replaced by the product of two averaged
Green functions, were included. This description of the cal-
culations also apply to those performed in a scalar-
relativistic way without spin-orbit coupling~see below!. Fur-
ther technical details can be found in Ref. 18.

1. Isotropic resistivity

The calculated isotropic resistivities for the alloy systems
Co-Pd and Co-Pt are shown in Fig. 3. Also included are from
various sources, the corresponding experimental data mea-
sured at low temperature.

Obviously, the agreement between calculated and mea-
sured resistivities is very good for Co-Pd. The maximum
value of the resistivity in this system~16mV cm! as well as
the composition for which the maximum occurs~about 20%
Co! are well reproduced by the calculations. The proper
treatment of angular momenta up tol max53 is essential for
this result, because an angular momentum expansion with
l max52 leads to much higher resistivities. As mentioned,
the calculations include the vertex corrections. It was found
that their contribution increases from about 2% for 5 at. %
Co to about 25% for 80 at. % Co.

For the system Co-Pt the calculated resistivities are much
higher than for Co-Pd, reaching almost 40mV cm for 30
at. % Co. This agrees in a satisfactory way with the experi-
mental maximum of about 35mV cm at that composition.
As for Co-Pd inclusion off states is important. The relative
difference 12 r̄2 / r̄3, wherer̄ l is the calculated residual re-
sistivity with angular momenta up tol included, drops from
0.59 to 0.31 as one goes from 5 to 80 at. % Co.

For Co-Pt the vertex corrections are quite small, contrib-
uting less than 3% to the total conductivity over the entire
composition range. From the experience with paramagnetic
alloy systems,18 one can conclude that for this case the ver-
tex corrections are the more important the lower thed DOS
at the Fermi level is. For Cu-Pt,18 for example, this applies to
the noble-metal-rich side of this system. For ferromagnetic
systems, on the other hand, the vertex corrections seem to be
more important, if thed DOS at the Fermi level is low at

FIG. 1. Spin-projected density of states for Co40Pd60 ~top! and
Co40Pt60 ~bottom! calculated using the SPR-KKR-CPA method.

FIG. 2. Spin-projected density of statesn(EF) at the Fermi en-
ergy level for Co-Pd (d) and Co-Pt (s) calculated for the two-
spin bands in the scalar relativistic way. Full line: majority spin;
dashed line: minority spin.

FIG. 3. Residual isotropic resistivityr̄ of disordered Co-Pd
(d) and Co-Pt (s) alloys. Full lines: calculated including vertex
corrections; broken lines: calculated omitting vertex corrections.
Experimental values for Co-Pd were taken from Refs. 11 and 12
(h) and Ref. 22 (L), and for Co-Pt from Ref. 14 (n).
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least for one spin subsystem~see also the discussion below
of the two-current model!. For this reason, they are more
pronounced for Co-Pd compared to Co-Pt, and more impor-
tant on the Co-rich side of both systems~compare Fig. 2!.

The reason for the higher residual resistivity of Co-Pt as
compared to Co-Pd can be made clear with the help of the
scattering phase shiftsd2 for the d electrons. These quanti-
ties determine the position and width of thed bands~see Fig.
1! and have a resonancelike shape for transition metals. For
the spin-polarized relativistic situation, this quantity should,
in principle, be represented by a matrix. However, to obtain
an impression of the relative importance of the exchange and
spin-orbit splitting, the phase shifts ford3/2 and d5/2 states
have been calculated by solving the radial Dirac equations
using the potentials for spin-up and -down, separately. For
the majority-spin system the phase shifts of Co and Pd in
Co-Pd are very similar in position and width~see Fig. 4!. For
that reason, there is not much scatter due to chemical disor-
der. As a consequence a rather small resistivity can be ex-
pected. For the minority-spin system, on the other hand, the
phase shifts for Co and Pd are quite different because of the
different exchange splitting. For that reason a stronger scat-
tering due to chemical disorder and in turn an enhancement
of the total resistivity can be expected. For Co-Pt the situa-
tion is quite different from that for Co-Pd. Here the position
of the phase-shift resonance differs in position because of the
strong exchange splitting for Co and the strong spin-orbit
splitting for Pt. Thus stronger scattering due to chemical dis-
order and therefore a higher isotropic resistivity has to be
expected from these qualitative arguments for Co-Pt com-

pared to that of Co-Pd~see also the discussion in Sec.
IIIC1!.

2. Spontaneous resistance anisotropy

The anisotropy ratios~SMA! calculated from the trans-
verse and longitudinal resistivities are shown in Fig. 5 for the
two alloy systems Co-Pd and Co-Pt. Experimental values for
both systems are included for comparison.

Co-Pd shows remarkably high SMA values of more than
6% for concentrations higher than 20 at. % Co.12,23The cal-
culations reproduce the increase of the experimental data at
low Co concentrations very well. For higher Co concentra-
tions the calculated values are slightly too low. Note that the
SMA in Co-Pd is still as large as 1.5% even for very low Co
contents,23,24 which was attributed to local orbital moments
on the magnetic sites in Ref. 23. It is difficult to investigate
the concentration regime below 1% using the KKR-CPA be-
cause of the numerical difficulties encountered as one ap-
proaches the pure system limit. Nevertheless, the calculated
SMA value for 1% Co~1.2%! is in reasonable agreement
with experiment.

Co-Pd and Co-Pt show quite a different behavior with
respect to the SMA despite their similar electronic structure.
In contrast to Co-Pd the SMA for Co-Pt was found to be
below 1% throughout the whole concentration range.14,25

These findings are perfectly reproduced by the relativistic
calculation which reflects the slowly varying SMA in Co-Pt.
An explanation for this difference shall be given in Sec.
III C.

C. Scalar-relativistic calculations

The fully relativistic calculations presented above include
all effects of spin-orbit interaction and spin polarization, and
therefore lead to a very reliable description of the anisotropy
phenomena in context of transport properties. They are very
elegant because no assumptions regarding the nature of scat-
tering, as for example spin conservation, and the relative
importance of the various relativistic effects have to be
made.

In contrast to this, the discussion of spontaneous resis-
tance anisotropy was mostly based on the two-current model

FIG. 4. Phase shiftsd2 for d3/2 andd5/2 states of Co, Pd, and Pt
in Co20Pd80 ~top! and Co30Pt70 ~bottom!, respectively, calculated
using the potentials for spin-up~full curves! and -down~dashed
curves!. The difference of the resonance position for thed3/2 ~lower
energy! andd5/2 states~higher energy! can be taken as a measure
for the corresponding spin-orbit coupling strength.

FIG. 5. Calculated spontaneous magnetoresistance anisotropy
~SMA! ratio Dr/ r̄ of Co-Pd (d) and Co-Pt (s) alloys. Experi-
mental values for Co-Pd were taken from Ref. 12 (n) and Refs. 23
and 24 (L); for Co-Pt from Refs. 14 (h) and 25 (̂ ).
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in the past. It leads to the definition of spin-dependent sub-
band resistivitiesr↑ andr↓, which do not occur in the rig-
orous relativistic theory. Such an artificial decomposition of
the total resistivity is in general done on the basis of experi-
mentally observed deviations from Matthiessen’s rule for
nonzero temperatures or of experimental data for ternary
alloys.26 In addition, this model was used as the starting
point for resistivity calculations in the framework of trans-
port theories for alloys. Early calculations of this type were,
e.g., performed by Brouers, and coworkers27 and later in a
more rigorous way by Akai.28 Naturally, because of restric-
tions of the chosen approaches as well as technical ones, the
agreement with measured subband resistivities was not that
good. With the method presented here, however, much more
reliable calculations of the subband resistivities can be car-
ried out. For this purpose, a set of scalar-relativistic calcula-
tions was performed based on the same potentials and Fermi
energies as used for the relativistic calculations. Adopting
the scalar-relativistic approach, the spin-orbit coupling was
ignored, while all other relativistic effects have been ac-
counted for. As a consequence, any spin hybridization and
any scattering events that lead to a spin flip were omitted,
allowing to treat each spin subband system independently.
For these reasons, each spin subband appears like a paramag-
netic system, and the single subband resistivity tensors do
not show the anisotropy expressed by Eq.~1!.

1. Subband resistivities

The results for the subband resistivitiesr↑ and r↓ are
shown in Fig. 6 for the alloy system Co-Pd, and in Fig. 7 for
Co-Pt.

As can be seen for all the alloy compositions of Co-Pd,
the conditionr↓.r↑ holds with r↑(↓) the partial resistivity
for the majority-~minority-! spin system. The majority-spin
resistivity takes its maximum value at 13% Co, whereas the
minority-spin resistivity has its highest value at 40% Co. The
absolute magnitude of resistivity is much higher in the mi-
nority spin band, a feature which Co-Pd has in common, e.g.,
with most nickel alloys.26 The reason for this can again be
traced back to the phase shifts of thed electrons~Fig. 4!. As
a consequence of the very similar behavior of this quantity
for the majority-spin system for both components, the scat-

tering due to chemical disorder is quite low. This leads to a
relative small partial resistivityr↑. For the minority-spin sys-
tem, the situation is quite different. Here a strong scattering
due to chemical disorder gives rise to a much higher partial
resistivity r↓.

Turning to Co-Pt~Fig. 7!, one encounters a similar situa-
tion for the minority-spin system. The corresponding partial
resistivity is rather high, having its maximum value of al-
most 100mV cm at about 30–40 % Co. However, although
the minority-spin resistivities are quite similar for the two
alloy systems Co-Pd and Co-Pt, there is a big difference
between the alloys in the majority band, where Co-Pt has a
much higher resistivity. The phase shifts shown also for
Co-Pt in Fig. 4 immediately provide an explanation for this
finding: disorder is much stronger in the spin-up channel of
Co-Pt than in Co-Pd due to a much wider separation of the
relevant phase-shift resonances. Together with the higher
spin-projected DOSn↑(EF) for Co-Pt compared to that of
Co-Pd, a higher partial resistivityr↑ results accordingly.

2. Discussion in terms of the two-current model

Jen has calculated the subband resistivities of Co-Pd~Ref.
12! from experimental values for the SMA and the residual
resistivity by assuming the validity of the two-current model
and by using the theory of SMA given by Campbell, Fert,
and Jaoul~CFJ!.7 This approach ends with a simple relation-
ship between the isotropic resistivityr̄, SMA ratio Dr/ r̄,
and the partial resistivitiesr↑(↓):

1

r̄
5

1

r↑
1

1

r↓
~6!

and

Dr

r̄
5gS r↓

r↑
21D . ~7!

The phenomenological spin-orbit coupling parameterg
was assumed to be a constant over the entire composition
range. Its value was obtained by determiningr↑ andr↓ from
the measured temperature dependence of the resistivity for
the palladium-rich alloy Co5Pd95, and by investigating the
ternary alloy Co-Pd-Ni~see Ref. 11!.

FIG. 6. Subband resistivitiesr↑ andr↓ for Co–Pd. Solid circles:
calculated, open symbols: determined from experimental data by
Jen~Ref. 12!.

FIG. 7. Calculated subband resistivitiesr↑ andr↓ for Co-Pt.
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Although this procedure seems to be rather crude, the
results for the subband resistivities given by Jen~see Fig. 6!
agree quite well with the values obtained using the Kubo-
Greenwood equation. For high Co contents however, Jen’s
values forr↓ are lower, the values forr↑ higher than the
theoretical resistivities. Therefore, the ratioa5r↓/r↑, which
is apart fromg the central quantity in Eq.~7!, is larger for
the scalar-relativistic KKR-CPA calculation than deduced by
Jen. The theoretical and experimental values fora values are
compared with each other in Fig. 8.

It is important to note that the calculated ratioa is quite
close to the one determined experimentally for Co5Pd95
(a'2). For Co-rich Co-Pd, however, the calculateda ’s are
much larger than the experimental ones. Becausea was de-
termined directly for Co5Pd95 only, whereas its value for
other compositions was determined assuming a constant
spin-orbit coupling constantg derived from thisa, the major
reasons for the deviation seem to be the following. First of
all one has to keep in mind that Eqs.~6! and~7! were derived
for diluted alloys.7 Their application to concentrated alloys
therefore seems to be questionable. Furthermore, there is no
justification for takingg to be concentration independent.
Originally, this quantity was meant to represent the spin-
orbit coupling strength for the component with the higher
concentration.

With the theoretical data fora ~Fig. 8! and the SMA ratio
Dr/ r̄ ~Fig. 5! available, the parameterg can be obtained
using Eq.~7! in a straightforward way. Corresponding results
are shown in Fig. 9. In addition, values forg are given that
have been obtained from the theoretical data fora and the
experimental one for the SMA from Fig. 5. As one can see
for both data sets, the calculated parameterg is far from
being constant and much smaller than the value used by
Jen.12 As can be seen in Fig. 9, the parameterg has a maxi-
mum at around 13% Co and decreases monotonously with
increasing Co content from about 0.015 to 0.04. Although
the numerical results differ somewhat, these gross features
obviously apply to both data sets.

Turning back to the ratioa in Fig. 8, one notes that even
for 1% Co a is far away from the value expected for a
paramagnetic system (a51). This shows that even for dilute
Co-Pd alloys exchange splitting is strong enough to produce

different subband resistivities. In experiments, however, this
effect would be masked by contributions to the resistivity
which do not depend on the spin direction~such as thermal
contributions or nonmagnetic impurities and lattice imper-
fections! and which become increasingly important as one
approaches the pure system Pd.

The ratioa for Co-Pt is much smaller than that for Co-Pd
for all concentrations. This of course reflects the fact that the
majority-spin resistivity for Co-Pt is much higher than that of
Co-Pd.

One can calculate a spin-orbit coupling parameterg for
Co-Pt in the same way as for Co-Pd using the calculated
a ’s and either calculated or measured values forDr/ r̄. Be-
cause the scatter ofDr/ r̄ as a function of composition is
fairly large for both cases, reflecting the difficulty in accu-
rately determining the small differences betweenr' andr i
by experiment or calculation, the calculatedg scatters in the
same way. The values obtained, however, are in the same
range as for Co-Pd, i.e., decreasing from 0.015 on the Pt-rich
side to 0.005 on the Co-rich side. This again shows thatg is
far from being constant. In addition, the fact thatg is very
close to the data for Co-Pd sheds some doubt on the physical
meaning of this parameter. If there were a direct connection
with the average spin-orbit coupling strength, one would ex-
pectg to be noticeably higher for Co-Pt than for Co-Pd. The
only feature that is in line with this expectation is the mo-
notonous decrease ofg for Co concentrations above 13%.

Having determined values for the parametersa and g
occurring in the CFJ theory@Eqs.~6! and~7!#, one can try to
interpret the findings for Co-Pd and Co-Pt in terms of this
theory. The major consequence of Eqs.~6! and ~7! is that
there are two conditions which have to be satisfied to obtain
a high anisotropy of the electrical resistivity. The first is the
presence of strong spin-orbit coupling, which allows elec-
trons to change their spin orientation while they propagate
through the crystal or are scattered at lattice sites. The prob-
ability of these processes is represented by the parameter
g. These effects are also present in paramagnetic alloys, but
do not cause any anisotropy of the transport coefficients be-
cause a second condition is required to give rise to the SMA
or the anomalous Hall resistivity: if the subband resistivities

FIG. 8. Ratio of minority and majority resistivitya5r↓/r↑ for
Co-Pd (d) and Co-Pt (s) alloys. Measured values for Co-Pd ob-
tained by direct measurement (h) or by extrapolation (L) ~Ref.
11!.

FIG. 9. Spin-orbit coupling parameterg for Co-Pd calculated
according to the CFJ theory@Eqs.~6! and~7!#. Using the theoretical
values forr↓/r↑ and forDr/ r̄ the theoretical (d) or the experi-
mental (L) ones, respectively. In addition, the constant value for
g used by Jen~Ref. 11! is given.
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r↓ andr↑ are different, as expressed by their ratioa, the spin
transitions and the hybridization of states transfer some of
the resistivity from the subband with the higher resistivity to
the band with the lower one, and cause a pronounced change
of the total isotropic resistivity. Because of the anisotropy of
this transfer, the SMA results. In the case of Co-Pd and
Co-Pt the parameterg for the two-alloy system is similar,
but the lower degree of disorder in the majority-spin band of
Co-Pd makes the spin-orbit scattering more effective in this
alloy and causes an SMA, which is for some compositions
up to six times larger in Co-Pd than in Co-Pt.

3. Isotropic resistivity

In the two-current model without any spin mixing, the
subband resistivities can be added up to the total isotropic
resistivity according to Eq.~6! ~parallel circuits!. In the fol-
lowing, the corresponding result will be denotedr̄2c . If the
two-current model were valid,r̄2c would be similar to the
total resistivity r̄, calculated relativistically, becauser̄2c
contains all influences present in the relativistic calculation
except those due to the spin-orbit interaction. Any difference
betweenr̄2c and r̄ can therefore be ascribed to spin-orbit
related effects which go beyond the two-current model. Fig-
ure 10 shows the two quantities in comparison.

One sees that the relativistic result forr̄2c agrees withr̄
quite well. For both alloy systems the two-current calculation
yields the asymmetrical resistivity curve also observed for
the relativistic calculations and for the experimental resistiv-
ities. In both cases, however, the results based on the two-
current model are slightly smaller than the resistivities cal-
culated relativistically, indicating that there is some extra
resistivity induced by the coupling of the two spin systems
via spin-orbit interaction. The relative difference between
relativistic and two-current calculations is larger for Co-Pd
than for Co-Pt.

Based on the properties of the partial resistivitiesr↑(↓) for
these systems, one concludes that the two-current model
works better the smaller the difference betweenr↑ andr↓ is.
This is completely in line with our previous results for

Fe20Ni80.
10 For this alloy an extremely pronounced differ-

ence of the partial resistivities occurs. As a consequence in-
clusion of spin-orbit coupling is essential for this alloy,10

because omission of the spin-orbit interaction reduces the
resistivity to less than one third of its original value.

D. Relativistic model calculations

In order to show explicitly that relativistic effects are re-
sponsible for the observed resistivity differences shown in
Fig. 10, we performed relativistic model calculations based
on two different manipulations.10 In a first calculation the
speed of lightc was set to a value eight times higher than the
correct valuec0 (c0 5 274 in atomic units! in an arbitrary
manner. Because all leading relativistic effects–such as the
mass velocity, Darwin, and spin-orbit coupling terms —
scale according to 1/c2 with the speed of light, this setting
should give rise to results corresponding to the nonrelativis-
tic limit. In a second calculation the spin-orbit interaction
was ‘‘turned off’’ by manipulating the Dirac equation fol-
lowing a method described in Ref. 29.

These two types of calculations were applied to the alloy
Co20Pd80, with the resulting resistivities shown in Fig. 10.
Both values are very close to each other, and similar to the
result obtained from the two-current model. Obviously, the
suppression of all relativistic influences or spin-orbit effects
reduces the resistivity to about 70% of its relativistically cor-
rect value. The nearly identical values for the two manipula-
tions show that indeed the spin-orbit interaction is respon-
sible for the resistivity difference, and that other relativistic
effects are only of minor importance.

IV. CONCLUSIONS

In conclusion, the fully relativistic spin-polarized KKR-
CPA in conjunction with the Kubo-Greenwood theory for
electrical conduction allowed for a rigorous and parameter-
free calculation of the anisotropical resistivity in disordered
Co-Pd and Co-Pt alloys. The agreement with experiment is
very satisfying. Two current calculations allow us to use and
test the theory of Campbell, Fert, and Jaoul. It is seen that the
basic message of this theory is correct: the resistance anisot-
ropy is promoted by two mechanisms, the spin-orbit interac-
tion and the difference between spin-up and spin-down resis-
tivities. In this picture, the two-alloy systems Co-Pd and
Co-Pt have similar levels of spin-orbit-induced scattering,
but the higher ratio ofr↓/r↑ for Co-Pd causes the much
higher resistance anisotropy for this alloy. However, despite
the success of the two-current model it is seen that accurate
values for the total resistivity require relativistic calculations.
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FIG. 10. Residual isotropic resistivityr̄ of disordered Co-Pd
and Co-Pt alloys. Circles: fully relativistic calculations; squares and
diamonds: calculations in the framework of the two-current model
(r2c). Relativistic calculations for Co20Pd80 with the spin-orbit cou-
pling turned off (n) or with a high value for the speed of light
(^ ).
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