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Angle-resolved photoemission spectra, electronic structure, and spin-dependent scattering
in Ni1ÀxFex Permalloys

P. E. Mijnarends
Department of Physics, Northeastern University, Boston, Massachusetts 02115

and Interfaculty Reactor Institute, Delft University of Technology, Delft, The Netherlands

S. Sahrakorpi and M. Lindroos
Institute of Physics, Tampere University of Technology, 33101 Tampere, Finland

and Department of Physics, Northeastern University, Boston, Massachusetts 02115

A. Bansil
Department of Physics, Northeastern University, Boston, Massachusetts 02115

~Received 28 June 2001; published 22 January 2002!

We present the all-electron charge and spin self-consistent electronic structure of Ni12xFex Permalloys for a
range of Fe concentrations, using the first-principles Korringa-Kohn-Rostoker coherent potential approxima-
tion ~KKR-CPA! scheme to treat disorder and the local spin density approximation to incorporate exchange-
correlation effects. Recent high-resolution angle-resolved photoemission spectroscopy~ARPES! experiments
on Ni0.90Fe0.10 and Ni0.80Fe0.20 Permalloys are analyzed in terms of the spectral density function,AB(ki ,k'

50,EF), computed from the KKR-CPA Green function forki values varying along theG-K direction in the
Brillouin zone. The widths of the majority as well as the minority spin peaks in the theoretical spectra are in
excellent accord with the corresponding ARPES results in all cases, suggesting that spin-dependent disorder
scattering constitutes the main scattering mechanism for the carriers in the Permalloys. Majority spin states of
Ni are virtually undamped by the Fe impurities, while the minority spins at the Fermi energy (EF) are heavily
damped. The nature of the Ni and Fe potentials in the Permalloys is explored in detail. The effective disorder
parameter in the alloy is found to be strongly dependent on the energy, momentum, spin, and symmetry of the
specific states involved. The evolution of the electronic states on the Ni and Fe sites as a function of Fe
concentration is discussed. The magnetic moments on Ni as well as on Fe are found to remain essentially
unchanged with increasing Fe content.
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I. INTRODUCTION

Recent years have seen a rapidly growing interest in
field of magnetoelectronics.1 Physical phenomena such a
anisotropic or giant magnetoresistance, which allow the c
trol of electronic spin currents through magnetically dop
nanometer structures by an external magnetic field, w
interesting in their own right, are also of great technologi
interest.2,3 Among the materials playing a role in these nan
structures, Permalloys~high-permeability alloys of Ni and
Fe! take an important place. Permalloy/Cu/Co films show
a giant magnetoresistance~GMR! effect act as spin valves in
which the electrical resistivity is low or high depending o
the orientation of an external magnetic field. The advant
of using Permalloy in these nanostructures lies in the
that the magnetostriction in Ni0.80Fe0.20 vanishes. This pre-
vents the strain due to lattice constant mismatch in the na
structure from magnetizing the material. Bulk Permalloy a
shows ~relatively small! anisotropic magnetoresistivit
~AMR! which is used in reading heads for hard disks.

In order to understand the operation of either thin-film
bulk devices an understanding of the electronic structure
transport properties of the materials involved is essen
Much of the existing experimental work has concentrated
measuring the spin-dependent resistivities or mean free p
of majority and minority spin electrons in variou
materials.4–8 Accordingly, theoretical studies have focus
0163-1829/2002/65~7!/075106~8!/$20.00 65 0751
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on transport properties of the bulk systems and how these
affected by the presence of relevant interfaces.9–11 However,
the interpretation of transport phenomena is intrinsica
complicated by the fact that they encompass the behavio
all the electrons at the Fermi energy (EF). With recent ad-
vances in synchrotron light sources and detector technol
high-resolution angle-resolved photoemission spectrosc
~ARPES! now offers the exciting possibility of investigatin
the character ofindividual k states in magnetic materials.12,13

In particular, Ref. 13 has presented ARPES measurem
from high-quality samples of Ni0.90Fe0.10 and Ni0.80Fe0.20 for
specific majority and minority spin states atEF for ki values
lying along theG-K direction in the Brillouin zone~BZ!.

The preceding considerations provide a strong motivat
for undertaking a study such as the present one which
tempts to make direct contact between the aforementio
ARPES experiments on Permalloys and the correspond
predictions of the first-principles framework of the allo
theory. We confront the computed widths of the spectral d
sity obtained from the self-consistent parameter-f
Korringa-Kohn-Rostoker coherent-potential-approximati
local-spin-density ~KKR-CPA-LSD! Green function14–19

with the ARPES results and find an excellent level of acc
between theory and experiment with respect to the widths
the majority as well as minority spin states at theEF along
the G-K line in both Ni0.90Fe0.10 and Ni0.80Fe0.20. These re-
©2002 The American Physical Society06-1
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sults suggest that disorder scattering constitutes the m
spin scattering mechanism in the Permalloys. The exten
which the KKR-CPA-LSD mean-field approach can provi
a satisfactory description of spin scattering in magnetic m
terials more generally of course remains to be seen. In
connection, possible complications due to short-range or
ing and clustering and other effects should also be kep
mind.10

Our computations yield considerable insight into the n
ture of the magnetic Ni and Fe potentials appropriate for
Permalloys. The majority spin KKR-CPA-LSD sel
consistent potentials for the Ni and Fe sites in the alloy
found to be quite similar so that these electrons experie
little disorder scattering. The minority spin potentials on t
other hand are quite different, inducing large dampings of
minority spins in the system. These results are consis
with and provide a more quantitative basis for the mode
two separate spin channels that has been invoked in
literature9,12,13 for explaining various properties of the Pe
malloys. We emphasize, however, that the effective disor
parameter in the alloy is quite complex and differs betwe
s-p andd electrons, and depends strongly on the spin, sy
metry, and the momentum of the specific states involved

This article is organized as follows. Section II briefly a
dresses relevant computational aspects. The next secti
divided into three subsections, the first of which discus
the nature of the spin-dependent Ni and Fe potentials and
associated effective disorder parameter in the Permall
Section III B discusses how the magnetic moments and
density of states on Ni and Fe sites and in various ang
momentum channels evolve as a function of Fe concen
tion. The last subsection turns to the focal point of this pa
which is to interpret the high-resolution ARPES spectra
Ref. 13 in terms of the spectral densities computed within
KKR-CPA-LSD framework. This discussion is divided int
two subsections the first of which deals with the nature of
computed spectral density function and its relationship to
ARPES spectra. The other subsection then takes up a d
comparison of the relevant theoretical and experimental
sults. Section IV summarizes the conclusions of this wor

II. COMPUTATIONS

The electronic structure of Ni12xFex was computed semi
relativistically within the all-electron fully charge and sp
self-consistent KKR-CPA framework forx50, 0.10, 0.20,
and 0.50. The results are parameter free except that the
tice constants were not determined via an energy minim
tion procedure; the specific concentration-dependent va
used are listed in Table I.20,21 The underlying KKR-CPA
methodology is described in Refs. 14–18. Exchange and
relation effects were incorporated within the von Bart
Hedin LSD approximation.22,23 The self-consistency cycle
were repeated for each alloy composition until the maxim
difference between the input and output muffin-tin potenti
was less than 1 mRy at any mesh point in the unit cell.
calculations employ a maximum angular momentum cu
l max52. The KKR-CPA cycles were carried out in the com
plex energy plane using a 48-point elliptic contour beginn
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at the bottom of the valence bands and ending at the Fe
energy which was determined to an accuracy of better t
0.1 mRy via the generalized Lloyd formula.16 The KKR-CPA
Green function was computed on a 1330-special-k-point
mesh24 ~1540 specialk points for x50) in the irreducible
part of the BZ for each of the energy points in order
evaluate the integral over the BZ. In this way the KKR-CP
self-consistency condition was solved at each of the 48 b
energy points to an accuracy of about 1 part in 105, followed
by the computation of a new spin-dependent crystal pot
tial. The starting potential for the next cycle was typica
obtained by a roughly 1%–5% admixture of the new pote
tial. The solution of the KKR-CPA condition required 1–1
iterations, while 100–200 charge and spin self-consiste
cycles were usually needed depending on the alloy com
sition to achieve a high level of convergence~absolute accu-
racy of about 1 mRy! of the crystal potential. For the fina
potentials, the total density of states~DOS!, site-decomposed
component densities of states~CDOS!, and the angular mo-
mentum ~l! decomposed partial densities of states~PDOS!
were computed on a 401-energy-point mesh using a tetr
dral k-space integration technique25 ~with division of the
1/48th of the BZ into 17 496 small tetrahedra! applicable to
ordered as well as disordered systems.

Finally, we note that the spectral density in the alloy~at
momentum p and energy E) is given by A(p,E)
521/pIm^G(p,p)& where^G(p,p)& is the momentum ma-
trix element of the average Green function.19 For making
contact with the ARPES experiments discussed in this
ticle, however, the so-called Bloch spectral densityAB(k,E),
which is obtained by foldingA(p,E) into the first BZ, is
more appropriate,26,27 A(p,E) enters more directly in the
analysis of Compton scattering and positron-annihilat
spectra.28,29Accordingly, we present and discuss ARPES
sults on the 10% and 20% Fe Permalloys in Sec. III C bel
in terms of the spectral functionAB(ki ,k'50,EF).

III. RESULTS AND DISCUSSION

A. Nature of the spin-dependent Ni and Fe potentials
in Permalloy and the associated effective ‘‘bands’’

It is important first to understand the nature of the effe
tive potentials associated with the Ni and Fe sites in
Permalloy. We emphasize that the standard crystal poten
used commonly for obtaining the magnetic band structu
of fcc Ni or bcc Fe are not relevant here. In the alloy, the
and Fe atoms experience different surroundings, and in
case of Fe even the symmetry of the neighboring atom

TABLE I. Room-temperature lattice constants used in t
present computations for various compositions of Ni12xFex ~in
atomic units!.

x50 x50.10 x50.20 x50.50

6.6579a 6.6814b 6.7049c 6.7776c

aRef. 20.
bBy linear interpolation betweenx50 andx50.20.
cRef. 21.
6-2
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different~fcc vs bcc!. Moreover, interactions in the alloy lea
in general to a redistribution of charge and spin states an
shifts in the positions of various levels. These fundamen
effects of alloying are accounted for in the theory~at least in
a mean-field sense! via the processes of charge, spin, a
KKR-CPA self-consistency cycles. Therefore, the KKR-CP
self-consistent potentials for the Ni and Fe sites in Ni12xFex
reflect the characteristics of these atoms in the alloy. Figu
shows effective majority and minority band structures
hypothetical fcc crystals of Ni and Fe using such fin
muffin-tin potentials in Ni0.80Fe0.20, and captures the essen
of the behavior of the Ni and Fe atoms in the context of
Permalloys. Incidentally, we have carried out computatio
along these lines at other compositions~10% and 50% Fe!—
the results are similar and are not shown in the interes
brevity. In short, the band structures of Fig. 1 provide
simple handle on the electronic structure of the Permall
and we recall these results at several points in
article.30–32

The relative positions of the Ni and Fe levels in the all
can be read easily from Fig. 1 which allows one to obtai
sense of the effective disorder parameter at variousk points
in the BZ. Figure 1~a! makes it clear that there is relative
little difference between the majority spin ‘‘bands’’ of Ni an
Fe. Particularly thes-p bands and the upper portions of thed
bands differ by no more than;20 mRy. This implies that
for the majority spin electrons there is a high degree
matching between the atomic potentials9 of Ni and Fe~i.e.,
one is in the virtual crystal regime32,33! and therefore major-
ity spin electrons will be expected to experience little sc
tering in the alloy.

The situation is markedly different for the minority sp
electrons in Fig. 1~b!. Here, the exchange splitting of the F
bands is about 3 times larger than that of the Ni bands,
sulting in the Fe minority spind bands lying;100 mRy
above their Ni counterparts while for thes-p band the split-
ting is somewhat smaller (;60 mRy). A split-band mode
would more appropriately describe the minorityd
electrons.32,33The stronger scattering potential will of cours
yield shorter scattering lengths for the minority spins. No
that the effective disorder parameterd;D/W whereD is the
difference between the levels of the two constituents whileW
is the relevant bandwidth.33 Therefore,d is substantially
smaller for the minoritys-p electrons compared to thed
electrons since thes-p electrons not only possess a smal
D, but also involve a largerW. Figure 1 makes it clear that in
generald varies strongly with the spin, momentum, energ
and the symmetry of the states involved.

B. Evolution of magnetic moments and density of states

Insight into the evolution of the electronic structure
Permalloy is obtained from a consideration of the site- a
l-decomposed densities of states with composition. Figu
shows thel decomposed density of states~PDOS! at Ni and
Fe sites in Ni0.80Fe0.20. We see a full, sharply structured m
jority spin d band for both Ni and Fe withEF lying a short
distance above the upperd-band edge. In contrast, the mino
ity spin band is generally much smoother and shifted t
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higher energy; the Fermi level intersects the Ni peak at
d-band edge, while the minority spin peak in Fe lies abo
EF and is broadened owing to disorder scattering. Thes and
p electrons undergo little change upon alloying, display lit
exchange splitting, and possess a weight about 30 ti
smaller than thed states atEF . For these reasons, thes-p
electrons are essentially inert insofar as magnetic and di
der effects are concerned and will therefore be ignored fr

FIG. 1. Semirelativistichypotheticalband structures for major
ity and minority spin electrons obtained by placing the Ni~large
dots! and Fe~small crosses! self-consistent KKR-CPA potentials in
Ni0.80Fe0.20 on the alloy~fcc! lattice.
6-3
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MIJNARENDS, SAHRAKORPI, LINDROOS, AND BANSIL PHYSICAL REVIEW B65 075106
here onward in our discussion. The magnetic moment is
ried mainly by thed electrons.

Figure 3 shows the evolution of the DOS at the Ni and
sites~CDOS! under alloying. Consistent with our earlier ob
servations, the majority spin DOS on either site display lit
change in shape or structure with alloying. The change
the minority DOS on the other hand are dramatic. In
single-impurity limit (x50, right topmost panel!, the Ni
CDOS is of course that of pure Ni which is highly structure
while the Fe CDOS consists of a relatively sharp peak ab
the EF—reminiscent of an impurity level—and a rather lo
but still quite structured DOS belowEF . The resulting un-
compensated moment in the majority spin band induce
magnetic moment of 2.61mB on the Fe impurity. As the Fe
concentration increases, the disorder scattering of the mi
ity spin electrons causes the structure in the DOS to be
creasingly washed out until atx50.50 a nearly structureles
triangular looking DOS is left for Ni as well as for Fe.

FIG. 2. Total densities of states associated with Ni and Fe s
in Ni0.80Fe0.20 are shown decomposed into angular momentum co
ponents (s, p, and d). The top half of each panel refers to th
contribution from majority spins (↑) and the bottom half to minor-
ity spins (↓). Vertical lines mark the Fermi energyEF . Note scale
changes in different panels.
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Some physical insight into the mechanism driving the p
ceding changes in moments and DOS may be obtained
the aid of the so-called ‘‘common band model’’ of bonding
d-band metals.34,35 Consider two atomsA andB with atomic
energy levelEA

0,EB
0 , which are assumed to broaden in

bands of a common bandwidthW when the atoms are
brought together to form a solid. From moment theory, it
known that the center of gravity of the local density of sta
~occupied and unoccupied! must coincide with the local on
site energy levelEA(B) ~which may be slightly shifted from
the corresponding free-atom value in order to maintain lo
charge neutrality!. We then obtain a new band of bandwid
WAB , with transfer of charge from theB atom to theA atom
until the Fermi levels line up. Owing to this redistributio
the states at the bottom of the band~the bonding states!
become more concentrated on theA atom while the anti-
bonding states at the top of the band are found preferent
on theB atom.

Applying this model to the minority bands of Ni12xFex
where the atomic Ni 3d level lies lower in energy than the F

s
-

FIG. 3. Contributions from Ni and Fe sites to the total density
states in Ni12xFex are shown as a function of Fe concentrationx.
The top half of each panel refers to the majority spins (↑) and the
bottom half to minority spins (↓). Vertical lines mark the Fermi
energyEF .
6-4
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ANGLE-RESOLVED PHOTOEMISSION SPECTRA, . . . PHYSICAL REVIEW B65 075106
3d level ~see Fig. 1!, one expects a transfer of low-energ
bonding charge from Fe to Ni asx increases, while the high
energy antibonding states move the other way from Ni to
At first sight, the magnetic moments given in Table II see
to contradict this as the moments on both Fe and Ni are s
to remain essentially unchanged with increasingx ~the nega-
tive s-p polarization in the interstitial region remaining mo
or less constant!. The preceding argument, however, does
take into account the effect of disorder smearing of sta
which increases strongly withx for minority spins and com-
plicates the situation. When states are broadened, som
the weight of the minority spins on Fe is spread from abo
to below EF while the reverse happens with the minori
spins on Ni with weight moving from below to aboveEF .
This effect tends to reduce the net Fe moment and to incr
the Ni moment. Interestingly, the difference between the
and Ni moments is quite close to 2mB—decreasing from
1.96mB to 1.83mB as we go fromx50 to x50.5. Thus, the
depletion of the electron system when a Ni atom is repla
by an Fe atom initially takes place almost entirely at t
expense of the minority spind band of Fe since the numbe
of majority electrons for Ni and Fe remains practically t
same.

C. Spectral density function and interpretation
of angle-resolved photoemission spectra of Permalloys

1. Nature of spectral density function AB„ki ,k�Ä0,EF…

along G-K

Before discussing the ARPES experiments of Ref. 13,
describe the character ofAB(ki ,k'50,EF) @from here on-
ward this is denoted byAB(ki ,EF) for simplicity of nota-
tion# ~Ref. 36! in Ni0.90Fe0.10 and Ni0.80Fe0.20 with the help of
Fig. 4. Note that the ARPES measurements of Ref. 13 w
designed to investigate the nature of spin-resolved state
the Fermi level as one moves along theG-K direction in the
BZ. This was accomplished by arranging the experimen
parameters of photon energy and the momentum and en
of the emitted electrons appropriately. Our theoretical ana
sis is based on the computed spectral densityAB(ki ,EF) as a
function ofki along@011# with E fixed atEF and reproduces
the experimental conditions of energy and momentum of
initial states correctly. On the other hand, matrix elem
effects in the ARPES spectrum37 are not described properl
by AB(ki ,EF); these effects in general alter the intensities
peaks inAB(ki ,EF) and in some cases suppress spec

TABLE II. Computed magnetic moments~in mB) as a function
of x in Ni12xFex . The total~average! magnetic moment in the uni
cell is decomposed into contributions from Fe and Ni muffin-
spheres and from the interstitial region.

x Fe Ni Interstitial Total

0 2.61 0.65 20.020 0.63
0.1 2.59 0.65 20.019 0.82
0.2 2.57 0.65 20.019 1.02
0.5 2.54 0.71 20.020 1.61
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transitions altogether via selection rules. Nevertheless,
expect the positions and widths of the peaks in the ARP
spectra to be given reasonably well byAB(ki ,EF) for our
purpose of understanding the spin-dependent disorder s
tering in the alloy, effects of selection rules notwith
standing.38

Figure 4 shows the theoretical spectral densityAB(ki ,EF)
along@011# for ukiu values over the range 0 –1.9 Å21. Con-
sidering Fig. 4~a! for Ni0.90Fe0.10 first, we see three peaks
The central peak at 1.062 Å21 is very sharp and is relate
to the states in the alloy arising from the effective major
spinS1 bands for Ni and Fe of Fig. 1, which coalesce into
single peak in the alloy@the relevant parts of Fig. 1 ar
reproduced in Fig. 4~b! for convenient reference#.39 On either
side of this up-spinS1 peak, there are broad peaks
0.816 Å21 @full width at half maximum (FWHM)
50.08 Å21] and 1.706 Å21 (FWHM50.20 Å21).
Comparison with the band structures of Fig. 4~b! reveals that
the leftmost of the peaks should be ascribed to the st
originating in the alloy mainly from the minority spin NiS1
band which intersects the Fermi level; similarly, the peak

FIG. 4. Computed spectral density functionAB(ki ,k'50,EF)
in Ni0.90Fe0.10 and Ni0.80Fe0.20 whenE is fixed at the Fermi energy
EF and ukiu is varied along the@011# direction in the BZ. The
arrows refer to majority (↑) and minority (↓) spin peaks discusse
in the text. Two panels in the middle~b! show a blowup of the
effective Ni ~solid circles! and Fe~open circles! bands of Fig. 1
along theG-K direction in the vicinity ofEF ~shown by the dashed
line!; the symmetry labels of various bands aroundEF are marked
~Ref. 39!.
6-5
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MIJNARENDS, SAHRAKORPI, LINDROOS, AND BANSIL PHYSICAL REVIEW B65 075106
the right arises primarily from the minority spinS2 band of
Ni. We emphasize that the precise positions of the peak
Fig. 4~a! do not ~and need not! match theki points of inter-
section of specific bands~at EF) involved because thes
states will interact and mix and will thus be modified to yie
the alloy spectrum.

Figure 4~c! considers similar results for the spectral de
sity function atEF for Ni0.80Fe0.20. Again, three peaks ar
found of which the central one~at 1.056 Å21) is due to the
majority spins, while the two others~at 0.762 Å21 and
1.594 Å21) are from minority spins. Some of the precedin
discussion of Fig. 4~a! for Ni0.90Fe0.10 is applicable here and
need not be repeated. Interestingly, comparing the lower
nority peak atukiu'0.8 Å 21 in Figs. 4~a! and 4~c!, the ef-
fect of the Fe impurities is more apparent; the line shape
this feature is more skewed in Fig. 4~c! as the spectral weigh
of the Fe states grows in the 20% alloy. Despite the fact
every state in the alloy involves a mixture of Ni and F
states, the central peak is dominated by majority spin NiS1
electrons, although these are in a practical sense quite in
tinguishable from majority spin FeS1 electrons. On the
other hand, the lower minority spin peak in Figs. 4~a! and
4~c! contains contributions from NiS1 and FeS2 electrons
which are separated inki , but because the Fe part is qui
broad and possesses relatively small weight, the net effe
to cause the aforementioned skewing of the peak rather
the appearance of a distinct additional peak in the spec
density. In this vein, the right-hand peak is largely compo
of Ni S2 minority states with some background contributi
from tails of other nearby levels as they are broadened u
alloying.

Consistent with our earlier observations, Fig. 4 imme
ately makes it clear that the majority electrons of Ni~giving
rise to the central peak! see little disorder scattering when F
impurities are added, while the minority spins experien
quite large damping. In connection with the widths of t
peaks inAB(ki ,E), it is important to note thatAB(ki ,E) can
be displayed as a function ofukiu with E fixed or, alterna-
tively, as a function ofE with ukiu fixed. In either case the
finite peak widths reflect the disorder-induced smearing
states and thus possess the same physical origin. How
the peak widthdk ~for fixed E) is related to the correspond
ing width dE ~when k is held fixed! via dk;dE/vk where
vk5]E/]k is the appropriate group velocity. These effec
are properly accounted for in the theory in obtaining t
results of Fig. 4.

2. Comparison with high-resolution ARPES spectra

We are in a position now to make direct contact with t
ARPES spectra from Ni0.90Fe0.10 and Ni0.80Fe0.20 with refer-
ence to Fig. 5 and Table III. For this purpose, Fig. 5 sho
the spectral functions of Fig. 4 except that these have n
been broadened to reflect experimental resolution; moreo
the data are plotted over the momentum range
0.6–1.3 Å21 over which the experimental spectra of Re
13 were measured. The upper~minority! peak of Figs. 4~a!
and 4~c! is thus not shown in Fig. 5. We have, however, do
so purposely since in the experimental geometry emplo
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by Ref. 13, selection rules only allow transitions from initi
states ofS1 symmetry. Transitions from other initial state
such asS2 or S4 are forbidden.40 Notably, an examination of
the shape of theexperimentalARPES peaks, especially o
the majority spin peak which in view of its significants-p
character and ensuing smalld is resolution limited, indicates
that these peaks are reasonably well described by a Lor
zian. Accordingly, the results of Fig. 5 involve a convolutio
with a Lorentzian resolution function of FWHM
50.0380 Å21 for the 10% alloy and of FWHM
50.0285 Å21 for the 20% alloy.41

Table III collects the positions and widths of the majori
and minority spin peaks in Fig. 5, together with the cor
sponding experimental values from the ARPES data of R
13. The agreement between theory and experiment with
spect to the widths of peaks is remarkably good in all cas
The fact that the experimental majority peak is resolut
limited indicates that the majority spin electrons see lit
disorder scattering as predicted theoretically. For the min
ity electrons, the computed widths of 0.12 Å21 and
0.22 Å21 for the 10% and 20% Fe, respectively, are
excellent accord with the experimental widths of 0.10 Å21

FIG. 5. Theoretical spectral intensities in Ni0.90Fe0.10 and
Ni0.80Fe0.20 for emission fromEF as ki is varied along the@011#
direction over aki range appropriate for analyzing the ARPES spe
tra of Ref. 13. The spectra have been broadened to reflect ex
mental resolution. Arrows identify features arising from major
(↑) and minority (↓) spin electrons.
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TABLE III. Theoretical majority (k↑) and minority (k↓) spin peak positions and widthsdk↑(↓) ~FWHM!
in Ni12xFex based on the theoretical data of Fig. 5 are compared with the corresponding experimental
taken from Ref. 13. The exchange splittingsDkexch[k↑2k↓ are listed. Theoretical results have been bro
ened to reflect experimental resolution. All entries are in Å21 units.

Theory Experiment
x k↑ k↓ Dkexch dk↑ dk↓ k↑ k↓ Dkexch dk↑ dk↓

0.10 1.062 0.816 0.246 0.04 0.12 1.05 0.92 0.14 0.04 0.
0.20 1.056 0.762 0.294 0.03 0.22 1.05 0.92 0.14 0.03 0.
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and 0.22 Å21.42 These results leave little doubt that th
observed lifetimes of the majority and minority spin ele
trons in the Ni-rich Permalloys can be explained quant
tively as a simple consequence of disorder scattering.

Insofar as the Fermi surface radii given by the peak po
tions (k↑ andk↓) are concerned, we see from Table III th
the measuredk↑ values are in reasonable accord with t
theoretical values, although the slight predicted decreas
the radius from 1.062 Å21 to 1.056 Å21 to account for
the depleted electron count in going from the 10% to
20% concentration would be difficult to observe within t
experimental resolution. On the other hand, the compu
minority radii k↓ are systematically smaller than the expe
mental values. As a result, the theoretical exchange split
is larger than the measured values. This discrepancy is
known in Ni and reflects the inadequacy of the LSD in th
regard. In this connection we have carried out a numbe
simulations in which the size of the exchange splitting in
was varied by changing the minority potential in anad hoc
manner. The widths of the peaks in the spectral funct
were, however, found to be insensitive to such variatio
indicating that the theoretical results of Table III are robus
this regard.

IV. SUMMARY AND CONCLUSIONS

We have carried out fully charge and spin self-consist
all-electron KKR-CPA-LSD computations in Ni12xFex disor-
dered alloys forx50.10,0.20,0.50 and thecase of a single
Fe impurity in Ni ~i.e., x50). Otherwise, the results ar
parameter free except that the lattice constants were no
tained by minimizing the total energy. Recent high-resolut
ARPES experiments of Ref. 13 on Ni0.90Fe0.10 and
Ni0.80Fe0.20 Permalloys are analyzed in some detail. For t
purpose, the spectral density functionAB(ki ,k'50,EF) is
computed in the alloys from the KKR-CPA Green functio
for ukiu values varying along theG-K direction in the BZ in
order to properly describe the geometrical setup of
ARPES experiments. The widths of the majority as well
the minority spin peaks in the theoretical spectra are in
cellent accord with the corresponding widths of the ARP
peaks in both the 10% and the 20% Fe alloy. This sugg
that spin-dependent disorder scattering constitutes the m
scattering mechanism for the carriers in the Permalloys
that this physics is captured reasonably well by the pres
07510
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theoretical framework. Majority spin states of Ni are virt
ally undamped by Fe impurities, while the minority spins
the Fermi level are heavily damped.

The nature of the Ni and Fe potentials in the Permalloy
explored in detail. For the majority spins the Ni and Fe p
tentials are nearly the same, while for the minority spins
two potentials differ greatly. In this connection, a set of e
fective magnetic energy bands is computed by placing
self-consistent KKR-CPA potentials for Ni and Fe in the a
loy on a hypothetical fcc lattice. These ‘‘bands’’ yield con
siderable insight into the behavior of the alloy spectrum
allowing an easy visualization of the effective disorder p
rameterd, whose values differ greatly for the minority spin
at differentki points in the BZ and, even at a givenk point,
d depends strongly on the spin and symmetry of the sta
involved. We describe the evolution of the electronic sta
and magnetic moments on the Ni and Fe sites as a func
of Fe concentration. The majority spin densities of states
essentially unchanged upon alloying, but the minority s
densities undergo substantial changes and display cons
able broadening in the alloy. The magnetic moment on Fe
well as Ni sites remains essentially unchanged with incre
ing Fe content as a result of an interplay between the mo
ments of spectral weights of bonding and antibonding sta
on the one hand and the effect of broadening of mino
levels in the alloy due to disorder scattering on the oth
Further ARPES studies of magnetic alloys along these li
would prove worthwhile for establishing not only the ran
of validity of the present KKR-CPA-LSD approach but als
for clarifying the nature of the disorder parameter in vario
interesting cases.
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