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Anisotropic magnetoresistance of Co-Pd alloys
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The anisotropic magnetoresistance hp/po and electrical resistivity po of Co&00 Pd alloys were mea-

sured at T=4, 77, and 300 K. The temperature dependence of hp/po is used to yield (Ap/po); p
and

(hp/po)» data for Co-Pd alloys as a function of x. A two-current model and theories based on extended

versions of it are used to explain the spin-down resistivity p and spin-up resistivity p . There exists a
maximum in p~ at x =65 at. % Pd. For x 50—75 at. % Pd, p~d&0 due to the magnetic weakness for
the spin-up d band. p„ follows Nordheim s rule, and p„ increases, going from the Co-Ni to the Co-Pd
case.

I. INTRODUCTION

The two-current model of Campbell, Fert, and Jaoul'
has been successful in accounting for the anisotropic
magnetoresistance hp/po in most nickel-rich crystalline
alloys. In short, this model states that, at T=O,

where p~ and p~ are the resistivities for the spin-down
and -up bands, respectively, and y =0.01. The condition

p /pt))1 is assumed. In order to extend the theory to
structurally disordered or weakly ferromagnetic materi-
als, Malozemoff has given a more general formula,
which may be given as follows:

(p'd+ p,', )(p,'~+p'. )

where p„and p~d are the resistivities arising from the s-s
and s-d scatterings, respectively, in spin-down bands. p~,
and p,d are the resistivities from the corresponding
scatterings in spin-up bands. Finally, to extend the
theory to the region of concentrated alloys, Berger has
discussed the case in which the scattering potential with
alloy disorder is strong. The limitation of his approach
is that both y and rF are assumed to be independent of
the alloy composition x. ri,-:Icy(&=Ep)/&g(&=EF)I
where A =Co and 8=Pd. Cz or C~ is the average of
the coefficient Ct„(s), used in the tight-binding approxi-
mation, over the atom A (Co) or 8 (Pd).

In this paper we will mainly discuss the anisotropic
magnetoresistance of Co&00 „Pd alloys. The magnetic
and electrical resistivity properties for this same series of
Co-Pd alloys have been studied previously. In Ref. 5 we
find that, for Co5Pd95, u=p~/p~=2. Although, as dis-
cussed in Ref. 5, the localized picture is expected to be
applicable, we nonetheless choose a band picture to ex-
plain our results. The main reason is that as x decreases
from 95 at. %%uo, th eban dmode 1 become s increasingly
more appropriate. Here we just use the hp/po and a

data of Co5Pd95 to extract the value of y, which is usually
a parameter known only to an order of magnitude. In ad-
dition, we will show that even if we use a different y, our
main conclusion in this paper will be unaffected.

One problem in this approach has already been en-
countered in Ref. 5: In the treatment of the temperature
dependence of the resistivity Co&Pd95 there is a compli-
cation resulting from paramagnon scattering; i.e., for
T & T,f, the ideal resistivity pz of the alloy is proportion-
al to T, but for T)T,f, the behavior pT ~ T may result.
For Pd-rich alloys, T,f ——0.25T, =20 K. Perhaps the
paramagnon theory can explain why in Ref. 5 we ob-
served an anomalously large coefficient for the T term in

pT for T &20 K. But more significant is the fact that in
Ref. 5 we took another temperature range, 20 (T (50 K,
for the fitting, in which only the T and T dependences
are evident, to obtain a. In the 20(T(50 K region,
there is little or no T dependence as predicted from
paramagnon-scattering theory. Moreover, since, in Ref.
5, a =2 is also obtained by another method, independent
of the temperature effect, the same a value is used here
for purposes of discussion.

II. EXPERIMENTS

The details of Co,oo Pd sample preparation were de-
scribed before. The anisotropic-magnetoresistance mea-
surements are performed with standard techniques. We
used a CF1200 liquid-helium cryostat and an ITC4 tem-
perature controller, both made by Oxford Instrument, to
maintain the sample temperature. We made measure-
ments at three fixed temperatures T=4, 77, and 300 K.
The temperature stability was good to within +0.2 K. A
7-in. electromagnet produced external fields up to 1 T.
The sample is aligned either parallel or perpendicular to
the field to measure pii or pi. Characteristic pii and pi at 4
K for Co4~Pds~ crystalline alloys are shown in Fig. 1.
The anisotropic magnetoresistance is defined as

~p/po=(pii px)/( ps+ —pii)—
where pii and pi are the saturated resistivities of pii and pi.
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FIG. 1. Anisotropic resistivities

p~~
in parallel fields and p& in

perpendicular fields of Co45Pd» at T =4 K.
FIG. 3. (Ap/po); ~ is defined as (Ap/po) at T =4 K;

(hp/po); ~ is plotted for each Pd concentration x.
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(3)

where p„(T)=(pm, +p,„)I,p, (T)=(p, ,+p,„)„and p(4.2

III. TEMPERATURE DEPENDENCE
OF Lp/po IN Co-Pd

According to theory, ' if a&&1, Matthiessen's rule
can be used to derive the temperature dependence of
~P/Po:

K)=p; ~. For Co-Pd alloys, the condition a))1 is not as
strictly satisfied as for Co-Ni, Ni-Fe, and Ni-Mn alloys.
As will be discussed later, the a of concentrated Co-Pd is
about 5. Hence Eq. (3) is considered here as an empirical
formula for obtaining (hp/pp); z and (hp/pp)~z for Co-
Pd alloys. Figure 2 shows the fitting of hp/pp of
Co,Pd9~, Co&,Pd7„and CossPd3, versus pp(4. 2 K)/pp(T)
at three temperatures T =4, 77, and 300 K. From the di-
agram the linear fit of Eq. (3) seems pretty good. By ex-
trapolating each line to the vertical axis where
pp(4. 2 K)/pp( T)=0, we can determine ( b p/pp )~h.

On the lowest-temperature side, we use ( hp/pp)(4. 2

K)=(&p/pp); ~.
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FIG. 2. Fittings of hp/po as a function of po(4.2 K)/po(T)

with Eq. (3) for Co,Pd», Co»Pd», and Co65Pd» alloys. FIG. 4. (hp/po) „vs Pd concentration x.
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The (bp/p0);m~ of CoI00 „Pd„alloys is displayed as a
function of the Pd concentration x in Fig. 3. From this
picture we can see that there exists a maximum of
(bp/po); 9 at x=55 at. % Pd. A detailed discussion
about (hp/po); will be given in the next section. At
present, we show that (Ap/po)9h data as a function of x in

Fig. 4. Besides the irregular datum point at x =40 at. %,
the general trend in Fig. 4 is clear: (i) For small x,
(6/p/p0)~„ is positive; (ii) as x increases, (bp/p0)9h be-

comes negative; and (iii) (hp/po) h has a minimum near
x =55 at. % Pd, which looks like an inverted mirror im-

age of (hp/po); in Fig. 3. The theoretical explanation,
based on the idea of resistivity saturation of p~, is given
in Ref. 7 to account for this phenomenon.

i00

80—

O

4o

C0100-

p '=(pt) '+(p ) (4)

IV. p~ AND p~ OF Co-Pd ALLOYS

The idea of the two-current model can also be used to
write the residual resistivity po of the alloy as

20 I
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pl —pl +

pi pt +p (5)

pss =pss =
pss

Then, by combining Eqs. (1) and (4), it is easy to calculate
p~ and p~, respectively, for each alloy, provided that y is
known.

As stated before, y is determined experimentally, and
it is dii5cult to compare it with theoretical values. ' For
example, it is estimated that y=0.01 for Ni alloys and

y =0.018 for Fe alloys. Here we can use only one set of
known hp/p0 and a data of Co5Pd95 to evaluate y; i.e.,
we tentatively assume that Eq. (1) is applicable to
Co5Pd95 Then, by substituting bp/p0=1. 80% and a=2
into Eq. (1), we find y =0.018 for Co-Pd alloys. On the
other hand, it is known from the magnetization data of
Co-Pd alloys that when x ~75 at. % Pd, a magnetic
weakness occurs. Obviously, as x becomes large enough,

p,d is finite and nonzero. Then it may not be correct to
use Eq. (1). We may want to use Eq. (2) instead. Before
employing Eq. (2) to extract y from the Co,Pd95 data, we
make the following assumptions:

FIG. 5. Pd concentration x dependence of the spin-down
resistivity p of Co-Pd alloys. The solid circles are data ob-
tained from Eqs. (1) and (4), and the open squares are from Eqs.
(4) and (6).

By substituting Eq. (5) into Eq. (2), a simpler equation is
obtained:

b,p/po=y(a —1) /a . (6)

Hence, if Eq. (6} is used instead of Eq. (1},y would turn
out to be 0.036.

Having found y, we may calculate p~ and p~ from
hp/p0 and p0 with either Eqs. (4) and (6) or Eqs. (1) and
(4). Table I summarizes all the pt and pt values for each
Co&00 Pd sample. If we plot p~ as a function of Pd
concentration x, the result is shown in Fig. 5. There are
two sets of data in Fig. 5: The solid circles are p~ data
with y =0.018 and Eq. (1), and the open squares are that
with y =0.036 and Eq. (6). Two conclusions can be made
from Fig. 5: (i) A maximum of pt is located at x =65
at. % Pd. This is true, irrespective of which data plot is
considered. (ii) The value of maximum pt is about 70 or

TABLE I. Magnetoresistance hp/po and residual resistivity po at 4 K for the Co&oo „Pd„alloys and
p~ and pt calculated.

Sample

~P/Po

(%)

po

(pQ cm)

pl pl
(y =0.018)'

(pQ cm)

p p
(y =0.036)

(pQ cm)

CosPd»
Co& sPdss
CozsPdzs
Co3sPd6s
Co4sPdss
CossPd4s
Co6sPd
Co75Pdzs

1.80
3.90
6.73
7.72
7.96
7.51
7.52
6.32

6.91
15.28
14.68
14.25
12.49
11.02
9.89
6.78

20.73
63.67
84.25
89.62
80.21
68.02
51.21
37.86

10.37
20.11
17.78
16.94
14.79
13.17
12.26
8.39

20.73
56.54
67.38
69.64
61.95
53.23
47.77
30.69

10.37
20.94
18.77
17.92
15.64
13.90
12.47
8.85

'y is defined from hp/po=y(a —1), where a=p~/p~.
y is defined from Ap/po= y(a —1) /a.
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90 pQ cm, depending on which set of data is used.
Discussions about the existence of a maximum for p~

and the shifting of the maximum from x =50 at. % are
the main subject in Ref. 4. In short, Ref. 4 stresses the
fact that if the scattering potential associated with alloy
disorder is strong enough to cause a variation of the 3d
wave function between chemically different atoms, d-d
scattering is strong and resonant. In turn, Nordheim's
rule is not obeyed for p~, and a shifted maximum is ob-
served in p~. To consider Co-Pd alloys, first, the valence
difference ~Z~ between Co and Pd is 1. Therefore the
split-band limit is as marginal for Co-Pd as for Co-Ni.
Second, from neutron-diffraction data, ' magnetic mo-
ments pp„=0.43pz and pc, = 1.97p~, where pz is the
Bohr magneton. Then, according to Ref. 4,
r =—pc, /JMpd=4. 58, which is pretty large and indicates
a strong scattering potential. Hence the case of shifted
maximum in p~ is expected. Indeed, that is observed for
Co-Pd. Another parameter of the theory is rF, which is
related to the x location of the maximum in p~ by
(1—x)=(1+r~) ' From. Fig. 5, obviously, x=0.65.
Then it is easy to show rF =1.9 for Co-Pd. This value is

the same as that for Co-Ni.

V. p„OF Co-Pd ALLOYS

Since it is assumed that there is no exchange splitting
between the spin-up and -down s bands, p„=p„=p„, as
shown in Eq. (5). However, though we do not distinguish
between p~, and p~„when p„ is mentioned here, we take
it to mean p~, .

From Table I it is seen that p~ is not very different
from po. This is understood from Eq. (4), that since

p~ )p~, po approximates p~ more than p . If p ))p~, as
in the case of Co-Ni, it is also certain that po-—p . In Fig.
6 we have plotted the po (solid circles) data as a function
of Ni concentration x for Co-Ni. Then it is known that

25

(i) Co-Ni is a strong ferromagnet for all x, and (ii) the p„
of the 4s band follows Nordheim's rule "p„~ x (1—x).
We use the equation

p„=Ax(1 —x) (7)

to fit all the Co-Ni data in Fig. 6. A in Eq. (7) is taken as
a fitting parameter. For Co-Ni, A =13.7X 10 pQ cm.

For Co-Pd, we have used the pt data (open squares) in
the fourth column of Table I to plot Fig. 6. It is to be
noted that whether the third or the fourth column of
Table I was used does not made much difference.

Since it is considered that (i) Co-Pd becomes weak fer-
romagnetic when x ~ 75 at. %%uoPdan d(ii ) thep„of the
Ss band still abides by the Nordheim's rule, we take the
following steps to analyze our data.

The long-dashed line in Fig. 6 represents the experi-
mental fit to Eq. (7), using x =25, 35, 45, 55 at. % Pd
data. A is found to be 60X10 pQcm. From our as-
sumptions (i) and (ii) just mentioned and Eq. (5), p,d can
be estimated and is shown by the short-dashed line in Fig.
6. Because there exists some degree of arbitrariness in
the fitting procedure, the set point x„, for p~d not being
equal to zero, x„,=50 at. % Pd, cannot be taken too seri-
ously. The downward arrow in Fig. 6 indicates the set
point of magnetic weakness x, as implied from the mag-
netization data. It is seen that x differs from x„,. How-
ever, x lies in the region where p,d bends up consider-

ably. The location of maximum p~d is near x =85 at. %
Pd, which is the same maximum as viewed from p ~.

From the previous discussions, we have p,d-—p„ in
Co-Pd. Therefore p )p„or p,d. From Eq. (5) we may

further state that p,d )p,d, and p„ follows Nordheim's
rule also. Therefore, even if we had subtracted the p„
contribution from p~, the discussions of Sec. IV would be
expected to be p,d, except when p,d is slightly smaller
than p~.

From fittings to Eq. (7), it is found that A for Co-Pd is
4.38 times larger than that for Co-Ni. Then we can make
the following estimates. From theory it is known that

Co &oo-xp dq

C & i oo -xN Ix
m, 1p„= D

T (EF )x(1—x)
n, e SS

(8)

15—

10—

A —Goxj 0 L

A= 13.7y10

Psd

where m, is the electron effective mass, n, is the number
of carriers per unit volume, e is the electron's charge,
D'& (EF ) is the density of states of the spin-up s band, and

~„ is the electron's relaxation time for s-s scattering.
can be expressed as

r,, '=2~ f (1—cos8)P(8) sin8d8,

where 0 is the angle between the wave vectors k and k' of
a free electron and P(8) is the differential scattering cross
section per unit solid angle. In the approach of Mott and
Jones, ' using the screened Coulomb potential
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FIG. 6. Spin-Up resistivity p~ of Co-Pd and Co-Ni alloys
plotted vs the Pd or Ni concentration x.

Vc pd: Vc Vpd = (hZ e /r)e

where hZ is the nuclear-charge difference between Co
and Pd and 1/q is the screening length, P(8 ) is calculated
to be
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P(9)=

Then

2m, EZe
$2

2
1

[q+4k sin ( —,'0)] (10)

vr (bZ) e 4k' q2
ln 1+ — 1+

2 4k'

where cz is the Fermi energy and kF is the Fermi wave
vector. Alternatively, the approach of de Casteljau and
Friedel' gives

r,, '~g(L +1)sin (riL riL+i—),
where L is the angular momentum and gL is the
phase shift. If only one gL dominates,
o- sin (b.Z tr/4L +2). Though the result of de Casteljau
and Friedel agrees with the experimental data better, the
determination of phase shifts is, in general, a more com-
plicated problem. Here we take the (b,Z) form of Eq.
(11) of Mott and Jones for the purpose of discussion.
First, n„EFq, kF, and D'& (Ez) are assumed to be rough-
ly constants for both Co-Ni and Co-Pd. Combining Eqs.
(7), (8), and (11), we obtain A ~ (b,Z ) . For Co-Ni,
~b Z

~

= 1. However, for Co-Pd, because the shielding of
electrons on nuclear charges is less effective and the Born
approximation is less valid, its effective ~b,Z

~
may not be

equal to the valence difference ~Z~ exactly and tnay be-
come larger than 1. The experimental data of Sec. V
show that A(Co-Pd)/A(Co-Ni) =4.38. In turn, ~bZ~ for
Co-Pd appears to be about 2.09.

Strictly speaking, n„eFq, kF, and D t (eF) may show
different values and may be x dependent for Co&00 „Ni„
and Co&00 Pd„. However, we are going to show that
these variations are small. For example, considering the
free-electron model sF ~n, , D'&(sF) ~n,' V, and the
term

[ ln(1+4kF/q ) —(1+q /4k&) ']=—,',

in Eq. (11). Then A ~ V(n, ) ~ao, where ao is the lat-
tice constant of the alloy. Here N= V—n, =(0.54e/atom)
(4 atoms/cell) for the strong ferromagnets Co-Ni and
Co-Pd. Since, in general, the a, of Co-Pd is slightly
larger than that of Co-Ni& the A of Co-Pd is larger. Us-
ing the data ac=3.86 A (Co25Pd75) and an=3. 55 A
(Co25Ni75), we also find A to be increased by a factor of
1.28 going from Co-Ni to Co-Pd. However, this is only a
minor reason to explain the change observed in A. We
believe the main cause for the change still comes from the
variation of

~
b,Z ~, due to less effective shielding in Co-Pd.

Hence, if the effect of ao has been taken into account, by
setting the ratio A(Co-Pd)/A(Co-Ni)=4. 38/1. 28, then

~
b,Z

~
for Co-Pd becomes 1.85, which is a more reason-

able value.

VI. CONCLUSIONS

Some magnetoresistance and electrical-resistivity data
of Co-Pd alloys are reported in this study. Based on the
two-current model and later extended theories, we are
able to analyze p~ and pt as a function of the Pd concen-
tration x. For x &50—75 at. % Pd, the spin-up and d
band is not full, and p,d%0.

(bp/po);m~ and (bp/po)zt, are obtained by the applica-
tion of Matthiessen's rule to bp/po. The location in x of
the maximum of (hp/po); is the same as that of the
minimum of (hp/po)zh.

p„ is known to obey Nordheim's rule. p„ increases
considerably from Co-Ni to Co-Pd and then from Co-Pd
to Co-Pt, ' while p or p,d does not increase as much in
the corresponding case. Therefore the value of bp/po de-
creases substantially, going from Co-Ni to Co-Pt.
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