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Resistivity of amorphous ferromagnetic Fe,Au, , alloys: Amsotropy and field dependence
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Owing to their spontaneous magnetization, amorphous ferromagnetic metals exhibit a direction of
preference. Hence, the electrical resistivity is anisotropic and consists of three main components: the

longitudinal resistivity p~~, the transverse resistivity p„and the spontaneous Hall resistivity pH(0). These
contributions also show a distinct dependence on the applied magnetic field. In this article, we present our

experimental studies of the amorphous ferromagnetic alloy system Fe,Au, , (0.45 & c & 0.97). Most of the
measured variables show a pronounced concentration dependence above c = 0.9. This is correlated with the
sudden drop of the magnetic moment of the Fe atoms above c = 0,9. The high-field Hall effect in principle
allows a determination of the effective number of conduction electrons. In the discussion we generalize the
single-site approximation for the resistivity of amorphous and liquid transition metals to amorphous
ferromagnets. In the framework of the phase-shift treatment of the resistivity, the spin-up and spin-down

conduction electrons are scattered. according to different phase shifts p,' and p,'. Numerical calculations of
the resistivity are performed and demonstrate the strong sensitivity of the calculated p on the various

parameters. The anisotropy effects are semiquantitatively discussed by extension of a model due to Fert and

Jaoul.

I. INTRODUCTION

In recent years, the properties of ferromagne-
tic metallic glasses and amorphous metals have
evoked an increasing interest in scientific and
technical investigations. For the sake of clarity,
we distinguish the two systems carefully in this
article. Noncrystalline metallic alloys which are
stabilized by adding about 20 at. '%%uq of so-called
glass formers (C, P, Ge, Si, B, etc. ) shall be
qualified as metallic glasses. Purely metallic
alloys with a noncrystalline structure will be
called arnoxPhous metals. Metallic glasses are
generally produced by splat cooling. Their crys-
tallization temperatures often reach far beyond
room temperature. Amorphous metals are usually
obtained by quenched condensation onto a sub-
strate at very low temperature. Their crystalliza-.
tion temperatures vary from 40 K (pure amorphous
Co) up to several hundred C (e.g. , Ni, „Au,»).'
Although the magnetic properties of these amor-
phous systems have been dealt with in several
surveys, ' ' their electronic structure still re-
mains quite unknown.

In the metallic glasses, the glass formers give
rise to high thermal stability. This practical
advantage, however, has been traded for the dis-
advantage of more complicated physical and elec-
tronic properties. The electronic binding between
the metal atoms and the polyvalent glass-farmer
atoms is more difficult to describe. Above all, it
is not clear how the valence electrons of the glass
formers participate in the conduction mechanism.
Therefore amorphous metals and alloys are much
better suited for the investigation of the electronic

structure. An understanding of their properties
should be sought first. Then we can hope that an

extension to metallic glasses will be more
promising. We have investigated the electronic
transport properties of amorphous ferromagnetic
alloys of the. composition T,Au~, (where T is a
transition metal, Fe, Co, or Ni) in a series of
former papers. ' "

The magnetization of amorphous ferromagnetic
alloys induces a direction of preference. In these
structurally isotropic systems the anisotropic
effects due to the magnetization are not obscured
by any other direction-dependent properties.
Hence it is most instructive to consider the trans-
port phenomena in an amorphous ferromagnet.
Here, the resistivity, depends on the relative
orientation between the magnetization J and the
current j . The anisotropy is most suitably rep-
resented by a tensor which contains three inde-
pendent parts: the longitudinal resistivity
p~~ (j ~~ J), the trapsverse resistivity p~ (j &J), and
the spontaneous Hall resistivity pH(0). Addition-
ally, an applied magnetic field Ijwill give rise to
magnetoresistance effects that are much larger
than predicted by the Kohler rule. "

The experimental section of this article focuses
on the various components of the resistivity in the
amorphous Fe,Au, , system (0.45 ~ c ~0.97).
Resistivity measurements are presented as a func-
tion of the Bpplied field B and of the Fe concentra-
tion c. Above 90-at. % Fe, the magnetic moment
per Fe atom decreases abruptly. " This feature
clearly manifests itself in the concentration-de-
pendent transport phenomena. The resistivity
p(c) exhibits a kink. In addition, p(T) has a dis-
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tinct minimum for c&
8 Bg

The magnetoresistance
p/ ~

shows a pronounced maximum and the
anomalous Hall effect shows a dramatic increase
with c.

The Fe Au systern has also been studied ex-
inee the strue-tensively in the liquid state. ' S' th

ture fa,ctors in the a,morphous a,nd in the liquid
states are quite similar, a comparison between
the two states is straightforward. In the amor-

ferromagrietically whereas they are randomly
oriented in the liquid paramagnetic state. These
different spin orientations lead to distinctly dif-
ferent transport properties.

In the theoretical section, we shall try to ex-
tend the models developed so far for the resis-
tivity of amorphous alloys" "to magnetic sys-
tems. The anisotropy effects are interpreted as
originating in the spin-orbit splitting of the d
states which Fert and Jaoul ' t d d f
lated atoms

u in ro uced for iso-
atoms. We shall critically discuss the theo-

retical results and perform a quantitative corn
parison with the experimental resistivities.

amorphous

0.8-

9 [10sum]

0.6- Fe Au

0.4- crystalline

0.2-

0
0 50 100 150 200 250

ep Up gp j. m urmgFIG. 1. Resistivity of a Fe Au film
annea ing. At about 80 K the film transforms from the
amorphous into the crystalline state.

nique. Thicknesses between 1000 and 1500 A were
used,

in the e eri
The essential details of the apparatus i l dus invo ved

in e experiments have already been described
in a previous paper. '4 For the determin t falon 0

e resistance anisotropy the substrate holder in
the evaporation cryostat has been modif' d a
seen in Fig. 2.

II. EXPERIMENTAL PROCEDURE, 'NOMENCLATURE,

AND RESULTS

The amorphous Fe,Au, , films (0.45 ~ c ~0.97)
are obtained b
onto

by quenched condensation of th ll
a quartz substrate kept at liquid-He tem-

b ea, oy

e y x-ray struc-perature. Felsch' demonstrat d b
ture, investigations that quench condensed Fe,Au, ,
films are amorphous within the concentration
range mentioned above. During annealing, the
films under o n

'
g a irreversible transformatio ' t

the cr s
ion in o

ystalline state at some crystallization tem-
perature depending on their corn t' . Srnposi ion. Such a
phase transition is always accompanied by a more
or less suddsu en drop in the resistance which we
rega, rd as criterion for amorphicitici y in our experi-
ments [see, for example, the annealing effect on

Fe ha, ve pratically the same vapor pressure. '
Therefore the concentration in the condensed film~ ~

is not cha, n ed
we d

anged by the evaporation process. Th'
demonstrated by using a single alloy severa, l

s. is

talliz
times without; finding a severe shift f th

ization temperature. An independent concen-
tration check by means of x-ray fluorescence
spectroscopy yielded values with' 5 t. yi in a. y~ of the
original concentrations. Besides forcing the Fe
into the amorphous state and sta,bilizin it th
Au furtherthermore serves as a. gradual "dilution com-
ponent" for the ferromagnetism of the films. The
film thicknicknesses were measured with the aid of
the Tola, nsk y multiple-beam interference tech-

FIG. 2. Bottom ap rt of our evaporation cryostat
consisting of He tank (a) and rotatable sample holder
(g) which is suspended by copper b . Thper ars. The rotation
about the axis e-e is performed be y means of a worm
and spur (d). Thermal coupling to (a) is achieved by
flexible silver stri s c'p (c). The closing of an electrical
circuit at (f) indicates the longitudinal orientation. The

mask holder i
rom e ow y means of the

art
as o er (i). Several thermometers are h d 're ouse in

par {h). The electrical leads are den t d b b .eno e y (b).
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The substrate can be rotated about the axis
e —e in I"ig. 2 by 90' with respect to the fixed di-
rection of the applied magnetic field which we
choose to be the z axis: B=(O, O, B). This en-
ables us to investigate the transport properties
of our Fe films with current j&B as well as w'ith

j ~~
B. The thermal coupling to the He container

(a) is maintained by flexible silver strips (c).
The current j is stabilized to 1 in 10' and the

resistivities are evaluated using a 5 —, digit volt-
meter. Our films are prepared with the shape
shown in Fig. 3. The current flows from elec-
trode 1 to 6. Starting with the transverse film
orientation (j &8) after the condensation we deter-
mine the transverse resistivity p~(B) between
electrodes 2 and 4 and the Hall resistivity p„(B)
between electrodes 3 and 4. The field is varied
between -6 and +6 V sec/m'(1 V sec/m' =10 G).
The longitudinal orientation (j ~~

13) is indicated by
the closing of an electrical circuit at the contact
(f) shown in Fig. 2." With the current j adjusted
parallel to 8 we determine p~~ correspondinglybe-
tween electrodes 2 and 4.

In order to keep track of all the various con-
tributions to the transport properties we take a
tensor representation p of the resistivity and put

p = p,,1+p, (Z) + p„(B). (2.1)

The factor pI, of the unit tensor 1 is the normal
isotropic part of the resistivity.

The term

-3(pi) —p, ) p B(0)

2
3 (Pll Px)~

(2.2)

describes the anisotropy effects caused by the
magnetization J of the films. There is a non-

vanishing difference p, t
—p between longitudinal

and transverse resistivity and a "spontaneous"
contribution ps(0) to the Hall resistivity which we
obtain by extrapolating ps(B) to zero field.

The tensor

R„OBB

BB
0 0 eP

BB~

contains the field dependence of p in the high-field
region (note the index "~"), namely, the magneto-
resistance 8p/BB and the high-field Hall effect
R„B.According to our experimental results (see
Fig. 5) there is no need to distinguish Bp„/BBand

Bp,/BB, so we simply put Bp/&B.
The total Hall resistivity can be written"

and clearly consists of two parts PpB is the
normal Hall resistivity due to the Lorentz force.
The anomalous Hall effect R, J, is characteristic
of a ferromagnet and in the low-field region it is
the dominating effect. The measured high-field
Hall constant B„essentially consists of the normal
Hall constant R, . With the notation R„wewant to
take into account a possible high-field dependence
of R, and a high-field susceptibility which cannot
be excluded a Priori,

In the following figures we shall present the
characteristic effects with the aid of some ex-
amples. We start with the Hall resistivity p~(B)
of the Fe, „Au,„alloy (Fig. 4). According to the
definition Uz= 2[Us(B) —U„( B)] of-the Hall
voltage we find the dependence of p~ on B as pre-
sented. In the low-field range, p„(B)increases

-0.92
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0.6- 0/
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FIG. 3. Film geometry shown in the longitudinal
orientation. The film can be rotated by 90' about the
y axis into the transverse orientation.

6
8 [Vs/m~]

FIG. 4. Hall resistivty pz as a function of applied
field B for the Feo 50Auo &0 alloy. The high-field part of
pz is separately drawn (fu11 circles) on an enlarged
scale.
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FIG. 5. Transverse and longitudinal resistivities
p~ and p~~ of a Feo 65Au035 film as a function of the
applied field B.

proportional to B. Owing to the high-demagnetiza-
tion factor of the film in the transverse orienta-
tion a large applied field B, is required to twist
the magnetization J perpendicular to the film
plane. B, is the saturation field, and, in absence
of anisotropy fields, is identical to the saturation
magnetization J,." As long as B ~B, we have
B=J, and observe a linear growth of pH with B
and consequently with J,. The low field behavior
of p„thus constitutes the anomalous Hall effect
A, J„which saturates at B, when the film is
magnetized in z direction as is indicated by the
kink of the curve. The high-field slope of pH
corresponds to a negative Hall constant R„.Its
absolute value ~A„) is smaller than R, by almost
two orders of magnitude. We plotted the high-
field part of p„separately against the enlarged
scale on the right-ha, nd side in Fig. 4 in order to
demonstrate its linearity with B more clearly.
Extrapolating the high-field part to zero field (see
the dashed line) yields the spontaneous Hall
resistivity p„(0).

Figure 5 shows p~~ and p~ of a Fe, „Au,35 film
as a function of B. B=O is a line of symmetry.
The zero point of both ptt and p~ has been strongly
suppressed. Judging by the scale on the ordinate,
the anisotropy p& —p~ is of the order of I/0 of the
total resistivity.

In the longitudinal geometry, all demagnetiza-
tion effects in the film are practically negligible.
The magnetization is saturated by a very small
applied field. Therefore a further increase of B
affects only the high-field behavior of p, I and
yields a linear decrease of p„which we identify
as the longitudinal magnetoresistanee Bpt~/SB. In
the transverse geometry, we meet the same situa-
tion with a maximal demagnetizating factor as 'in

the case of pH. In order to saturate J„ahigh-

P„(0)
[1o8am]

12-

10- -3

6- t=ec AU1-c

2-

0
20

0»o
0

40 60 80 100
c tat'x Fe]

FIG. 6. Spontaneous Hall resistivity pH(0) of amorph-
ous Fe,Au&~ alloys as a function of c (full curve). The
dashed curve gives the magnetic moments of the Fe
atoms in units of p~ (right-hand scale) after Felsch
(Ref. 14).

field B, has to be applied. The transversal resis-
tivity p~ is determined at the kink of the curve,
where the bell-shaped part levels off into the high-
field behavior of p~. For B&B„wefind that the
transversal magnetoresistance Bp~/BB does not
differ from &p~~/eB within our experimental ac-
curacy. So we simply put Bp~/BB=Bp„/BB=sp/BB
for both effects. In all our alloys op/aB&0. We
define p~~(0) —p~(B, ) as the resistance anisotropy.
It describes the different scattering an electron
wave experiences by a magnetic moment oriented
parallel or perpendicular to the wave vector k.
Both p„(0)and p~, —p~ together reflect the total
anisotropy of the transport properties which has
its origin in the magnetization J.

The vast concentration range (0.45 & c &0.97) of
amorphous Fe,Au, , films is convenient for in-
vestigating the quantities mentioned so far as a
function of c. Regarding first the Hall-effect re-
sults, we note a remarkable nonlinear increase of
p„(0)towards the Fe-rich side of the Fe,Au, ,
system (see Fig. 6). In a previous experiment,
Koepke and Bergmann" succeeded in forcing an
extremely thin pure-Fe film into the amorphous
state. The p„(0)curve in Fig. 6 extrapolates to
the value found for the pure amorphous film by
the authors.

The characteristics we extract from the resis-
tivity measurements (ef. Fig. 5) as a function of
c are the negative magnetoresistance Sp/BB and
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FIG. 7. Negative magnetoresistance Bp/BB of
amorphous Fe Au&, alloys as a function of Fe concen-
tration. 0
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the anisotropy p~,
—p~. Taking the absolute value

of Bp/BB as a function of c we discover a, pro-
nounced maximum at c-92 at. % Fe (see Fig. 7).
Near the pure-Fe end of the abscissa. , 8 p/8 B
apparently drops to zero, a behavior observed
likewise in amorphous Ni, Au, , and Co,Au, ,
films

The anisotropy p, t
—p~ is found to be practi-

cally independent of c, as is demonstrated in

Fig. 8. The experimental data, correspond to a,

mean value of p„—p~
—0.7&10 ' Qm.

From Figs. 6 a,nd 7 we conclude tha, t the Fe,Au, ,
system exhibits a special behavior at about
90-at. % Fe concentration. Another experimental
clue to this emerges from the isotropic resistivity
p(c) shown in Fig. 9. For small Fe concentrations,
p increases linearly with c and distinctly changes
sl,ope at c-0.9.

We also measured the thermal effects on the
resistivity and concentrated on the isotropic part
p(T) and the spontaneous Hall resistivity p„(T)
The temperature dependence of p(T) shows a re-
markable behavior, too, at about 90% Fe. Due to

FIG. 9. Resistivity p of the amorphous Fe Au&

alloy series as a function of the concentration (lower
curve; the uncertainties shown are limited by the
thickness measuring technique). The upper curve repre-
sents the resistivities of the corresponding liquid alloys
after G'untherodt and Kunzi (Ref. 16).

scattering of electrons by thermally excited mag-
nons, p generally obeys a. T' law. interestingly,
we discover a resistivity minimum for c ~ 0.9.
These results are represented elsewhere. "
The temperature dependence of pa(0) is most
conveniently studied in Fe»OAu, „because it
proves to be one of the most stable alloys (T«
-300 K). In Fig. 10 we choose T as parameter
and plot p„(0)against p. This plot not only shows
the linear growth of p„(0)with p, but also the in-
crease with T. Si.nce J, diminishes the latter be-
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FIG. 8. Resistance anisotropy p]] -p~ of amorphous
Fe~Au& ~ alloys as a function of Fe concentration.

FIG. 10. Spontaneous Hall resistivity pH(0) of
amorphous Fep 5pAup 5p as a function of the resistivity p.
The temperature T is the parameter.
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havior is somewhat strking at first glance. We
shall come back to this point in the discussion.

III. DISCUSSION

A. Iso tropic resistivity

The theoretical description of the transport
phenomena and of the resistance anisotropy in
amorphous ferromagnets constitutes a very com-
plicated problem. The basic idea for calculating
the resistivity of a simple liquid or amorphous
metal is due to Ziman. " Ziman considers the con-
duction electrons as free electrons which are in-
dependently scattered by each atom. The scat-
tered waves interfere corresponding to the struc-
ture factor a(q) of the metal. This leads to the
well-known Ziman formula for the resistivity:

p= 2'
2 d — aq Vq, 31

where Qo is the atomic volume, a(q) is the struc-
ture factor, V, is the pseudopotegtial, k~ =,

(Sw'zq, /0, )'~' the Fermi wave vector with z „hum-
ber of free electrons per atom, and vz is the
Fermi velocity. This formula has been extended
to alloys by Faber and Ziman. '

One of the decisive suppositions o$ the Ziman
and the Ziman-Faber theory is the assumption that
the atoms in the amorphous or liquid metal (alloy)
act as independent scatterers. Therefore the
formula mainly involves the scattering properties
of a single atom when dissolved in a matrix of
identical atoms. Making use of this fact, Evans
et al."extended Ziman's formula to liquid and
amorphous transition metals (TM). As the scat-
tering by TM is considerably stronger and can be
treated as re sonance scatte ring, the Born ap-
proximation is no longer adequate for the descrip-
tion of an individual scattering process. Instead,
the scattering by a single atom is exactly described
by a t matrix t(q). The generalized Ziman-Faber
formula for TM is obtained by replacing V, by t, .
This formula is known as the single-site approxi-
mation. After Friedel"' the t matrix can be
expressed in terms of phase shifts 6, .

(8 2)

= g (2l+1)P, (kk')e' ' sin6, ,

where Y, are special harmonics; P, are the
Legendre polynominals of order l, k, k' unit vec-
tors and their dot product k ~ k' =cos6).

The single-site approximation has been used in

a number of papers" "to calculate the resistivity
of liquid and amorphous transition metals and
ferromagnets. Its application to amorphous ferro-
magnets is quite problematic. In an amorphous
ferromagnet the d states of spin-up and spin-down
electrons are shifted with respect to each other
because of the repulsive exchange interaction be-
tween opposite spins. The different occupations
of the spin-up and spin-down states lead to dif-
ferent phase shifts 6, and 6, and consequently to
different resistivities p and p . This effect mani-
fests itself particularly in the different resistivi-
ties in the ferromagnetic and paramagnetic states. "

In the case of amorphous ferromagnets a simple
generalization of the Ziman-Evans formula offers

24mQD
p —

2g 2
F

d q q- aq t», ',
(3.1')

2 h'
t,",, = Q (2l+1)e' t sin(5~t')P)(k ~ k').

Pl. p 0
l

The spin-orbit interaction which will mix the d
and d~ states has been neglected in this formula.
For magnetic amorphous Fe, however, no d-
phase shifts 6, are available. For nonmagnetic
amorphous Fe Waseda and Wright" obtained 6,
= -0.4 6&= 0'04 ~2= 2 8. For the amorphous state
of the neighboring elements Mn and Co, they ob-
tained 5, = 2.65 (Mn) and 5, = 2.9 (Co). Almost
identical values were calculated by Hirata et al. '
for the corresponding liquid metals. The calcula-
tion of the resistivity allows some arbitrariness.
First, the number of conduction electrons is gen-
erally set z =1. Since z determines 2k~ and there-
fore the cutoff of the structure factor in the inte-
gral, the value of p depends rather sensitively on
z. In addition, the structure factor of amorphous
Fe, which is not stable in thick films, is not
known sufficiently well. Waseda, and Wright take
this as one possible reason that their theoretical
values for p are to small. Meisel and Cote" used
the Percus-Yevick" hard-sphere model to cal-
culate the factors of NiP.

We want to demonstrate how sensitively the
calculated value of p depends on the different para-
meters. In Fig. 11(a) the resistivity is plotted as
a function of the number z of conduction electrons
per atom. The phase shifts are taken for non-
magnetic Fe (o, = -0.4, 5, = —0.04, 5, =2.8). Experi-
mentally, the structure factor is not known very
accurately. Therefore we calculate it by means
of the Percus-Yevick equation" as given by
Ashcroft and Lekner. " For liquid metals, a
filling factor q of 0.45 is optimal. The filling fac-
tor, g =0.50, yields 3.2 for the maximum value in
the structure factor. This agrees quite well with
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FIG. 11. (a) Resistivity
as a function of the number
of conduction electrons and

(b) the resistivity as a func-
tion of the phase shift 62.
The structure factor has
been calculated by means
of the Percus- Yevick equ-
ations. The numbers at the
curves give the filling fac-
tors.
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the experimental values in amorphous transition
metals. ' The use of the theoretical structure fac-
tors has the advantage that the choice of the val-
ence z determines the relative position of 2k~ in
the curve of the structure factor. Therefore a
small inaccuracy in the atomic volume yields only

a small error in the final value of the resistivity.
For comparison, we also plot the result for q
=0.55. This filling factor has been used by Meisel
and Cote" in their calculation. The maximum val--
ue of the structure factor for g=0.55 is 4.2 and
lies above the experimental values. In Fig. 11(b)
the resistivity is plotted as a function of 6, taking
g =1 and 5, and 6, as before. Again the filling
factor is the parameter. The curves demonstrate
the large variation of p with z, 6, and the struc-
ture factor. Therefore it is quite easy to repro-
duce the experimental value of p by a suitable
choice of parameters. We believe, however, that
a reliable calculation is only possible when the
parameters are known accurately enough. This
is not yet the case. In particular an exact cal-
culation of 5, and 5, is necessary.

The phase-shift treatment qualitatively accounts
for the concentration dependence of p (cf. Fig. 9)
and especially for the increasing resistivity be-
tween 90- and 100-at. % Fe. For the Fe,Au~,
alloys the magnetic moment p. per Fe atom is
about 3p~ for 0.45& c&0.9 and drops towards 2p~
above 90-at. % Fe (cf. Fig. 6). We interpret this
drop of p, as originating in a transfer of spin-up
d electrons into spin-down d states. The phase
shifts 5,& and 6, approach each other. The dif-
ference between p& and p& is reduced and p in-
creases. This interpretation is supported by a

comparison with liquid alloys. We shall turn back
to the point in Sec. IIIF.

B. Resistivity anisotropy

l. Anomalous Kali effect

A great number of theoretical works dealt with
the anomalous Hall effect in crystalline ferro-
magnetic metals. " ' For further references see
Hefs. 45-47. In these works somewhat different
(and sometimes even opposite) mechanisms are
proposed. Smit ' considered the d states as a
superposition of spin-upand spin-down states due

to the spin-orbit interaction. These mixed reso-
nance states yield a scattering anisotropy. Ber-
ger introduced the side-jump mechanism. Since
all these theories require parameters which are
badly, known it is almost impossible to distinguish
which mechanism is the dominant one. We want
to discuss the resistance anisotropy within a
model originally suggested by Fert and Jaoul"
for the contribution of isolated magnetic atoms
to the anomalous Hall effect. They started with
the Friedel-Anderson model" "for a magnetic
atom and additionally introduced the spin-orbit
coupling As ~ jwhich splits the fivefold-degenerate
spin-up and spin-down resonance states as shown

in Fig. 12. Now the resonance energy e„also
depends on the magnetic quantum number rn.

go+ &~zm

which leads to phase shifts 5, which also depend
on m.

We find for the scattering amplitude f'or the
transition from k to A,"
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FIG. 12. Splitting of the resonance states of a mag-
netic atom due to exchange interaction and spin-orbit
coupling [see Pert and Jaoul (Ref. 21)]. The variable on
the horizontal axis is the density of states.

o'„'=, sin5, sin(26,"-5,) sin'5,"
and

p» =(mv»c/z e )(x».

(3.5)

For small Fe concentrations the magnetic mo-
ment of the Fe atoms is about 3p.~. Here the

f~&&. =4m+ 1;* (k)F, (k')e' & sin5P". (3.4)
l,~

In this form, the scattering amplitude not only
includes the difference between the momentum k
and k' but also k and k' separately which gives
rise to anisotropi. c scattering.

We prefer this model for the asymmetric scat-
tering because it yields qualitatively the change
in sign of the anomalous Hall effect in the series
going from amorphous Fe to Co to ¹i alloys. ' In
principle, it can be incorporated into the single-
site approximation. However, the same diffi-
culties as in the calculation of the isotropic resi. s-
tivity arise also here. Therefore we restrict our-
sel.ves to the case of a dilute ferromagnet with
low Fe concentration c. In analogy to the calcula-
tion of Fert and Jaoul one obtains for the cross
section of the Hall resistivity

Friedel sum rule" should work quite well. We
take 5, = -0.04 as before, - 52~ = n and 52~ = —,

'
n,

g ' = 0.5 and Qo= 17.0 x 10 ~' m' (for Au). For the
relative splitting of the resonance curves due to
spin-orbit coupling we choose X/F =0.2. These
values yield for the Hall cross sections, o~~

=1.0~].0 "m' and 0~~=0. The Hal]. resistivity
of the spin-down electrons is pH=1.0x10 'c Qm.
Because of the shunt of spin-up electrons, the
Hall resistivity is reduced according to the rela-
tion

P» = P»(P /P ) + P»(P /P (3.6)

2. Diagonal resistivity anisotropy

The difference between p~~ and p~ can be calcu-
lated under the same assumption as the anomalous
Hall effect. We restrict ourselves again to small
Fe concentrations. Assuming dominating d scat-
tering we calculate the difference in cross sec-
tion Acr =o.

, t
-o~ to

For small Fe concentrations this gives p~
= 2.5x10 'c Q m. The observed Hall resistivity
is of this order of magnitude.

The strong increase of p„(0)towards pure Fe
ean be explained in the same mode) used before
for the qualitative discussion of p. For c
&90-at. % Fe, d& electrons are transferred into
d& states. For two reasons, this leads to an en-
hancement of p».'(i) the spin-up electrons also
undergo resonant scattering and this reduced
their short-circuit effect, and (ii) their effective
contribution to the Hall effect adds to that of the
spin-down electrons, which is easily seen from
Eci. (3.5). The occupation of spin-up resonance
levels still corresponds to a phase shift 5,' which
is considerably greater than 2m, changing the
sign of the sine term in (3.5). At the same time,
the term sequence of the magnetic quantum num-
ber m (—2 &m & 2) is reversed because now s, is
positive. Both changes in sign together yield an
additive contribution to the Hall resistivity. '

The rapid increase of the anomalous Hall effect
as one approaches the pure amorphous Fe is a
characteristic feature of Fe. In the corresponding
concentration range the anomalous Hall effect in
amorphous Co, Au, , and Ni, Au, , alloy varies only
weakly with c and passes through a maximum be-
low c= 1. ' The different behavior of the Fe,Au, ,
system is correlated to the decrease of p. in this
concentration range.

The Hall effect in the amorphous metallic glass
Fep 8pPp ~Cp p7 has been measured and ag ree s
surprisingly well with the result in pure Fe.'
The anomalous Hall effect in pure Fe yields a
Hall angle of 5 .
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~sr = &,
— sin 5, (1 —4cos 5, )

24@ 4 )) 2 )) Xsz

tB5~C
P $$ 2

(3.7)

Using the same values for the parameters as be-
fore in the calculation of the anomalous Hall ef-
fect we obtain 60'&=2.6&&10 "m and 60&=0. The
resistance anisotropy is correspondingly 6p&

=2.6x10 'c Qm. Like the Hall effect, this aniso-
tropy is reduced in the same manner by the shunt
of the spin-up electrons. For small Fe concen-
trations, this yields a reduction by a factor of 4.
The theoretical prediction is somewhat larger than
the experimental values. This is not a, serious
problem because the splitting of the resonance
curves is only estimated.

Surprisingly, p~~
—p shows practically no de-

pendence on the alloy composition (see Fig. 8).
This is most striking in the high-concentration
range c &0.9 where the anomalous Hall effect in-
creases drastically. The different behavior of
pz(0) and pq —p~ however, is understood by means
of Eq. (3.7). Only for 1.05 &5,'~~ &2.09, that is
for 1.67 ~zg~~ ~3.3 do we find p~, & p~. Therefore
the spin-up electrons tend to compensate the
resistivity anisotropy above 90-at. % Fe and
qualitatively make comprehensive the weak de-
pendence of p~t —p~ on the concentration.

We sketch the heuristic physical rea, son for the
ariisotropic scattering. Let a plane wave k
= (k, 0, 0) with spin down be scattered by a ferro-
magnetically aligned atom (see Fig. 11). The
plane wave theri makes virtual transitions into the
d-resonance states belonging to different values
of rn. Being proportional to the density of d
states, the transition probability into the m&0
states is la, rger than that into the gyes &0 states.
Roughly speaking the conduction electron is more
likely to surround the scattering atom in the direc-
tion corresponding to ye&0 than in the other direc-
tion. " This heuristic consideration in reality
only holds if one takes into account the inter-
ference with P (or f) scattering. This interference
leads to the left-right asymmetry known as the
anomalous Hall effect.

A similar explanation holds for the anisotropy
0„—0,„.Due to the cylindrical symmetry of the
problem, an electron wave entering from the z
direction will experience scattering only into the
m =0 state whereas coming from the x direction
it will also scatter into the nzc 0 states. In both
cases, the scattering probabilities will differ from
ea,ch other.

From this heuristic interpretation as well as
from the simplified relation (3.5) it is easily con-

eluded that the anomalous Hall effect changes
sign when the Fermi level passes the maximum of
the resonance. Starting from a somewhat simple
model for Fe, Co, and Ni atoms which a.ssumes
completely occupied spin-up states and spin-down
states with two, three, and four d electrons,

' respectively, we see that between Fe and Ni, the
Fermi level crosses the resonance maximum. Ex-
perimentally, we indeed observe a, change of sign
of the anomalous Hall effect which, however,
takes place between Co and Ni. This might be due
to the approximation used in (5) where mainly d
scattering is taken into account.

Up to now, we assumed that the d0 and d 4 sta, tes,
respectively, are degenerate —except for the spin-
orbit coupling. In the crystalline state, this
degeneracy is generally split into T„andE,
states by crystal fields (in the case of an amor-
phous metal it is more adequate to call them
"structure fields" ) and even more so by the bound-

ary conditions of the wave functions in the Wigner-
Seitz cell. A quantitative description of this split-
ting in an amorphous ferromagnet is very diffi-
cult. In Fig. 13 we compare a crystalline transi-
tion metal with an amorphous one (in two dimen-
sions). Whereas the crystalline state exhibits an

optimal overlap of the lobes and lowering of the
ba,nd energy of these states, this overlap is not
achieved on a significant scale in the amorphous
state. Often the lobes reach into empty space.

From this, we draw the following conclusions
(i) The overlap (d, ~

V~d, ) is reduced and so is the
direct hopping probability for d electrons between
neighboring atoms. This means a decrease of the
mobility of the d electrons.

(ii) The forming of the lobes is reduced since
they a,re no more suitable for an optimal over&-ap

which means that the total density of the wave func-
tions becomes more spherical.

(iii) Because of the reduced overlap we expect
a, smaller exchange integral and consequently a,

diminished Curie temperature.

FIG. 13. Two-dimensional model for crystalline and
amorphous transition metals demonstrating the reduced
d-d overlap in the amorphous state.
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(iiii) The reduced d overlap gives rise to a
smaller ratio (d, ~ V~d, ):U of the transition-matrix
element and the intra-atomic Coulomb energy U.
On the large scale between band magnetism and
localized magnetism, the reduced ratio (d, ~

V~d2):U
favors a shift towards the loc-alized model.

ls-

jeff.

FecAu, c

C. Magnetoresistance Bp /BB

Recently, one of the authors investigated the
magnetoresistance in amorphous Ni, Au, , alloys. '
Up to now, the magnetoresistance in any amor-
phous ferromagnetic alloy of Fe, Co, and Ni with
Au was found to be large and negative. Owing to
the short mean-free path of the conduction elec-
trons, the Lorentz force does not yield any mea-
surable magneto-resistance effect. In ' the fol-
lowing models have been discussed with regard
to the magnetoresistance: (a) the band-magnetism
model where the spin-up and spin-down Fermi
levels are shifted relatively to each other by an
applied magnetic field, (b) the Heisenberg model
under the assumption of local easy axis, and
(c) the resonance-scattering picture.

'

Each of
the three models yielded values far too small com-
pared to the experimental magnetoresistance. The
same statement holds for the results in the
Fe,Au, , system presented here. Especially the
resonance-scattering model seems to fail. On
one hand, Bp/BB should be of the order of p, e/I"
= 5.8 x10 ' m'/V sec (1 = 1 eV) which is too
small by a factor of 10. On the other hand, the
magnetoresistance should increase monotonously
between 90- and 100-at. % Fe because the Fermi
level crosses both resonance curve sets. This is
the supposition for magnetoresistance in the
resonance picture. On the contrary, we find a
pronounced maximum at about 90-at. % Fe which
apparently is correlated to the sudden drop of the
magnetic moment p. .

D. Normal Hall effect

In amorphous non-transition-metals the normal
Hall effect is readily described with the free-
electron model, "' whereas in amorphous transi-
tion metals anomalous contributions have to be
considered. In the case of amorphous ferro-
magnetic metals the anomalous part of the Hall
effect can essentially be separated by saturating
it. In the high-field region, however, some
anomalous contribution may remain due to a high-
field susceptibility and a field dependence of R,.
Both contributions can be estimated within the
same models as the magnetoresistance in Sec.
III C. In the framework of these theoretical con-
siderations, the high-field contribution of the
anomalous Hall effect should be negligible com-

as-

~ ~ ~

0
20 40 60 80

c [atom]
100

FIG. 14. Effective number of conduction electrons z0ff
of the Pe~Au& alloys calculated from the high-field
Hall constant R„.

E. Thermal behavior of the spontaneous Hall resistivity

With the Fep gpAup 5p alloy we showed that the
spontaneous Hall resistivity increases with T
(Fig. 10). From the usual weakening of the
magnetization one would rather expect a reduc-
tion of the effect at elevated temperatures. At
the same time, the resistivity increases according
to a T' law. " This increase of p arises from
electron-magnon processes in which the conduc-
tion electron flips its spin. From the behavior of

p~ we conclude that these spin-flip processes also
exhibit a left-right asymmetry which compensates
the thermal effect on p„.

pared to the measured Hall effect. We cannot,
however, content ourselves with this result be-
cause the same arguments would predict a much
smaller magnetoresistance. As long as the lat-
ter effect is not understood in full, we must be
careful about interpreting the high-field Hall ef-
fect as normal Hall effect.

Another difficulty typically met in ferromagnetic
metals is that the mean-free paths of spin-up and
spin-down electrons are not identical. So even if
the free-electron model should be applicable the
Hall constant always will. yield an insufficient
number z,ff of conduction electrons. For amor-
phous Ni, Au, , alloys we recently found' that
interpreting the high-field Hall effect as normal
Hall effect yields reasonable results which agree
with measurements above the Curie temperature.

From the high-field Hall constant p„we cg3. —

culate the effective numbers of conduction elec-
trons z,ff =-Aged„. The result is shown in Fig. 14.
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F. Comparison with liquid alloys

One of the reasons why we investigated the
Fe,AUy alloys is that the liquid state of these
systems has been extensively studied by GQntherodt
and Kunzi and Guntherodt and Meier. Among
other features they found that the Hall effect be-
comes positive with increasing amount of Fe. In
connection with our measurements, this positive
Hall effect is easily understood. The liquid alloys
are structurally equivalent to the amorphous ones.
In all alloys investigated until present the Curie
temperature in the disordered (amorphous or
liquid) state lies below the melting point. There-
fore the Fe atoms in the liquid are in a para"-
magnetic state and the suceptibility obeys a
Curie-Weiss law. An externally applied field thus
will polarize a nonvanishing part of the Fe atoms
which then contribute to anisotropic scattering and
especially to the anomalous Hall effect. Our data
from the amorphous Fe,Au, , alloys permit a
qualitative comparison with results from liquid
alloys. As an example, we choose Fep 5oAuo».
The Hall constant extrapolated from measurements
in the liquid state is +13x 10 "m' (A sec)'." In
the amorphous ferromagnetic state the spontaneous
Hall resistivity is 0.95&&10 Qm. For the resis-
tivity of liquid Fep»AUD 50 of p, —1.73x10 ' Qm
(which is taken from Fig. 9) the p„curve in Fig.
10 would extrapolate to p H

= 4 x 10 ' Q m. This
rough estimate though corresponds to a rather
artificial state combining the full ferromagnetism
of the amorphous alloy with the spin-flip pro-
cesses of the liquid.

Neglecting the influence of the structure factors
in both amorphous and liquid state for simplicity,
one should expect that the contribution to the
anomalous Hall effect is proportional to the mag-
netization J,. The constant of proportionality is
given by ps(0)/J, . We denote the contribution of
the anomalous Hall effect to the Hall constant
with R'„and have p„(0)/J,= R'H/y. In liquid
Feo»Auo

„

the susceptibility X amounts to about
17.5x10~ emu/g ("="2.4x10 ' mks units)" and
J, = 1.4 V sec m '. From these data we estimate
a contribution of R»= 7x10 "m'/A sec. This
rough estimate yields a value which —though too
small —tends to compensate the normal Hall ef-
fect and is of the right order of magnitude. With
increasing Fe concentration, the anomalous con-
tribution increases because both X and p„(0)
grow.

In Fig. 9 we compare the resistivity of the amor-
phous and the liquid phases (the dashed part of the
p l q Ml

cu rve i s extr apo l ate d) . The re si stivity
p „,„,is distinctly smaller than p„,which we
attribute to the difference between the spin-up

and spin-down partial resistivities. In the liquid
state, one has, due to the spin disorder, no
partial short circuiting by one spin polarization'
(see Sec. III A). This interpretation is supported
by the behavior near pure Fe and pure Au. In
pure amorphous Au (which, however, is not
stable) p& and p~ should be identical and p.liquid= p, „... which fits fairly to the extrapolated
curve. In pure Fe the differences between p& and
p& diminishes, too, because both spin directions
of the conduction electrons are scattered resonant-
ly. TherefOre, the difference betWeen ph ujd and

p ph is smaller. This is confirmed by the
expe riment.

IV. CONCLUSION

We have investigated the electrical transport
properties of amorphous ferromagnetic Fe,Au, ,
alloys. The resistivity is anisotropic with re-
spect to the direction of magnetization. It shows
an anomalous Hall effect and different values
parallel and perpendicular to the magnetization.
All components are field dependent. Most pro-
perties depend on the Fe concentration in a
characteristic manner at 90'%%ua Fe. This is cor-
related with the sudden drop of the magnetic mo-
ment above 90'%%uo Fe. The theoretical model for
the calculation of the residual resistivity, in
amorphous ferromagnets is discussed. We sug-
gest that the single-site approximation originally
derived for liquid transition metals should be
modified for amorphous ferromagnets. The phase
shift 5, should be replaced by two different phase
shifts 52& and 5,& for spin-up and spin-down scat-
tering. A numerical calculation of these phase
shifts would be quite valuable for a better dis-
cussion of the resistivity. The different resis-
tivities in the ferromagnetic and the paramagnetic
state and in the liquid state support this idea. The
resistance anisotropy is discussed semiquanti-
tatively for small Fe concentrations in a reso-
nance picture. The anomalous Hall effect in the
ferromagnetic amorphous state also yields a
qualitative understanding of the positive Hall effect
in the liquid Fe,Au, , system.

We regard these investigations in connection
with the transport properties of ferromagnetic
glasses. Compared to the latter, the properties
of the amorphous Fe,Au, , system (among others)
are surveyed more easily. Here, the number of
conduction electrons, the number of different
scattering potentials, and the range of the rele-
vant structure factors allow a better quantitative
comparison between theory and experiment. We
think that a satisfying agreement between experi-
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mental results and theoretical models must be
sought first for these simple systems before the
theoretical description of metallic glasses will
prove to be successful.
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