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Concentrated AuMn alloys show no side-jump contribution to their extraordinary Hall effect

as the ferromagnetic percolation limit is approached. Comparable AuFe alloys do. The differ-

ence is interpreted as evidence tQat side jump arises from electrons moving in clusters of fer-

romagnetically aligned groups of moments, and that the ferromagnetic environment is crucial.

Practical difficulties in the extraction of the spin-orbit components of the Hall effect are dis-

cussed.

I. INTRODUCTION

Spin-orbit coupling of electrons during their
scattering by localized magnetic moments can be re-
vealed in two ways: as an asymmetric scattering cross
section or as an effective displacement of the
electron's wave packet. These are called skew scatter-
ing' and side-jump' effects, respectively. The for-
mer needs a scattering state with nonzero angular
momentum while the latter is linked to band prop-
erties of electrons in a ferromagnetic environment.
Either manifestation of spin-orbit coupling can add
an extra component to the normal Ha11 field from the
Lorentz force, giving an extraordinary Hall effect
(EHE). Skew scattering is the dominant source of
EHE in dilute alloys at low temperatures awhile the
side-jump effect pertains to ferromagnets. Since the
side-jump effect increases as the mean free path is

reduced, it has been studied mostly in ferromagnets
at relatively high temperatures.

We showed previously4 that skew and side-jump ef-
fects are seen in the EHE of disordered AuFe alloys
at low temperatures. There is some question whether
the side-jump effect requires a ferromagnetic en-
vironment because its contribution appears well

below the ferromagnetic percolation limit. However,
the effect is apparently associated with clusters of fer-
romagnetically aligned Fe moments formed as the
percolation limit is approached. ' Here we describe
comparable measurements upon AuMn alloys to test
whether the ferromagnetic environment is essential

for the side-jump effect. We also consider different
ways the spin-orbit contribution to the EHE can be
extracted —details which for lack of space could not
be discussed previously. 4

II. EXPERIMENTAL DETAILS AND RESULTS

We have measured at various temperatures in the
range -4—250 K the dependence on magnetic flux 8
of the Hall resistivity p2~(8) and the total resistance

p~t(8) = p2q(8) of the alloys of Table I. Flux densi-
ties ranged to 7 T but low-field conditions (aor « 1,
in the usual notation) were maintained throughout.
(A free-electron metal having the resistivity of the
most dilute sample of Table I gas ~v & 10 2 at 4.2 K
in 7 T.) The details of instrumentation and sample
preparation are identical to those given previously.
Each sample was annealed at 1173 K in vacuum for
24 h before quenching into iced brine, and was stored
at 77 K until measured. The impurity resistivities
(5po of Table I) agree quantitatively with previous
results '

For a given temperature, we obtain the field
dependence of the Hall conductivity cr2~(8) and mag-

netoresistance Ap/pa 0 from the measured quantities
using the usual formulas. ' Figure 1 shows results
for a.2~(8) and pq~(8) for the typical example of
Au+14 at. % Fe at 5 K. p~~(B) is generally two ord-

ers of magnitude greater than p2~(8), and the mag-

netoresistance is larger(Table I), so the variation of
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TABLE I. Measured and calculated quantities at —5 K. Ao.
2& and hp&& are the spin-orbit parts

of the Hall conductivity and resistivity, hpo is the impurity resistivity and b, p(B)/pg~ is the

transverse magnetoresistance.

Concentration
(at, %)

~po ~p2i/(~pa)' ~p(8)/ps~
(10 0 ' m ') (10-s ~ m) (10—io 0 m) (10 0 'm ') (at 7T)

AuFe

1.1
2.6
5.0
8.2

11.0
13.0
14,0
14.8
16.8

48+25
4+2

1.6 %0.05
2.6 + 0.0S
2.9 + 0.05
3.6+0.05
4.9+0.05
5.7+0.0S
7.1+0.05

8.6
18.8
33.4
47.5
54.4
53 ~ 5
47.6
44.0
32.5

3.0+2
2.4 + 1.5
4.5 +0,9
8.0 + 0.5

12.2 + 0.1

13.0 + 0.05
12.7 + 0.0S
12.3 + 0.05
8.0 + 0.05

40.5
6.79
4.03
3.55
4.12
4.54
5.60
6.35
7.50

0.091
0.069
0.074
0.147
0.220
0.262
0.272
0.277
0.254

AuMn (at 6 T)

4.8
7.6

11.6
13.9
17.3

14.2 + 0.05
12.1+0.05
17.3 + 0.05
16.5 + 0.05
15.6 + 0.05

9.16
18.9
22.5
26.2
29,6

4.0 + 1.5
7.5 + 1.0

10.0+0.5
12.3 + 0.2
15.0+0.05

47.7
21,0
19.7
17,5
17.1

0.243
0,253
0.273
0.261
0.248

pii(8) in the denominator of a2i(8) cannot be
neglected. As 8 increases, the spin-orbit contribution
to the total Hall effect fo11ows the magnetization to
saturation, while for e~ (& 1 in a free-electron metal
the Lorentz part varies linearly. The saturated spin-
orbit part can thus in principle be obtained by extra-
polating to 8 =0 the curves of Fig. 1, as illustrated.
Frequently, the directly measured quantity p2i(8) is

Ct'
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FIG. 1. Showing typical results, here for Au+14-at. %-Fe.
o 2~ (B) is calculated from the measured quantities p2& (B)
and p~~(B). The extrapolations to zero field of p2~(B} and

a2)(B) give Ap2~ and b, o-2~, respectively.

used by writing it as the sum of two parts '
p2i(8) = pfP (8) +p2'i(8),

where the right-hand side comprises the spin-orbit
and Lorentz parts, respectively. The latter is a "back-
ground" behavior varying linearly with field, so the
saturated spin-orbit contribution is taken to be hp2~,
which is the ordinate obtained by extrapolating the
saturated behavior of p2i(8) to 8 =0. Strictly, this is
incorrect because although the elements of the total
magnetoconductivity tensor have additive com-
ponents, those of the magnetoresistivity tensor do
not. %e therefore discuss the saturated spin-orbit
contribution to the total Hall conductivity hcr2~,
which is the corresponding quantity obtained by ex-
trapolating o2i(8) to 8 =0.

Lack of saturation of p2i(8) or o.2i(8) in the range
of fields available is a problem for the alloys below
-11 at. %, and sets a limit on the accuracy of b, a2~.
In the example of Fig. I, the saturation of p2i(8) is
barely established at 7 T and would be worse in the
more dilute samples. The linear section of o2i(8)
used for extrapolation is also not without risk for this
apparent saturation is partially an artifact arising from
the inversion

o2i(8) =—
p2. i(8)/[pi'i(8) + p2i(8)) .

As 8 increases, p~2~ decreases and exerts an increasing
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Since p~~ &) p2~, this can be written approximately as

(p2t (8) —p2't (8)l/pt't (8),
so that for 8 extrapolated to zero Do 2~

= hp2~/(Ape)',

4 —~ (a)

0 ~
~0~

influence in the denominator, eventually giving the
upturn in a2t(8) seen above 5 T in Fig. l; the oppo-
site tendencies of p2t(8) and pt't(B) thus contribute
to the apparent saturation of rr2t(8) and it does not
necessarily reflect the magnetization.

The spin-orbit part of the Hall conductivity for a
given field is

iko2](8) = 02](8) —(r2'$(8) .

where hps= p»(8 =0). When p2~(8) does not sat-
urate in the fields available, hp2& read off a plot like
Fig. 1 enables one to estimate the lo~er limit of Acr2&

as
~
b p2~/pt'~ ~. Table I compares this quantity with

the Ao 2~ obtained by direct extrapolation, as in Fig. 1.

III. DISCUSSION AND CONCLUSIONS

AuFe alloys above -11 at. 'k Fe contain a side- .

jump contribution when the temperature is increased
sufficiently. Equivalent plots of I p2t/Ape vs Lips, or
hp2~/(hpo)' vs hpc, show tlte quadratic dependence4
of the side-jump component in the Au Fe alloys
above -11 at. 'lo. %e find no corresponding com-
ponent for the AuMn alloys of Table I. Over our
measurement range —4—250 K their a.2~(8)
behavior is typical of that when only skew scattering
contributes to the EHE.' (As in AuFe, the skew
contribution to o2~' has the same sign as o2t.) The
nearest-neighbor Mn-Mn interaction is antiferromag-
netic, as opposed to the ferromagnetic Fe-Fe one.
The ferromagnetic environment within magnetically-
coupled clusters in our AuMn alloys, in which the
clusters are atomically disordered regions, will be
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FIG. 2. Plot of the data from Table I showing
—b,p2&/(ape}, which is the lower limit of the spin-orbit con-

tribution to the Hall conductivity (hcr2~, defined in Fig. 1),
against solute concentration or impurity resistivity (dlpo).
The results apply to -5 K. In Figs, 2 and 3 the dashed
curves refer to Mn in Au and the solid ones to Fe in Au.
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FIG. 3. As in Fig. 2, except here Ap2~ is the spin-orbit

component of the Hall resistivity defined in Fig. 1.
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.less pronounced than in a comparable AuFe alloy.
Finding no evidence of side jump in AuMn thus sug-
gests that the ferromagnetic environment within the
clusters of AuFe is indeed crucial.

Figures 2 and 3, which plot the results of Table I in
different ways, show how confusing the appearance
of the spin-orbit effect can be at a given temperature
(-5 K) in a system like AuFe where the residual
resistivity does not vary monotonically with solute
concentration. ' The ordinate in Fig. 2 is the lower
limit of the spin-orbit part of the Hall conductivity,
while Fig. 3 corresponds to the spin-orbit part of the
Hall resistivity.

Consider first the results for AuMn since they
have no complication from side-jump effects. The
dashed curve in Fig. 2(a) corresponds to the linear
dependence of pfP upon concentration expected for
skew scattering'~ and seen in Fig. 3(a). (The up-
swing at low concentrations in Fig. 2 reflects the
singularity at zero concentration. ) The dashed curve
in Fig. 3(b) shows the dependence of hp2~ upon the
total amount of scattering in the alloy. Its nonlineari-
ty follows that of the impurity resistivity. In disor-
dered AuMn alloys b, po varies approximately linearly
with concentration up to -8 at. % but falls appreci- .

ably below the linear extrapolation as concentration is
increased. " This drop presumably reflects the influ-
ence of the magnetically-coupled moments that form
clusters at higher concentrations. ' '"

In the AuFe system the downturn of the solid
curve in Fig. 3(a) above -10 at. % is due to the de-
crease of b po with increasing concentration. The

side-jump contribution decreases with increasing
mean free path. It has the opposite sign to that of
skew scattering, ' as can be seen directly from the

p2~(8) curves (Fig. 1 of Ref. 4 or Fig. 2 of Ref. 14)
or indirectly'4 from p2~(T). The side-jump effect can
be seen as the upswing of the solid curve in Fig. 2(a)
above -10 at. %. In Fig. 2(b) the curve turns back
on itself because of the nonlinear variation of hpo
with concentration, and the same variation makes the
behavior of hp2~ plotted against b po [Fig. 3(b)] even
more convoluted.

Figures 2 and 3 illustrate the difficulties of extract-
ing the different components of the EHE in mic-

tomagnetic alloys. It is important to note that uncov-
ering the quadratic variation of o-2~' upon 4po, which

gives the most telling evidence for the existence of
the side-jump component, ' depends upon the con-
sideration of ho.2~ rather than Ap2~, a plot of
Ip2~/lhpo vs hpo, for example, does not show the
clear quadratic behavior. Another pitfall has been
shown in Fig. 3 where complications from the non-
linear dependence of ~pa upon concentration could
mislead the interpretation of contributing components
to the EHE.
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