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On the temperature dependence of the magnetoresistance

of ferromagnetic alloys

L. Berger, P. P. Freitas, J. D. Warner, and J. E. Schimidt
Physics Department, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

The ferromagnetic anisotropy of resistivity Ap/p, = (o, — p, )/p, Cepends strongly on the
nature of the dominant electron scattering centers, and is usualiy larger for impurity scatiering
than for phonon scattering. This ezxplains why Ap/p, decreases with increasing temperature 7
in crystalline transition-metal alloys. Parker has proposed an expression for Ap/p, as a
fonction of 7, based on Matthiessen’s rule. It contains the parameters (Ap/p )y, and
{Ap/po) o » TEDTESETLING the Ap/p, values for impurity scattering and phonon scattering,
respectively. In an alloy series with weak electron scattering, such as Fe-Co, (4p/p;),;, is
found experimentally to be positive and equal to a fixed fraction =1 of (8p/py) . On the
other hand, in crystalline alloy series with strong, rescnant electron scattering, such as Ni-Fe,
Fe-Cr, Fe-V, (Ap/pg}, is found to be negative and has a minimum at the composition where

(8p/p0):m is maximum.

INTRODUCTION

The ferromagnetic anisotropy of resistivity is defined as
Bplps=(py —p.3/(p,/3 + 2p,/3), where p, and p, are
the resistivity values when the magnetization is paraliel and
perpendicular to the current, respectively. It arises from the
combination of spin-orbit interaction and s-d electron scai-
tering. In most crystalline transition-metal alloys, Ap,/p, is
positive, and a decreasing function of the temperature 7. The
present paper concerns such crystaliine alloys, but not amor-
phous materials.

Fert, Campbell, and Jaoul proposed’ the following rela-
tion in the case of nickel alloys at T=0:

bo/py=7vip /p, — 1), (1)
where p, and p, are the resistivities for the spin-down and
spin-up bands, respectively, and y=0.0i. The condition
£, /p, > 1is assumed. A similar relation, where p, /p, is re-
placed by p,/p,, holds for Fe-based alloys in the limii
g /p > L

At T'> 0, these authors assumed’ a “spin-mixing” resis-
tivity p,, (7)) to exist, which couples the spin-up and spin-
down currents so that Eq. (1) has to be modified. The intro-
duction of g, is equivalent to having p, /p, approach the
value of 1, leading to a reduction of Ap/p,. The gradual in-
creaseof o, withincreasing 7 explains why Ap/p, decreases
at increasing temperatures. It was also suggested that g,
arises from electron-magnon or electron-electron scattering.
Unfortunately, these two scattering mechanisms are usually
very weak at 300~400 K, as compared 1o electron-phonon
scattering, and not likely to be significant.

Both electron-magnon and electron-electron scattering
give rise to very inelastic collisions. As a resuit, the Lorenz
number L{ T} = x, po/ T, where i is the zero-field thermal
conductivity and p, the zero-field resistivity, should be’ con-
siderably smaller than the value L, = 2.44 X 10" P W2 K 2
for elastic collisions, if either of these two mechanisms were
dominant at 300400 K. However, existing data’ for Fe, Ni,
and Co show that L(T') rises, and approaches £, above the
Drebye characteristic temperature =~400 K, as expected if
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electron-phonon scattering dominates. This confirms our
conclusion thai no significant spin-mixing resistivity . (7))
exists in nickel, iron, or cobalt at 300400 K. This conclusion
should hold a fortiori in alioys where additional scattering by
impurities is present.

Instead, we attribute the temperature dependence of
Ap/p, to the well-known fact that Ap/p,, depends strongly
on the nature of the dominant electron scattering centers.
The characteristic value of Ap/p,, for phonon scattering will
be calied (Ap/pqy) s . and is usnally smaller than the charac-
teristic value (&p/p, ), for impurity scattering.

Matthiessen’s rule is valid whenever conduction by one
specific group of electrons dominates over that of other
groups, i.e., when g /p, > 1 or p./p, » 1. It states that the
resistivity g, caused by impurity scattering and the resistiv-
ity p,, {T) caused by eleciron-phonon scatiering are addi-
tive, so that p,(7) = pi,, + pon (7). An expression for Ap/
po at arbitrary temperature T, based on Matthiessen’s rule,
has been derived by Parker” and reformulated by us™

B0y (ég) + ((éﬁ) _ (é;!l) j Pol42)
Po Bo/on L\ py Jim Folend polT)
where gy(4.2) ~p,, . Parker’s formula also has a factor con-

taining the saturation magnetization, but this is almost con-
stant if 7' remains sufficiently far below the Curie point.

(2)

PARKER PLOTS FOR Fe-Co ALLOYS

We have measured Ap/p, and p, on an annesled and
furnace-cooled Fe,;Coy, sample® between 79 and 295K, in a
variable-temperature cryostat. Also, Ap/p,and p, have been
measured in Hiquid baths at 4.2 and 77 K, and i air at 295 K.
We plot the measured &Ap/p, vs 5(4.2)/p.{ T in Fig. 1(a).
This kind of graph will be called a “Parker plot.” If Parker’s
law [Eq. (2)] is valid, data points should be located on a
straight line. We see that this is the case within the accuracy
of the data, at 77 K and above.

On the other hand, the data point for 4.2 K is located
below the straight line in Fig. 1(a). Similar deviations from
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FIG. 1. () Parker plot for a Fe,,Co,, alloy. Circles represent Ap/p,, values
obtained in a variable-temperature cryostat, and squares are values ob-
tained in liquid baths or air. (b) Circles represent (4p/pe),, values for
Feyo. 2Co, as a function of x, while crosses represent (Ap/pg) -

Parker’s law are observed at iow temperatures in many alloy
series, especiaily those with low-resistivity g, and high satu-
ration magnetization M. They are caused by the internal
field B = M, which creates’ a Lorentz force curving the
electron trajectories, in turn leading to a negative contribu-
tion to Ap/p, if the latter is measured at ferromagnetic sata-
ration.

The intercept of the straight line on the left-hand verti-
cal axis gives (Ap/py),,, here equal to -+ 1.2%. Simitarly,
the intercept on the right-hand vertical axis gives
(Ap/polim = +7.25%

The values of Ap/p,, and p, have also been measured®™®
inaseries of Fe,y, . Co, altoysat4.2, 77, and 295 K. Park-
er plots similar to Fig. 1(a) have been drawn for all 37 sam-
ples. By drawing straight lines through the two data points at
77 and 295 K, (8p/py)n and (Ap/pg)i., bave been deter-
mined for all samples as above, and are displayed as a func-
tion of cobalt concentration x in Fig. 1(b). Some data points
are too close together to be seen in Fig. 1(b). For the reason
described above, the data point for 4.2 K often falls below the
straight line. We see in Fig. 1(b} that (Ap/py)i, and
(&p/py),, are usually positive. Also, samples with large
(8p/py} i, tend to have darge (Ap/p;) . Except for Fe-rich
samples, (Ag/py),, is roughly a fixed fraction =~} of
(Ap/Pg) i, - The Smit theory” of Ap/p,, based on the first
Born approximation, predicts g, /p, « D, /D,, where D,
and D, are the 34 densities of states for spin down and spin
up. Using Eq. (1) in the limit g, /p. » 1, this implies Ap/
Po < D, /D, . That resuli should apply to both (Ap/p, ), and
(Bp/py) on» though the proportionality coefficients will be
different. In other words, (4p/p,);,, and {Ap/p,) ,, are pre-
dicted to vary in similar fashion through the Fe-Co series,
reflecting vanations of D, and D, with composition. This
agrees with the data of Fig. 1(b). For example, the sharp
peaks of (Ap/py)i, and (A&p/py),, in Fig. 1(b) corre-
spond®® to minima of D, caused by atomic ordering.

PARKER PLOTS FOR Ni-Fe, Fe-Cr, AND Fe-V¥ ALLOYS

Measurements of Ap/p, have been done on Ni,,  Fe,_
alloys at =290 and 4.2 X {or 20 K) by several authors, "™
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similarly for p, measurements.!! Unfortunately, data at 77
K are not available. We have drawn smooth curves repre-
senting average values of Ap/p, and p, as a function of x.
Parker plots have been constructed for x = 5, 10, 15,..,, 50
at. % Fe. Values of (Ap/p,),., and {Ap/py)., have been
determined for all such compositions by drawing straight
lines through the 4.2 and 290 K points, and are shown in Fig.
2{2). In addition, we show the Ap/p, values measured on
pure nickel'? at ~290 K. These should be identified with
(Ap/po),y, since impurity scattering is absent.

We see that (Ap/py).. IS positive at all compositions,
and has a maximum at x=15% Fe. On the other hand,
{(Ap/py),, becomes negative as the iron concentration in-
creases, and has a minimum at a value of x somewhat larger
than the one where (Ap/p,);,, is maximum. This behavior of
{(Ap/pg) o is very different from the one observed in Fe-Co
[Fig. 1(b}], and cannot be explained merely in terms of D,
angd D, variations.

We have measured Ap/pyand p;at 299, 77, and 4.2 K on
Fe,p_ Cr, alloys with x = 2.3, 5.1, 12.7, 25.1, 32.2, and
431.1 at. % Cr. The first four samples were annealed at
840 °C, and then cooled slowly. The last two were annealed
at 1250 °C, and quenched in cil to avoid precipitation. Park-
er plots were constructed for all samples. Values of
(Ap/pg) on and (Ap/pgy)iy, Were found from 299 and 77 K
data as before [Fig. 2{b)]. We alsoc show the Ag/
Pa= (Ap/py)p value® for pure Fe at room temperature. We
see that (Ap/py);, may have a maximum at x =~ 5 at. % Cr.
Also, (Ap/py), becomes negative as x increases, and has a
minimum at an x value equal to or slightly larger than the
one where (Ap/pg)y, 1s maximum. This behavior is very
similar to the one for Ni- Fe, and again cannot be explained
by D, and D, variations.

Finally, we analyze existing data’’ of Ap/p, and p, for
Fey_ .V, alloysat 273,77, and 4.2 K in the same way | Fig.
2(c}]. Again, like in Ni-Fe and Fe-Cr, (Ap/p,),, becomes
negative at increasing x, and iooks like an inverted mirror
image of (Ap/Po}im -

SPLIT-BAND MODEL AND SATURATION

The existence of the (Ap/p, ), Mmaximum in Ni-Fe has
been attributed' to a scattering resonance located in the
spin-down 3d band, at the boundary T between the Ni and
Fe subbands in the “split-band” model. A similar resonance
exists'* in the spin-up 3d band of Fe-Cr, Fe-V, etc. In Ni-Fe
alloys, point T'is predicted'® to pass through the Fermi level
when x = 18 at. % Fe. This interpretation is confirmed by
an empirical data analysis'® of Ap/p, data at 4.2 K per-
formed by Szentirmay and Kedves, which is based on Eq.
{1} and shows that p, has a large maximum ~70x 0%
$tmat =15 at. 9% Fe while p, follows a smooth Nordheim
behavior in that range.

Note that (Ap/pg);., is relatively large in all these al-
loys, because ' of the resonance, and because they all follow
the Slater-Pauling curve for magnetization.

Scattering resonances and split-band effects are one
manifestation of the breakdown of the first Born approxima-
tion, happening'* because the valence difference | Z | between
solvent and solute in MNi-Fe, Fe-Cr, and Fe-V reaches or ex-
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FIG. 2. (a) Circles represent (8p/p0)y, value for Ki o _ Fe, asafunction
of x, while crosses represent {A4p/p,),,. The squares are 85/p,, values for
pure Ni at ~290 K. The dashed line is the prediction of Eq. (4) for
{Ap/py)gy- (b) Same for Feyy ,Cr,. The square is the Ap/p, value for
pure Fe at room temperature. (¢} Same for Fe,, V..

ceeds 2. On the other hand, the Born approximation holds
approximately in Fe-Co because |Z | = 1.

It is well known'” that the temperature coefficient of the
resistivity is smaller in alloys where the resistivity p,,, caused
by impurity scattering is large. We apply this idea of “resis-
tivity saturation” to g, in alloys with a scattering resonance,
and write

2, (1) =™ 4+ pP™(T) — (6" /o g (T (3

where p'™ and po"( T are the impurity and phonon resistivi-
ties in the absence of saturation, and p )0 is an adjustable
parameter associated with saturation. By combining Egs.
(1) and (3) in the limit p, /p, > 1, we obtain

(éﬁ) z(é’z)z L D) [1“@_&) P0(4.2)]
Po /ph \ Og /ph D(O) Po/lim VP

), o)) w
Po / ph Po /ph

where (Ap/p) o (x = 0) is the value of (Ap/p,),,, for pure
nickel. Also, the (Ap/p, )7, terms are a correction represent-
ing the contribution'® of the LS, part of the spin-orbit inter-
action to (Ap/pe),,, assumed independent of x. Finally,
D(x}/D(0) is a correction factor taking intc account the
variation of the electronic density of states 22 with x. Values
of D(x) are derived from electronic specific heat data of the
literature. The equation should also hold for Fe-based alloys
with a spin-up scattering resonance. The values of
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{Ap/py} . predicted by Eq. (4) are plotted as a dashed line
on Fig. 2(a), assuming yp,, = 1.88X107* im and
(bp/po)in = — 4%, and using experimental values of
(8070 ins Po(4.2), and (8p/pg) o, (x = C). In the case of
Figs. 2(b) and 2(c), we use yp,, = 1.25X107% Om,
(Ap/py)en = — 3%. We see that the position and value of
the minimum of (Ap/p,),, are predicted fairly well by Eq.
(4), considering that Eq. (3) is a very rough approximation.
This confirms the validity of our explanation of that mini-
mum, in crystalline Ni-Fe, Fe-Cr, and Fe-V, based on the
ideas of scattering resonance and resistivity saturation. Also,
the yp,, values above lead to g, =~ 125-188X107% & m,
quite consistent with literature values.'’
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