
PHYSICAL REVIEW B VOLUME 42, NUMBER 3 15 JULY 1990-II

Electronic structure of NiA1

S.-C. Lui
Laboratory for Research on the Structure of Matter, Uniuersity of Pennsylvania, Philadelphia, Pennsylvania 19104

J. W. Davenport
Department ofPhysics, Brookhauen National Laboratory, Upton, New York 11973

E. W. Plummer
Laboratory for Research on the Structure ofMatter, Uniuersity ofPennsyluania, Philadelphia, Pennsylvania 19104

D. M. Zehner
Solid State DiUision, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

G. W. Fernando
Department ofPhysics, Brookhaven National Laboratory, Upton, New York 11973

(Received 14 December 1989; revised manuscript received 3 April 1990j

The valence-band structure of nickel aluminum was measured by use of angle-resolved photo-
emission with synchrotron radiation and calculated using the local-density approximation. The
overall agreement between theory and experiment is remarkably good —much better than for pure
nickel. This means that the "self-energy" corrections are significantly less in NiA1 than in pure
nickel. The core-level binding energies in NiAl are compared experimentally and theoretically with

the equivalent levels in Ni and Al. Surprisingly, the Ni core shifts to higher binding energy and the
Al to lower as if charge were transferred from Ni to Al —opposite to the direction predicted from

electronegativity. These observations are discussed in terms of bonding in NiA1.

I. INTRODUCTION

The purpose of this paper is to present an experimental
and theoretical study of the electronic structure of
nickel-aluminum. NiA1 is one of the simplest metallic
compounds —it crystallizes in the CsC1 structure, which
consists of two interpenetrating simple-cubic lattices. It
has a relatively large heat of formation, 0.61 eV/atom, '

so that single crystals of different orientations are rela-
tively easy to prepare. Since it is formed from two ele-
mental metals whose electronic properties measured by
photoemission have been very well studied, ' the effects
of compound formation on the electronic states can be
readily isolated. Aluminum is one of the classic examples
of a nearly-free-electron metal and its electronic structure
can be understood in terms of plane waves and a simple
pseudopotential. Nickel is a classic example of a transi-
tion metal whose electronic structure consists of a rela-
tively narrow 3d band crossing and hybridizing with a
nearly-free-electron sp band. The d-band width is =4
eV, which places it on the borderline between "extended"
and "localized" behavior (though these terms are not pre-
cisely defined). For example, the photoelectron spectra of
pure nickel show a pronounced narrowing (relative to
band-structure calculations ' '

) and a "two-hole satel-
lite" feature, ' ' which are indicative of strong, on-site
Coulomb interactions. ' The nickel is, of course, fer-
romagnetic and has a Curie temperature of 627 K,"
while NiAl is nonmagnetic' (Ni3AI is, however, fer-
romagnetic' ' ). While the lattice constant, magnetic

moment (0.56ptt/atom), and the Fermi surface of nickel
can all be understood in terms of a band picture, the Cu-
rie temperature (which is much smaller than the ex-
change splitting) and the nature of the electronic struc-
ture above the Curie temperature are still not under-
stood.

Since the nicke1 atoms in NiA1 are farther apart than
in pure Ni, the d states should be more localized and the
d band should be narrower. However, NiA1 is a good
metal which should be describable by a band theory. In
fact, we will show that the difference between the calcu-
lated and measured bands is significantly less than in pure
Ni, indicating that correlation effects not included in the
local-density approximation are less important (even
though the bands are narrower). We attribute this
difference to the filling of the d band and to the fact that
filled bands are better described in a band theory than
partially filled ones. ' Both the x-ray- and uv-
photoemission results' as well as early band-structure
calculations ' show that the Ni d band in NiA1 is filled
and that the density of states at the Fermi level is low.
Since the Pauli electronegativity of nickel is 1.9 while
that of aluminum is 1.5, a filled Ni d band would naively
be taken to imply that electrons are transferred from the
Al to the Ni. Actually, both experiment and theory in
this paper point to electron transfer from nickel to alumi-
nurn. The filling of the d band is supported in our calcu-
lations by an increase in the d population upon going
from Ni to NiA1. However, there is a larger transfer
among the sp electrons from the opposite direction (i.e.,
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from Ni to Al), leading to a net transfer from nickel to
aluminum. This is consistent with the observed core-
level shifts, which are in the direction of larger binding
energy for the nickel and smaller binding energy for the
aluminum. Shifts to the lower binding energy are usually
attributed to an increase in electron number at a site
which increases the Coulomb repulsion with the cores
and reduces the binding energy.

The calculated band structure is shown in Fig. l. The
symmetry at major points is indicated. The energy scale
is relative to EF in units of eV. For bulk NiA1, there are
13 valence electrons per unit cell which fill six initial-state
bands, with the seventh band being partially occupied.
The Fermi surface extends to the second Brillouin zone,
except in the I R direction, where hole pockets develop
around the zone corners. Free-electron-like character of
the initial-state bands is observed both at the bottom of
the band and above the Fermi level. These bands are
made up of mostly Al s and p states. The Ni d bands are
primarily in the energy range between —1 and —4 eV
and there is some p-d mixing in this range. The d bands
of NiA1 lie approximately 1.5 eV below the Fermi level,
illustrating the d-band filling of the alloy. In contrast, the
energy-band structure of Ni, such as that given by Wang
and Callaway, has the Fermi level lying in the region of
high d density of states.

It is obvious that the valence-band structure and the
total density of states of NiA1 are considerably different
from that of Ni. In this paper we shall discuss a detailed

measurement of the valence-band structure of NiA1. By
comparing between the measured and calculated band
structures, we can assess the importance of many-body
effects in this alloy system. Finally, we shall discuss the
bonding of the NiA1 alloy system by comparing the mea-
sured and calculated core-level shifts and illustrate the
significance of p-d hybridization by focusing on a specific
region in the valence-band structure.

This paper is organized as follows. In Sec. II we dis-
cuss the calculational procedure. In Sec. III we give a
description of the experimental apparatus and sample
preparation. A brief discussion on the use of angle-
resolved photoemission to measure bulk band dispersion
is given in Appendix A.

In Sec. IV we present the bulk band structure and
Fermi-surface measurements. The bulk and surface Bril-
louin zones of low-index surfaces are given in Appendix
B. A detailed description of the data-analysis procedure
is presented in Ref. 27. In Sec. V we discuss the many-
body effects and the bonding mechanism of this alloy sys-
tern. Conclusions are given in Sec. VI and a discussion of
spin-orbit splitting is given in Appendix C.

II. CALCULATIONAL PROCEDURE

The calculations reported in this paper have been per-
formed using the linear-augmented Slater-type-orbital
method (LASTO). This is a technique for solving the
Schrodinger equation in which a Bloch sum of Slater-type
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FIG. 1. Calculated bulk band structure of NiA1.
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orbitals is used to span the space between atoms and a
numerical basis set is used to span the space near the
atomic nuclei. The Slater-type orbitals have the form

P(r) =r" ' exp( gr)—Yi

where Fl is a spherical harmonic and the g's are chosen
to minimize the total energy of the metallic elements.
The technique has been previously applied to the 5d me-
tallic elements, many Sd-Sd alloys, and Cu3Au. The
main difference from previous work is that the full poten-
tial was used so that there were no shape approximations
made to the density and potential. The technique is de-
scribed in detail elsewhere, ' but basically follows the ap-
proach used in the full-potential linear-augmented-plane-
wave method as described, for example, by Weinert.
For the present calculation, a basis set called "double g
plus polarization functions" was used. This included 3s,
3p, 4s, 4p, and 3d functions on the aluminum, and 3d, 4s,
4p, 4d, 5s, Sp, and 4f functions on the nickel. This leads
to a 38X38 secular matrix. The g's are listed in Table I.
The lattice constants were taken to be the experimental
ones, i.e., a~ =3 ~ 52 A Q~] =4.05 A, and ag'gI =2.88 A.

The Brillouin zone was sampled at 35 special k points,
and the density and potential constructed by broadening
and partially occupying the levels near the Fermi level.
For calculations of pure Ni and Al (in the fcc structure),
the same basis sets were used, but 110k points were sam-
pled in the irreducible wedge of the Brillouin zone.

To construct a density of states, each eigenvalue was
broadened with a Gaussian with a full width at half max-
imum of 0.25 eV. The heat of formation is obtained by
taking the difference in total energy of the NiA1 and the
sum of the energies of Ni and Al. The result is —0.79
eV/atom. This should be corrected by +0.04 eV/atom
to account for the fact that our calculation on fcc nickel
was nonmagnetic. Therefore the actual heat of formation
is —0.75 eV/atom. This is in good agreement with the
calculations of Williams et al. (

—0.74 eV/atom), but is
larger than the experimental value —0.61 eV/atom. The
discrepancy with experiment is typical of the local-
density theory, which tends to overestimate bond ener-
gies.

The density of states of NiA1 is shown in Fig. 2, where
it is compared with that of fcc nickel and also simple-
cubic (sc) nickel with the lattice constant equal to that of
NiA1. The large peak in each case is identified with the
predominantly Ni d band. According to the moment
rules, one expects the bandwidth to vary as &z t, where
z is the number of like neighbors and t the average hop-
ping integral. t is expected to vary like R, where R is
the Ni-Ni distance. Using the lattice constants quoted
earlier, the ratio of the bandwidths should therefore be
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A crude estimate from the density-of-states plot (Fig. 2) is

Wz; —5.6 eV, while for sc nickel W~; is -2.0 eV, lead-
ing to a reduction which is close to the predicted value.
For NiA1 the bandwidth is -2.9, significantly larger
than for sc nickel, indicating the importance of
Al p —Ni d hybridization.

III. EXPERIMENTAL PROCEDURE

The angle-resolved photoemission experiments were
carried out at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory using radia-
tion from the 750-MeV VUV storage ring. The radiation
was dispersed by a dual toroidal-grating monochromator
yielding photons in the 10&Ace&120 eV range. Elec-
trons were energy-analyzed with a hemispherical electro-
static analyzer having an acceptance angle of +2'. De-
tails of the angle-resolved analyzer and experimental
chamber were described elsewhere. The bulk band
structure of NiA1 was measured in the photon-energy
range 12—120 eV. The combined instrumental resolution
(photon and electron) is =130 MeV for Ace(35 eV and

BINDIN G ENERGY (ev)

FIG. 2. Calculated total density of states of face-centered-
cubic Ni, NiAl (CsC1 structure), and simple-cubic Ni.

TABLE I. Zeta values.
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3d

1.0
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IV. EXPERIMENTAL RESULTS

A. Dispersion

The bulk Brillouin zone of NiA1 is simple cubic, as
shown in Fig. 3. The six symmetry directions in the irre-
ducible wedge of the Brillouin zone are three from the
zone center (I ) to the zone boundary and three along the
zone face. Dispersion of bulk bands along I R, I M, and
I X directions can be obtained by collecting photoemitted
electrons normal to the surface using the (111),(110), and
(100) faces of NiA1, respectively. Off-normal-emission
measurements are done to obtain dispersions of bulk
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FIG. 3. Unit cells of NiAl in real and reciprocal spaces.

increases linearly with photon energy to =300 meV at
A'co =60 eV.

The data presented in this paper were taken from the
three low-index surfaces —(100), (110), and (111)faces-
of NiA1. All three crystals were cut from the same NiAl
ingot, which has a composition of 50.6+2.0 at. %%uoA1.
This composition was determined by Paschen optical-
emission spectroscopy and the use of standard solutions.
In addition, spark-source mass spectroscopy was invoked
to ensure that there were no major impurities in the sam-
ple (total (100 ppm weight concentration). The NiA1
crystals were cleaned by neon-ion bombardment (1-keV
Ne+, 7—8 IMA/cm ). Since Al atoms were preferentially
sputtered, annealing was necessary to restore and repro-
duce a well-ordered surface with a (1X1) low-energy
electron diffraction (LEED) pattern. The sputtered sam-
ples were annealed to 950'C for (100) and to 850'C for
(110) and (111). The Ni(2p)-to-Al(ls) Auger-peak-height
ratio was measured for each crystal prior to the photo-
emission experiment. The Ni-to-Al Auger-peak-height
ratio was found to be 2.86, which corresponds to an aver-
age surface stoichiometry of 50:50. Initial cleaning of
each crystal took from 6 to 10 h to sputter off the surface
oxide layer. The typical operating pressure of the angle-
resolved chamber was (1—2) X 10 ' Torr. During the
course of the experiment, the (111) and (100) crystals
were repeatedly cleaned at 30—60-min intervals due to
oxygen buildup. The (110) crystal, however, stayed clean
for up to 3 h. The cleanliness of the surface was moni-
tored by the appearance of the 0 2p peak at 6—7 eV
below the Fermi level.

bands along XM, MR, and XR. The binding energies for
bands at high-symmetry points, for example, the R point
at the zone corner, can be obtained from normal emission
along I R using NiA1(111) or from off-normal-emission
measurement along MR and XR using NiA1(100) and
NiA1(110), respectively. Thus, the two different measure-
ments (normal and off-normal) can serve to cross-check
the energies obtained for high-symmetry points. A brief
discussion on the use of angle-resolved photoemission to
measure bulk-band dispersion is given in the Appendix
A. Appendix B presents figures showing the relationship
between the two-dimensional surface Brillouin zone
(SBZ) and the three-dimensional bulk Brillouin zone.
These figures are used to determine which part of the
bulk band can be measured. Details of the measurements
and an in-depth description of the measurement pro-
cedure along I R, I M, and I X and MX can be found in
Ref. 27.

Energy-distribution curves (EDC's) as a function of
photon energy taken normal to the (111) surface are
displayed in Fig. 4. In this measurement the band struc-
ture from I to R is measured, i.e., the A bands (Fig. 1).
An arrow indicates a peak in the EDC that is associated
with a bulk band of AI (solid curve) or A3 (dashed curve)
symmetry. Hatched peaks are surface features associated
with the (111) face. The variations in energy positions
of the A& and A3 bulk peaks as a function of photon ener-

gies can be plotted to show the initial-state dispersions,
and the binding energies of high-symmetry points can be
determined directly. The band structure along I R has
been constructed from the photoemission data with the
use of free-electron final bands.

Figures 5 and 6 depict the occupied band structure of
NiA1 obtained from photoemission data like those
displayed in Fig. 4 for the high-symmetry directions. The
dispersions shown are for the energy range of the occu-
pied d-band region. Solid lines are the calculated bulk
dispersions reproduced from Fig. 1. The values of the
I,2 and I 2, symmetry points measured from three
different crystals are found to be within +0.05 eV. The
reproducibility of the data is strong evidence that the ex-
perimental procedure is correct. In Fig. 6(a) two sets
of symbols are used to separate data points collected by
normal and off-normal emission. The 6, 0, and X
denote data obtained from normal emission, while A, 0,
and ~ denote data obtained from off-normal emission.

The measured and calculated binding energies at high-
symmetry points are compared in Table II. The calcula-
tional results we have chosen for comparison with mea-
surements include two muffin-tin schemes [augmented
plane wave (APW) and Korringa-Kohn-Rostoker
(KKR)], a recent pseudopotential scheme, and our fuli-
potential schemes, all carried out to self-consistency. The
first column in Table II gives the measured binding ener-
gies of the high-symmetry points. The error bounds
represent several combined factors, including instrumen-
tal resolution, errors in assigning peak energies, and un-
certainties in the determination of the Fermi level at
higher photon energies (%co & 60 eV). The second column
presents energy eigenvalues from a 1977 APW band cal-
culation by Nagel. Column 3 presents the results of a
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1988 pseudopotential band calculation by Kang.
Column 4 gives the band energies obtained from the 1974
KKR calculation of Moruzzi et al. The last column
presents eigenvalues obtained from our full-potential
LASTO calculation. The comparisons between theory
and experiment will be discussed in Sec. V and are sum-
marized as follows.

(1) The overall agreement of photoemission measure-
ments with results of full-potential band calculations for
band dispersions are remarkably good. For example, the
calculation closely reproduces the dispersion of the X&

band from I 25 to M5.
(2) More quantitative comparison shows a systematic

discrepancy between theory and experiment. The mea-
sured dispersions of all the bulk bands displayed in Figs.
5 and 6 and the binding energies at high-symmetry points
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FIG. 6. Comparison between measured and calculated
initial-state dispersions: (a) Along I M. 6, o, and X denote
data obtained from normal emission from the X1, X4, and X3
states, respectively, while L, , 0, and ~ denote data obtained
from off-normal emission from the X„X4,and X, states, respec-
tively. (b) Along I A. The 0's denote data obtained from the

A3 state, while X 's denote data obtained from the A
&

state. The
D's are not associated with any specific bands (see Ref. 27).
Horizontal lines indicate energy positions of surface states.
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are shallower than those obtained from the calculation.
The differences between measurement and theory are due
to many-body effects and can be treated as the real part
of the self-energy (in fact this defines the self-energy).
The comparison with Ni wi11 be discussed in Sec. V.

(3) Intrinsic surface states with well-defined symmetry
were found in both the (110) and (111) faces of NiAl.
Their energy positions are indicated by horizontal lines
drawn across the zone. Comparison between the mea-
sured and calculated surface band dispersions have been
published elsewhere. ' For the (100} face, however, a
feature at —0.72 eV was found [indicated by b, along I'X
in Fig. 5(a)], which is probably an extrinsic surface state
without a well-defined symmetry.

B. Fermi-surface determination

The Fermi surface of NiA1 has been obtained from
band calculations by Nagel. However, the shape of the
Fermi surface has not been measured experimentally. In
this subsection we present the projection of the Fermi

surface of NiA1 in a (100) plane of the bulk Brillouin zone
measured by photoemission. Since the upper 5, band
(the seventh band) was found to have a strong transition
across the Fermi level away from I, we used this band to
illustrate how we can measure the Fermi surface of a
(100) plane.

To begin the measurement, the crystal was oriented
such that A~~I X (see Appendix B). Using s-polarized
light and moving the analyzer to the zone boundary (X of
the SBZ}, the transition of the 6, band was found to be
very strong at a photon energy of 16 eV. This photon en-

ergy was found to connect the initial state at X& to the
final state at X~. The EDC's in Fig. 7 show the disper-
sion of the b

&
band with k~~. The 5& band has a binding

energy of 0.50 eV at X, (k~~ =1.088 A ') and disperses

up towards the Fermi level. The inset contains a plot of
the dispersion of this free-electron-like band with m *= 1.
Moving the analyzer collection angle back towards I, the
Fermi-level crossing of the 6& band was observed at
k~~=0. 74+0.02 A '. This measurement gives point A of
the Fermi-surface cross section shown in Fig. 8. Owing

TABLE II. High-symmetry points in the NiAl band structure.

Symmetry
points

I2s

R)q

R2s

Ms

Ms

M)

M3
XI

X3

Xs

X2

Xl

X4

Experimental
value

11.0+0.20 (110)

2.72+0.10

1.44+0.10

0.91+0.10 (111)
0.88+0.20 (100)

3.50+0.15 (111)

0.85+0.20 (100)

1.75+0.15 (110)
1.76+0.10 (100)

2.80+0.30 (100)

3.35+0.40 (100)

0.47+0.15 (111)
0.50+0.10 (100)

1.28+0.10 (100)

1.88+0.15 (111)
1.89+0.10 (100)

2.32+0.15 (111)

APW
(Nagel)'

10.87

3.29

1.51

1.02

3.99

1.05

2.02

2.71

3.33

5.20
0.63

1.41

2.18

2.81

6.54

6.75

Pseudopotential
(Kang)b

11.12

3.19

1.52

0.95

4.04

0.97

2.06

2.92

3.38

5.26
0.63

1.42

2.21

2.70

6.79

6.97

KKR
(Moruzzi)'

10.88

3.38

1.61

1.15

1.18

2.11

2.73

3.40

5.20
0.74

1.53

2.27

2.92

6.58

6.74

LASTO
(this work)

10.74

3.02

1.49

0.97

3.88

1.00

1.98

2.71

3.19

5.11
0.66

1.42

2.15

2.48

6.49

6.70

'Reference 23.
Reference 39.

'Reference 22.

2.97

14.2

3.09

18.8

2.89

11.2

2.91

11.9
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where Vo is the inner potential. Since E; =0 at the Fermi
level and k~I does not change appreciably from the previ-
ous value, Eq. (3) gives ki=0. 80+0.02 A ' at point B.
The Fermi cross section displayed in Fig. 8 is from the
second zone since the 6, band measured is an initial-state
band folded back from the second Brillouin zone. The
two-dimensional (2D) cross section of the Fermi surface
in Fig. 8 shows a hole pocket at the center of the zone,
with the occupied electron states in the hatched region.
The measured Fermi surface obtained in this experiment
is found to be in good agreement with that calculated by
Nagel. 23

V. DISCUSSION

A. Bandwidth

5.3'
.74

I I I I

—5 -4 -3 -2
INITIAL —STATE ENERGY (eV)

3.9'
0.70

FIG. 7. Photoemission spectra as a function of kII showing
the dispersion of the 51 band. The inset shows that the disper-
sion of the 61 band is free-electron-like with m *= 1.

X M
X~X///~XMp

By'

to the high symmetry of the cubic Brillouin zone, we only
need to determine the Fermi surface in —,

' of the zone, and
the Fermi surface of the (100) plane can be generated by
symmetry operations. In Fig. 8 the Fermi surface was
determined by changing k~, i.e., by increasing the photon
energy from 16 eV and by changing the analyzer collec-
tion angle slightly, such that we could follow the Fermi-
level crossing as the photon energy was increased. Point
8 in Fig. 8 was found at %co=25 eV. The kj at this point
is obtained by a simple relationship using the free-
electron-band model,

~Ec —~Em
(100%),hE

(4)

It is now accepted that there will be differences be-
tween the calculated band structure and that measured
by photoemission. For example, the most famous case is
Ni, where the experimental bandwidth is 30% narrower
than the calculation. ' ' ' ' The difference is due to the
correlations between 3d electrons not included in the
local-density approximation, and the fact that these cal-
culation schemes are, in principle, restricted to the
ground state. The magnitude of the discrepancy between
theory and experiment for NiA1 will indicate how impor-
tant many-body effects are in this alloy system. A mea-
sure of the importance of these many-body effects can be
obtained from the published data on Ni. If the d-band
width is defined as the energy separation between the L,
point and the Fermi energy, then the experimental d-
band width is -3.4 eV, and theories predict -4.5
eV. ' In NiA1 the situation is slightly different in that
the d band is filled. In order to facilitate a comparison of
the bandwidth with Ni, the energy difference between
R i2 and R2&. is used to define a d-band width in NiA1 [see
Figs. 1 and 6(b)]. Experimentally, the d-band width
defined in this manner is 2.6+0.25 eV, while the theoreti-
cal bandwidth is 2.9 eV. The discrepancy in NiA1 is
much smaller than in Ni.

The percentage of d-band narrowing, Ad, is calculated
as

m////Wz~l
M

electrons 1 I boles

FIG. 8. Fermi-surface cross section of NiAl from the second
zone. Electrons are filled around the perimeter and there is a
hole pocket at the zone center.

where bE, =E,(R ~) 2E,(R,2) and b—E =E (Rz, . )

E(R,2 ). —
E, is the calculated eigenvalue of a high-symmetry

point and E is the measured binding energy of that sym-
metry point. With this definition, 6d calculated for NiA1
is given at the bottom of Table II for each theory. Both
the full-potential and KKR calculations give a d-band
narrowing of 12%. After discussing self-energy in the
next subsection, we wi11 return to this observation.

The d-band width can be estimated from the inter-
atomic distances. According to the moment rules dis-
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cussed in Sec. II, the bandwidth of Ni is expected to be
approximately 2.9 times larger than that of NiAl. A
crude estimate from the density-of-states plot given in
Sec. II is 8'N;-5. 6 eV and O'N;A~-2. 9 eV, leading to a
ratio of 1.9. This suggests that the distance variation of t
is less rapid than R, and further suggests that hybridi-
zation between Ni d and Al p orbitals is important. Wat-
son et al. also quote reduction of the R dependence
for transition metals due to hybridization.

B. Self-energy

Photoemission measures the excitation spectra of the
solid. The finite width of a spectral feature, its detailed
shape, its overall strength, as well as its precise energy
position are all influenced to varying degrees by dynami-
cal interactions which are not contained in the
independent-particle model. Because of the dynamical
interactions between the hole left behind and the sur-
rounding electrons in the excited state, the electronic
structure of a periodic solid measured by photoemission
is referred to as the "quasiparticle band structure. "
Therefore, a fully quantitative analysis of experimental
data cannot be achieved solely on the basis of the one-
electron picture, which is generally used to calculate the
ground-state properties of solids. The corrections to the
single-particle band structure due to these many-body
effects are referred to as "self-energy" corrections.

Qualitatively, the difference between the measured and
calculated band energies can be taken as a measure of the
real part of the self-energy. Figure 9 shows a plot of the
differences between the calculated high-symmetry-point
energies (E, ) and the measured energies (E ) as a func-
tion of E . In this figure, comparisons made with the
full-potential calculation are indicated by symmetry la-
bels such as I,2, I z5, M„R,z, etc. Comparison with the
APW and pseudopotential calculations are marked by

NIAI
I I I

I2X(etc LASTQ
~ I

PSEUDOPOTENTIAL
o APW

symbols. The dashed line is an overlaid plot of
(E, E—)/2 versus E for pure Ni. The data for Ni are
taken from Eberhardt and Plummer and are compared
to the theory of Wang and Callaway. Note that the re-
sults for Ni are scaled down by 60%. Figure 9 shows that
the discrepancy between theory and experiment follows
the same trend for both Ni and NiA1. The largest deriva-
tion occurs around 3.0 eV in the d-band region. The im-
portant observations are the following. (1) The self-
energy correction is considerably smaller in NiA1 than in
pure Ni. (2) This correction also has the same energy
dependence. (3) The measured binding energy of the Ms
symmetry point is larger than that obtained from calcula-
tion, and E, —E is negative; this could be some interest-
ing k-dependent self-energy, but is more likely an experi-
mental problem. The first observation means that the d
hole in NiA1 is more delocalized and that the self-energy
correction arising from the Coulomb interaction between
two d holes is reduced. The delocalization of the d hole
is a consequence of the following factors. (1) The d band
of Ni is filled. In Ni the Fermi level falls into the region
of high d density of states; the hole created by the excita-
tion interacts with the holes in the unoccupied part of the
d band. ' ' This interaction leads to strong many-body
effects and gives rise to the appearance of satellite struc-
ture in the Ni 3d valence band as measured by photoemis-
sion. ' For NiA1 the Ni d bands are filled. The proba-
bility of being in a two-hole final state is greatly reduced.
This is consistent with the absence of satellite structure in
the valence band and a much weaker satellite structure
in the core-level photoemission spectra of NiA1. (2)
The delocalized Al s,p electrons in NiA1 can screen the d
hole more effectively than in the case of pure Ni. (3) The
p-d hybridization between the Ni d electrons and the Al
s,p electrons makes the d electron less tightly bound to
the Ni core, and the hole created by excitation is more
delocalized. The combined effects of a filled Ni d band,
additional screening by the Al s,p electrons, and p-d hy-
bridization make the d hole in NiA1 more delocalized
and, consequently, the self-energy correction is reduced.

C. Lifetimes
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The self-energy operator is a complex function. The
real part produces a correction to the single-particle band
dispersion and the imaginary part is the width of the
spectral function. These two parts are intimately related.
In this subsection we shall examine the imaginary part of
the self-energy, i.e. , the widths of the hole state (below
the Fermi level) and the electron state (above the Fermi
level).

In angle-resolved photoemission the widths of the ob-
served interband transitions in (E, , k) are directly related
to the widths of the corresponding hole and electron
states. For an observed Lorentzian spectral distribution
with a width I, the inverse hole and electron lifetimes as
a result of the interband transition for normal emission
are given by the following equation,

FIG. 9. Plot of the energy discrepancy {E,—E } as a func-
tion of the measured binding energy, E
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where V, =BE; /Bki and Vf =BEf/Bki are the group ve-

locities of the initial and final states perpendicular to the
surface, E,. and Ef are initial- and final-state energies, and
I „(E,) and 1,(Ef ) are the full widths at half maximum
(FWHM's} of the Lorentzian spectral distributions of the
hole and electron states.

The energy broadening caused by the finite lifetime of
an excited photoelectron can be estimated by measuring
the intensity variation with photon energy for an initial
state at the Fermi level. For E; =0 the hole-lifetime
broadening I & is zero and the electron inverse lifetime I,
can be measured directly from the FWHM of the reso-
nant peak with Ace. To obtain an estimate of the electron
inverse lifetime, I „a constant-initial-state (CIS) spec-
trum at the Fermi level (E, =0) was recorded from
A'co= 12 to 47 eV for normal emission along the b symme-
try line. Figure 10 shows that the Fermi-level crossings
of the 5& bands resonate at photon energies of 21 and
38.5 eV, corresponding to two free-electron-like final-

state bands. After background subtraction, the two
peaks in the CIS spectrum can be fitted with Lorentzian
spectral functions. The FWHM was found to be 3.8+0.2
and 6. 1+0.2 eV at %co=21 and 38.5 eV, respectively.

To estimate the average energy-dependent momentum
broadening b,k(E},we need to know the average electron
mean free path 1(E) since hk is given as bk(E) = 1/I (E).
Using the relation I (E}=(BEf/Bki)/I', (E), with

Ef=,",,', (k+G) =3.7 [where G=(2n/a)(1, 0,0) and

G=(2ir/a)(2, 0,0), respectively, for the two final-state
bands], we found that BEf/Bki-20 eVA, for 1,=3.8

eV and BEf/Bki-25 eVA for I,=6. 1 eV. Table III
gives the values of I (E) and b, k(E) for NiA1.

In Fig. 11 the electron inverse lifetime (I, ) of NiA1 is
compared to other metallic elements [Mg (Ref. 49), Zn
(Ref. 50), Al (Ref. 3), and Cu (Ref. 51)]. The two data
points for NiA1 are taken from the width of the Lorentzi-
an spectral function in Fig. 10. Figure 11 shows that,
qualitatively, electron-lifetime broadening is nearly the
same for free-electron metals and for the alloy NiA1, al-
though the electron lifetime of NiAl is slightly shorter.

A measure of the hole inverse lifetime (I i, ) of NiAI is

TABLE III. Electron mean free path and averaged momen-
turn broadening in NiAl.

I,(E)
(eV)

3.8
6.1

BEf leak,
(eV A) (eV}

21
38.5

l(E)
(A)

5.3
4. 1

Ak(E)
(A -')

0.19
0.24

10—

1

+ Mg
Zn
Al

p CU

~ NiAI

given in Fig. 12. Data points plotted in this figure are the
measured peak widths from the photoemission spectra
taken at high-symmetry points in the bulk Brillouin zone
and with the instrumental functions taken out of each
spectrum. The I i is plotted against E/EF to allow for
comparison with the calculated imaginary part of the
self-energy for an electron gas of Hedin using the RPA
(randoin-phase approximation). Data for Al (Ref. 3)
and Ni (Ref. 2) are included for comparison. Since most
of the symmetry points shown in Fig. 12 are in the d-
band region, dispersions near I and near the zone boun-
daries are relatively flat. If we then make the assumption
that V; in Eq. (5) is zero, Eq. (5) can be simplified to give
I = I I, . Near the X& point, the dispersion of the 6& band
is free-electron-like, and additional smearing from hk~l is
expected. This was reflected by a broader Gaussian func-
tion used to fit the Fermi level. The hole inverse lifetime
of bulk states in NiAl is comparable to that of pure Al,
which has approximately the same charge density (r, ).
The data for NiAl can be fitted with a parabolic function
that goes through zero at the Fermi level. Qualitatively,
the damping of holes through Auger decay can be es-
timated from a phase-space argument since the number

0-

(f)
z.'
bJ

z'

t

22
l I t

27 ~2 37 42
PHOTON ENERGY (eV)

0 I I l I I I

0 10 20 30 40 50 60 70 80 90
ENERGY ABOVE EF (eV)

FIG. 10. Intensity of Fermi-energy electrons as a function of
photon energy for normal emission.

FIG. 11. Electron inverse lifetimes (I, ) for NiAl and other
free-electron metals —Mg (Ref. 49), Zn (Ref. 50), Al (Ref. 3),
and Cu (Ref. 51)—as a function of electron energy.
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FIG. 12. Measured inverse hole lifetimes (I z) for NiAl, Ni
(Ref. 2), and Al (Ref. 3) plotted against E/EF. The dashed
curve is the prediction of the RPA calculated for an electron
gas (Ref. 52) with r, =2.

D. Core-level shifts and charge transfer

We have measured the core-level binding energies for
Ni, Al, and NiAl. The values are given in Table IV,

of decay channels increase when the hole is further away
from the Fermi level. In the Auger-decay process, the
probability of a hole being filled near the Fermi level is

=[N(EF)EEj, where N(EF) is the density of states at
the Fermi level and hE is the energy of the hole with

respect to the Fermi level.
The dashed curve shown in Fig. 12 is the prediction by

Hedin calculated for an electron gas with r, =2. A
comparison of the measured and calculated hole lifetimes
shows a very large discrepancy, which should not be
surprising since the real part of the self-energy calculated
using the RPA does not agree with experiment. What is

surely needed at the present time is a procedure capable
of calculating both the real and the imaginary parts of
self-energy including the band structure of the solid.

where it can be seen that as a rule the Ni core levels shift
to larger binding energy while the aluminum core levels
shift to smaller binding energy. As discussed in the In-
troduction, this is opposite to what might have been ex-
pected using simple electronegativity arguments. In or-
der to study these shifts, we compare the measured and
calculated binding energies of the Ni and Al core levels in
NiAl, Ni, and Al.

The binding energies of the core levels were measured
by x-ray photoelectron spectroscopy (XPS). We have
measured both the Ni and Al core levels in pure Ni and
Al and the same core levels for NiA1. Figure 13 shows
two photoemission spectra of the Ni 2p3/p core level, one
from pure Ni and one from NiA1. The difference in the
binding energies (core-level shift, b,E&) of the two peaks
is 0.5+0. 1 eV, the binding energy of the Ni 2p3/2 core
level in NiA1 being larger. A comparison of the core-
level binding energies between NiA1 and Al shows that
the Al 2p3/2 core level in NiA1 is 0.2 eV smaller in bind-
ing energy than in Al.

Theoretically, core-level positions are often partitioned
into initial- and final-state shifts. The initial-state shifts
(which are not measurable) are calculated using wave
functions appropriate for the ground state (i.e., not allow-
ing any final-state relaxation). It has been shown (see
Ref. 53) that the initial-state shifts are given approxi-
mately by the shift in the core-level eigenvalue c;. The
magnitudes of these e's (relative to the Fermi energy) are
also given in Table IV. It can be seen that the changes in
binding energy from the pure metallic element to the
compound agree reasonably well with experiment (and all
have the correct sign), but the magnitude has a large er-
ror. We attribute the error both to neglect of final-state
relaxation and to errors in the local-density approxima-
tion itself.

Shifts to larger binding energy are usually interpreted
as resulting from electron transfer away from a site.
Therefore the core-level shifts can be understood to imply
electron transfer from nickel to aluminum. This is in-
teresting because the Pauli electronegativity of Ni is
greater than that of Al, which would suggest electron

TABLE IV. Measured and calculated core-level shifts (in eV) for NiAl.

Ni core levels

313/z

2J 3/2

2p

Theo r.'

62.6

830.1

847.5

NiAl
Expt.

66.9+0.1

853.3+0.1

870.5+0.1

Theor.

62.3

829.9
847.3

Ni
Expt.

66.5+0.1

852.8+0.1

870.3+0.1

AEq
Theo r.

+0.3'

+0.2
+0.2

Expt.

+0.4
+0.5

+0.2

2P 3/2

2$

Theor. '

64.2

102.2

NiAl
Expt.

72.7+0.1

117.6+0.1

Al core levels

Theor.

64.7

102.7

Al
Expt.

72.9+0.1

117.9+0.1

Theor.

—0.5
—0.5

hEq
Expt.

—0.2
—0.3

aKohn-Sham eigenvalues —present calculation.
hE~ =E~(NiAl) —E~(Ni or Al).

'For reference to other calculations, this number is +0.26.
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K. p-d hybridization

As mentioned previously, the standard picture of bond-
ing in NiA1 relies heavily on the coupling between Ni d
states and Al p states. To illustrate this hybridization,
we have calculated the energy bands along the [111]
direction (I to R) with the matrix elements of the Hamil-
tonian and overlap which couple the d states to the sp

NiAI

865
I

860
I

855 850
BINDING ENERGY (ev)

845

FIG. 13. XPS spectra of the Ni 2p3/7 core level in Ni and in

NiAl. /—25

transfer to Ni. Also, the usual picture of the bonding in
these materials involves strong overlap of Ni d with Al

p orbitals and a concomitant filling of the hybridized "d"
band with, again, electron transfer to Ni.

Our calculations support the idea that electrons are
transferred to Al, although it is always difficult to quanti-
fy charges because they are not precisely defined quanti-
ties. One measure of charge transfer that is well defined
is the charge inside the muffin-tin spheres. By this mea-
sure both Ni and Al gain about 0.1e . The problem is
that there is almost 2e worth of charge in the intersti-
tial region and there is no unique way of assigning that
charge to one site or the other. We have previously used
two separate measures of this interstitial charge —the
Wigner-Seitz charge and a Mulliken-population analysis.
The Wigner-Seitz charge is obtained by expanding the
muffin-tin spheres slightly so that their total volume is
equal to the volume of the unit cell. The charge density
is smoothly extrapolated from inside these muffin-tin
spheres and integrated. In this way we obtain bn (the
change in charge) for Al of +0. 15e (and —0. 15e for
Ni). In this analysis the Ni gains d electrons but loses
more sp electrons. The changes in Mulliken population
show the same trend, but the numbers are an order of
magnitude larger. For Al, hn is + l. le (and —l. le
for the Ni) and, again, the Ni gains -0.1d electron but
loses —1.2 sp electrons.

We do not regard the actual value of the charge
transfer as significant, but instead we take the sign of the
total and d-electron transfer as being consistent with the
filling of the d band and the shift of the nickel core levels
to larger binding energy. We also note that cluster calcu-
lations and some band-structure calculations have been
interpreted to imply charge transfer in the opposite direc-
tion, i.e., from Al to Ni. ' Compensating s- and d-
electron transfer has been found previously in gold al-

loys, but there the d electrons dominate the core-level
shift, and the net charge transfer is in the direction pre-
dicted by electronegativity.

2

—15

O

CC 2

LLI

25 ~

R
25

5

R
-4 —25

-10

FIG. 14. Calculated energy bands along I and R (solid
curves) and with d hybridization set to zero (dashed curves).
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states set to zero. It is one of the advantages of the
LASTO method that the bands are eigenvalues of a Ham-
iltonian that is labeled by site- and angular-momentum
(s, p, d, etc.) indices. The solid curves in Fig. 14 show the
energy bands calculated in the usual way (the same as in
Fig. 1). The dashed curves show the bands with d hy-
bridization turned off. At the R point the state at —1. 1

eV is pure Al p, while that at —2. 5 eV is pure Ni d.
When the coupling is turned on, these levels interact and
the state at —3.9 eV has a Mulliken population of 67%
Ni d and 33% Al p. The "antibonding state" that has
been pushed above the Fermi level to +4.3 eV is 35% Ni
d and 65% Al p. It can be seen from the figure that the
largest degree of mixing occurs at R. The bands in other
parts of the zone are relatively less affected. This illus-
trates the importance of p-d bonding in this alloy system.

VI. CONCLUSION

We have presented a detailed experimental and
theoretical picture of the electronic structure of NiAl.
We find a filled "d'* band with a relatively low density of
states at the Fermi level (about twice that of pure alumi-
num, but only —,

' that of pure nickel). We find that the
band structure as determined by angle-resolved photo-
emission is in relatively good agreement with our state-
of-the-art local-density calculations. For example, the er-
ror in the calculated bandwidth is about 12% (calculation
too large), as compared with more than 30% for pure
nickel. This is in spite of the fact that the d band is nar-
rower in NiA1 than in pure Ni, which might have led one
to expect greater errors in the local-density calculations
(narrower bands are harder to describe in a band theory).
We attribute this to the fact that the bands, though nar-
rower, are filled, and band theories work well for filled
bands.

We have found significant Ni d —Al p hybridization and
have illustrated this by giving the energy bands from I to
R with the p-d-hybridization terms set to zero.

We have also measured the core-level shifts, which are
positive for nickel (greater binding energy) and negative
for aluminum. This was correlated with electron transfer
from nickel to aluminum (opposite to electronegativity).
Furthermore, the electron transfer was predominantly
among the sp electrons. The d states showed increased
electron count, as expected from the simple p-d-bonding
picture.
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APPENDIX A: DISPERSION
OF THE OCCUPIED BANDS

The band dispersion is measured by use of angle-
resolved photoemission and the data are analyzed based
on the direct-transition model and simple syrnrnetry
selection rules using the polarization of the incoming ra-
diation from the storage ring. The polarization selection
rules can easily be understood from the photoemission
matrix element in the dipole approximation,

(A 1)

Ef =E, +A'co . (A2)

However, the energy measured by the detector is the ki-

gf and P; are the final- and initial-state wave functions,
A is the vector potential of the light, and P is the
momentum operator. For emission normal to the sur-
face, the detected plane-wave final state is totally sym-
metric under point-group operations about the surface
normal. The symmetry of the initial state is then the
same as that of the dipole operator causing the optical
transition; i.e., if gf is even, A P gi ) must also be even
in order to observe any intensity in the detector. In other
words, for an allowed transition the unity representation
must be contained in the direct product of the representa-
tions of the initial state, the final state, and the dipole
operator. Using the known final-state symmetry, the
dipole-allowed initial states for normal emission from
low-index faces of NiA1 are listed in Table V. In this
table the polarization direction is referred to a coordinate
system specified by a set of orthogonal axes x,y, z in
which the z axis is normal to the surface plane.

At the I point, the initial states of the NiAl system
have the full point-group symmetry as given in Table V.
Away from I, the symmetry of the initial states is re-
duced and the wave function of each initial state can be
discussed as having either even or odd reflection symme-
try with respect to a surface mirror plane. The syrnrnetry
selection rule has been discussed in Ref. 61.

In NiA1 the Ni d electrons are characterized by one of
the five d wave functions: d ~, d ~ ~, d„„d»„and d„».

Z X

If we use an orthogonal set of axes x,y, z, with z being the
surface normal and x,y lying in the surface plane, the d 2

wave function is even with respect to reflection about
both the yz and xz planes. An initial state with d„, (d, )

character is even with respect to the xz (yz) plane and
odd with respect to the yz (xz) plane. For the d„and
d & 2 orbitals, which are both confined in the surfacex —y
plane, the reflection symmetries with respect to both the
xz and yz planes are odd for d and even for d 2X

Table VI gives the reflection symmetry of the initial-state
bands away from I for the NiA1 system.

Bulk photoemission can be viewed as a k-conserving
"direct-transition" process. As the photoelectron exits
through the surface, the momentum component parallel
to the surface, k~~, is conserved. The normal momentum

k~ is changed during the exit since the electron has to es-

cape from the solid. In the photoemission process, the
initial- and final-state electron energies are related by
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TABLE V. Dipole-allowed initial-state symmetries for normal emission from the (100), (110), and
(111)faces of NiAl in real and reciprocal spaces.

Crystal
face

(100)

Coordinate axes

(100) (010) (001)

Real space
Irreducible

representations
Initial-state symmetries

A1x AP Allz

5 ~s

(110) (1TQ)

(110)

(001) (110)

(112) (111) AI, A2, A3

Crystal
face

Surface Brillouin zone
Reciprocal space

Surface
normal

Initial-state symmetries

Allx Ally Allz

(100)

(110)

rx
IX
I M

I X

I Y

rz

k1(outside ) =k1(inside ) +g1, (A3)

netic energy (Ek,„}of the photoelectron in vacuum. The
purpose of the photoemission experiment is to determine
the energy and momentum of the initial state from the
measured energy and momentum of the emitted photo-
electron. Since kll is conserved across the solid-vacuum
interface, we can write the following equations for a given
collection angle, O„of the angle-resolved detector:

Assuming a free-electron final band structure, the mag-
nitude of k~ can be calculated according to

' 1/2

, (E~,„+&o+P}—Ik„'
f2

(A6)

where P is the work function. The assumptions of free-
electron final bands were shown to work very well for
Cu, Nj, and for NjA1 as well.

Ik„I(A ')= 2m
Ek,„(eV)

1/2

sin8, . (A4) APPENDIX B: SURFACE
AND BULK BRILLOUIN ZONES

AkE (k) = —Vo,f (A5)

where k =kll+k~, m * is the effective mass, and Vo is the
inner potential.

TABLE VI. Symmetry of the initial-state bands of NiA1.

Oft'-normal emission

(100) face

AII

Symmetry of the initial-state bands
Even Odd

The perpendicular momentum component k~, is not con-
served when the electron crosses the solid-vacuum inter-
face, and can be determined only if the dispersion of the
final-state band is known. The simplest approximation
for the final state (Ef,kf ) is a parabolic free-electron-like
band in a constant inner potential Vo,

The surface Brillouin zones of the three low-index
faces of NiA1 are presented with respect to the bulk Bril-
louin zone. The high-symmetry points are vectors of the
form

I X=(0,0, 1)(ir/a) =1.088 A

I M =(1,1,0)(ir/a ) =1.539 A

I R =(1,1, 1)(ir/a)=1. 885 A

The (100}SBZ is shown in Fig. 15, where

I X=vr/a =1.088 A

I M=&Z(~/a}=1. 539 A .

The (110) SBZ is shown in Fig. 16, and the high-
symmetry points X and Y of the surface are

I X=(1/&2)(m. /a)=0. 769 A

Zl pZg

S, , S,
XI, X,
Tl ~ T2'~ T5

Z2~Z4

S2 S4
X2, X4

2~ I'~ 5

I Y=m/a =1.088 A

Figure 17 shows the (111}SBZ; the symmetry points of
the surface are

(110) face

AII

I Y

Tl y T2' y T5

~2, ~2 ~5
S2,54
T2p TI'y T5

Symmetry of the initial-state bands
Even Odd

I M= — =0 889 A
&2a cos30'

I K= =1.026 A .
&2a cos 30'

The designation of M+ and M in Fig. 17 is discussed
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in the following.
The (111) surface Brillouin zone is hexagonal with six-

fold symmetry. However, as one moves into the bulk
along the [111] direction, the symmetry is reduced to
only threefold. This is illustrated in Fig. 18(a). The (111)
face of NiA1 is an open surface; the two-dimensional unit
cell is shown as a parallelogram in Fig. 18(a). Within the
2D unit cell, the first three layers of surface atoms are ex-
posed. Figure 18(b) shows that, along the [112] direc-
tion, the atomic arrangement of the first three layers in
the positive and negative directions are not equivalent.
Thus, the two M points in the SBZ are not the same with
respect to the bulk Brillouin zone, and the symmetry is
reduced to threefold. This is illustrated in Fig. 18(c). In
our convention the two nonequivalent M points are desig-
nated M+ and M, as determined from our bulk-band
measurements. I M+ is along the [211], [112], and
[121]directions, while I M is along the [2 1 1], [1 1 2],
and the [121] directions. Along the [110] direction,
ho~ever, the atomic arrangements in either the positive
or negative directions are the same. Thus, all six K
points in the SBZ are equivalent.

APPENDIX C: SPIN-ORBIT SPLITTING

Spin-orbit splitting is usually neglected in the 3d ele-
ments; however, it can be important. In order to estimate
the size of the spin-orbit splitting, it is useful to consider
a simple tight-binding model of the d band supplemented
by the spin-orbit interaction. The Hamiltonian can be
written

4p (I ~, ),
—6p ( I"„);

3g
' —3 (C3)

that is, an atomic level with a spin-orbit splitting:

(C4)

For nickel atoms 6 =0.28 eV, so (=0.11 eV. For small
g the combined Hamiltonian can be diagonalized using
perturbation theory to yield

4p+g (I, ),
g —.4p —(/2 (I, ),

—6p ( I, );
(C5)

therefore the spin-orbit splitting of the I 2~. level is just

that is, one threefold- and one twofold-degenerate state.
Upon comparison with our band calculation, where the
splitting at I" is 3.01 —1.49=1.52 eV, we obtain the pa-
rameter 10p =1.52 eV.

In the absence of band-structure effects, the eigenval-
ues are those of H, „,which are

—,'g= —3b,„„=0.17 eV . (C6)
H =HI, +0,. (C 1)

The explicit form of the matrices is given, for example, in
Ref. 30. In the limit of no spin-orbit splitting and for a
cubic system, the eigenvalues are

Experimentally, we did not observe the spin-orbit split-
ting at I 25. This is due to lifetime broadening (see Fig.
12), which, for levels near —l. 5 eV, is of the order of 0.5
eV. This broadening prevents us from observing the
spin-orbit splitting, which is only 0.17 eV.
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