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at the L2 and L 3 edges of nickel and iron
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The soft-x-ray absorption and magnetic circular dichroism (MCD) cross sections at the L2 and L3
core-level edges of Ni and Fe have been calculated using a one-electron tight-binding band-structure ap-

proach. The tight-binding scheme is taken from the work of Papaconstantopoulos, supplemented with

the inclusion of spin-orbit coupling in the d bands and fully relativistic dipole selection rules. In Ni, a fit

to the various L2 and L3 intensity ratios can be achieved, but only with values of the d-band spin-orbit

parameter g and exchange parameter h,„atvariance with the ground-state band-structure values. For
Fe, there is no plausible value of g capable of explaining the intensity ratios; also, the predicted substruc-

ture within the L2 and L3 white lines is not seen in experiment. These failures of the one-electron ap-

proach are qualitatively consistent with expected many-body electronic rearrangements associated with

core-hole creation. Some discussion is offered on sum rules and on orbital versus spin magnetic mo-

ments.

I. INTRODUCTION II. RELATIVISTIC DIPOLE SELECTION RULES

The out-of-plane radiation emitted by synchrotron-
radiation sources has a high degree of circular polariza-
tion. This feature has been exploited recently in several
studies of magnetic circular dichroism (MCD) at core-
level edges in both soft-x-ray' and hard-x-ray absorption.
These activities are part of a larger current trend to study
magnetic properties of solids using synchrotron-
radiation-based techniques: linear dichroism, magnetic
diffraction and scattering, and spin-polarized photoemis-
sion.

The primary aim of this paper is to report the results of
a tight-binding analysis of recent high-resolution mea-
surements of the soft-x-ray absorption and MCD at the
Lz(2p, &2~3d) and L3(2p3/$~3d) core-level edges of Ni
and Fe. The starting point of our analysis is the tight-
binding representation of Ni and Fe given in the work of
Papaconstantopoulos. To this basic representation we
have added spin-orbit coupling within the valence d
bands and relativistic dipole selection rules. These addi-
tions are spelled out in Secs. II and III A in some detail
since it is the secondary aim of this paper to provide a
self-contained supplement to the book by Papaconstanto-
poulos which would permit interested experimentalists to
perform similar calculations. Further calculational de-
tails are provided in Sec. III. The results, discussion, and
conclusions are presented in Secs. IV and V.

Our tight-binding analysis may be viewed as an at-
tempt to determine the limits of a one-electron band-
structure interpretation. It has been anticipated in previ-
ous papers that tight-binding analyses could expose the
failure of the one-electron band-structure approach and
confirm the need for many-body corrections such as edge
singularities, Fano line shapes, and valence self-
energies. ' Our results do in fact demonstrate the need
for such corrections. A preliminary communication on
this work has already been published. "

A. Basis states

In calculating soft-x-ray core-level absorption and
MCD spectra in Ni and Fe, it is essential to take relativis-
tic effects into account. We may distinguish, however,
two approaches. In the first approach, only the core
states are treated relativistically (spin-orbit-split levels).
In the context of core-level MCD in Ni, this approach
has been advanced by Erskine and Stern using a
simplified exchange-split representation of the 3d valence
band. ' We shall refer to this approach as the Erskine-
Stern model, and it is described below in Sec. II B. The
second approach incorporates spin-orbit splitting into
both the core and valence levels. This fully relativistic
model is described in Sec. II C.

The detailed band calculations of this paper use the
tight-binding or linear combination of atomic orbitals
(LCAO) method of Slater and Koster, ' as elaborated
and parametrized in the recent book by Papaconstanto-
poulos. The basis states appropriate to a relativistic
treatment are expressed in terms of the standard Slater-
Koster basis states in Table I.

B. Erskine-Stern mode1

The simplest available model of core-level x-ray-
absorption cross sections and associated MCD is that of
Erskine and Stern. ' They point out that for Ni the
unoccupied 3d states lie in a narrow energy range just
above the Fermi level Ez and (in the absence of spin-orbit
interaction) are exclusively of $ spin. We therefore need
consider only the set of squared-dipole-matrix elements
shown in Table II. The quantities A, 8, and C of Table
II are defined as
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unoccupied d ~ states, one obtains for the total cross sec-
tion (o++cr ) and the MCD cross section (o.+ —rr )

the expressions

and where R (r) and Rd(r) are the 2p and 3d radial wave

functions. Actually, A, B, and C reduce to —', R, —', R,
and —,', R, respectively, but we shall retain them as in-

dependent parameters in order to make contact with the
results of Ref. 12. Summing over the entire manifold of

A tacit assumption of this model is that the Anal states
may be treated incoherently in the summation. Since a
Brillouin-zone integral is involved, such an assumption is
entirely reasonable. Erskine and Stern apply a weighting
of —,', 1,0 to the A, B,C terms of Eq. (3) based on an inspec-

TABLE I. Relativistic basis states lj, m, ) expressed in terms of spherical harmonics YIt and Y~

and the standard basis states of the Slater-Koster LCAO interpolation method.
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TABLE II. Dipole matrix elements (squared) for p ~d optical transitions in the Erskine-Stern model

of MCD.
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tion of a published band calculation. ' No matter how
the A, B,C terms are weighted, however, the model pre-
dicts that the L3(p3/2) to L2(p, &2) ratio should be 2:I for
the total cross section and —1:1 for the MCD cross sec-
tion.

C. Fully relativistic model

The inbexibility of the Erskine-Stern model is a conse-
quence of its perfect symmetry between Y22 and Y2 2 and
between Yz& and Y2 &

wave-function character. This
symmetry is removed if the final states are treated rela-
tivistically, that is to say, if valence-band spin-orbit cou-
pling is included. The physics here was anticipated in a
1949 paper by Mott. ' Spin-orbit splitting will enhance

j =—', over j=—,'character near the top of the valence d
band, and this will favor the intensity of the L3 over the
L2 absorption edge.

In Table III we display the dipole matrix elements ap-
propriate to optical transitions between spin-orbit-split p
levels and spin-orbit-split d levels. Mott's hypothesis
may be divined from Tables II and III by noting that
valence spin-orbit interaction will enrich the top of the d
band with I

—'„——,
' ) (i.e., F2i 2 ) character.

It should be stressed that it is straightforward (al-

though tedious) to extract all the results of this section
from standard texts. ' They are included here as part of
the secondary aim of this paper, which is to provide a
useful self-contained supplement to Ref. 6.

III. CALCULATION METHODS

H„H,d
HJ, Hdd+gM

0 0

0 gN

H„H,d
HJ, H,i +(M*

(4)

g is the spin-orbit parameter, and the matrices M and N
are given by

A. Band structures

We take as our starting point for the band structures of
Ni and Fe the tight-binding representations included in
the work of Papaconstantopoulos. Specifically, we take
the "three-center nonorthogonal" parameter sets listed
on pp. 111 and 115 for Ni and pp. 95 and 99 for Fe.
Spin-orbit coupling within the 3d valence band is incor-
porated by doubling the 9X9 tight-binding Hamiltoni-
an. "
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where c =cos8, s =—sin8, c'=c os/, s'=sing, and 8, $ are
the polar coordinates of the direction of spin quantiza-
tion. These are standard expressions, ' but are included
here as part of the secondary aim of this paper.

There are two main distinctions between the ferromag-
netic band structures of Ni and Fe. First, the exchange
splitting 6,

„

is much smaller in Ni (-0.6 eV) than in Fe
(-2.0 eV). Second, the majority-spin d bands in Ni are
totally occupied; i.e., there are no f spin holes. In Fe, on
the other hand, there is an appreciable number of t spin
holes. This latter point will assume considerable impor-
tance in the discussion in Sec. V below.

Variations of the exchange parameter 4,„werehandled
as follows. Papaconstantopoulos presents separate pa-
rameter sets for the up- and down-spin systems. The
main distinction between these parameter sets resides in
the difference between the mean diagonal d-orbital ener-
gies of the up- and down-spin systems, and this defines

The remaining fitting parameters (more than 60 in

all) display small differences between the up- and down-
spin systems. The paramagnetic case was simulated by
simply averaging the up- and down-spin parameter sets.
Nonzero h,„parameter sets were then generated by
linear interpolation or extrapolation.

TABLE III. Dipole matrix elements (squared) for p~d optical transitions in the fully relativistic
model.
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B. Cross sections

Computation of the absorption of circularly polarized
x rays by a core state

I
c ) at energy E, involves

Brillouin-zone (BZ) integrals of the form

o+(fic.o)~ g J dkI(k, ri~x+iyIc&I
Bz

X5(Ei,„E,——A'co),

where the summation is over the band index n appropri-
ate to band states Ikn, ) of energy Ei,„.The total x-ray-
absorption cross section is given by (o++o ) and the
MCD cross section by (o+ rr ). T—he way in which in-

tegrals of this kind can be expressed as I-projected densi-

ties of states has been presented elsewhere. '
The zone integral was performed by calculating ener-

gies and eigenvectors at points on a cubic mesh in k space
and then using trilinear interpolation on a denser mesh.
In the simultaneous presence of spin-orbit coupling and
exchange interaction, the usual —,', th irreducible wedges of
the BZ are no longer equivalent. This was accommodat-
ed by sampling the BZ over a sufficiently large volume,
even at the expense of some redundant counting. The
typical number of diagonalizations was -5000, and the
corresponding number of interpolated k points sampled
was —10. It is the computational speed of the tight-6

binding approach which permits us to perform numerous
numerical experiments to quantify the influence of key
parameters such as g and b,,„.This is in contrast with the

more rigorous first-principles calculations which have al-

ready been applied to this kind of problem

C Magnetic anisotropy

A consequence of the lower symmetry in the sampling
of the BZ is that the MCD spectrum will vary with the
chosen direction of spin quantization, (0, (()) in Eq. (5)
above. We have tested this expectation by calculating the
MCD spectrum with (8,$) values corresponding to the
[111],[001],and [110]directions in Ni. In principle, one
could perform experiments in which the magnetization
direction and photon incidence direction are normal to
(111), (001), and (110) surfaces of single-crystal samples
and then examine the differences in the MCD spectrum.
We find that such differences are very small, essentially at
the noise level of the present calculations. We conclude
that it would not be fruitful to search for such anisotro-
pies experimentally at this time.

IV. NICKEL: RESULTS AND DISCUSSION

A. Calculated spectra

Lz and L3 absorption (a++o. ) and MCD (o+ —o )

spectra computed by the present tight-binding model for
Ni are displayed in Fig. 1 over the valence-band region
without regard for the Pauli exclusion principle. Because
of the exclusion principle, only that part of the spectrum
above the Fermi level EF is, of course, observable. Two
cases are considered in Fig. 1: (=0 and /%0.
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In the /=0 case, the L3 to-L2-intensity ratio is 2:1 in
the cr++o. spectrum and —1:1 in e+ —o. at each en-
ergy value within the valence band. This is expected and
is in accord with the Erskine-Stern model of Sec. II C. In
the presence of a d spin-orbit interaction (/%0), however,
this point-by-point correspondence is removed. States at
the top of the d band are richer in j=

—,
' character, and

this enhances the L3 over the L2 intensity. ' In Sec.
IV C below, we exploit this phenomenon to extract an
effective value of g.

B. Sum-rule considerations

The removal by spin-orbit splitting of the point-by-
point —1:1 ratio in the MCD spectrum lends itself to a
digression on the subject of sum rules. There is a very
fundamental sum rule for magneto-optical absorption
which requires that

f [cr+(co) o—(co)]dco=O . (8)
0

Our experimental MCD observation of the L3- to L2-
intensity ratios very different from —1:1 might, at first
sight, appear to violate this sum rule. The resolution of
such an apparent violation has been considered earlier.
In the presence of the exclusion principle, sum rules can-
not be applied in a piecewise fashion over restricted fre-
quency ranges.

If the exclusion principle is ignored, a piecewise appli-
cation of the sum rules is valid. This can be sensed by in-
spection of Figs. 1(c) and 1(d) for Ni as well as the corre-
sponding figures for Fe in Sec. V below. Integrating over
the entire valence band, Eq. (8) is obeyed. In the presence
of the exclusion principle, however, we observe only that
part of the spectrum above EF, and the integral of Eq. (8)
applied over this very restricted frequency range is
definitely not zero when (AO. As argued elsewhere,
this imbalance must be compensated in other frequency
ranges.

C. Comparison with experiment

In the case of Ni, we have performed numerous numer-
ical experiments in order to arrive at an "optimal simula-
tion" of the experimental spectra. The two governing pa-
rameters are ( and b,,„.Our procedure was to examine
certain intensity ratios. It has proved useful to distin-
guish between intraspectral ratios, that is to say, the L3-
to L2-intensity ratios within the individual absorption
(o++o ) and MCD (o+ —o. ) spectra, and interspec
tral ratios, that is to say, the between-spectra intensity ra-
tios (o+ cr )/(o+—+cr ) for the L3,L~ white lines.
The latter are subject to more uncertainty since they de-
pend on a calibration of the degree of circular polariza-
tion in the incident x-ray beam and on the degree of sam-
ple magnetization.

The L3 to Lz-intensity rat-io in both (cr++o ) and
(o+ —o. ) depends almost exclusively on g' and only
weakly on b.,„.This is seen in Fig. 2(a), which plots the
calculated L 3- to L2-intensity ratio versus 6,

„

for various
trial values of g. Agreement with experiment [indicated
in Fig. 2(a) by the toned horizontal strips] can be
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FIG. 2. Calculated intensity ratios of the L, and L, "white
lines" of Ni as a function of the two key parameters g and 6,„:
(a) intraspectral L3 to L2-intensity ratios and (b) interspectral ra-
tios (o+ —o. )/(o. +o. ) for the individual L, and L, lines. De-
tails of line-shape analysis are given in the text.

achieved simultaneously for both ( o + + cr ) and
(o +

—o. ). We choose as our optimal value
(=0.0095+0.0005 Ry. This value is considerably larger
than the one-electron band-structure value' (0.0067 Ry)
and the experimental atomic value' ' (0.0055 Ry). It is
marginally larger than the theoretical Herman-Skillman
atomic value (0.0081 Ry).

By contrast, the intensity ratio of
(o+ —o. )/(cr++cr ) depends primarily on h,„and
only slightly on g, as illustrated in Fig. 2(b). The low ex-
perimental values for the (o+ cro)/(—o++o ) ratio
(20+4 % for L 3 and 12.5+2.5 % for L 2 ) imply
6,„=0.025+0.010 Ry for the exchange splitting. This
value is much lower than typical one-electron band-
structure values. ' It is, however, remarkably close to
the experimental values obtained from angle-resolved
photoemission (0.019—0.023 Ry). This closeness has
been offered as potential evidence for the high localiza-
tion of a Ni 3d valence hole. "
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D. Line-shape considerations

From the numerical experiments described above, we
arrive at the values /=0. 0095 Ry and b,,„=0.025 Ry,
which have been used to generate an "optimal simula-
tion" of the experimental spectra. The precise numbers
depend to some extent on the method of line-shape
analysis. These details are now spelled out.

The L2 line is wider than the L3 line because the decay
of a p»2 core hole has a channel (the super-Coster-
Kronig process p, /&~p3/2) not available to a p3/p core
hole. The measured white lines were fitted by convolving
the calculated spectra with Voigt functions. Our optimal
simulation is shown in Fig. 3. The parameters used were
0.8 eV Gaussian full width at half maximum (FWHM)
and 0.6 and 1.4 eV Lorentzian FWHM for the L3 and L2
white lines, respectively. The value of the L2,L3 core-
level spin-orbit splitting was fitted to experiment.

E. Discussion

From the above comparisons, we conclude for Ni that
one-electron band theory fails —or rather that it can be
rescued only by invoking effective values for g(h,„)larger
(smaller) than the ground-state values. Qualitatively
speaking, the directions of these discrepancies are con-

(a)

sistent with many-body dynamical expectations. On
creation of the core hole, the 3d valence electrons will see
a stronger attractive core potential, and the spatial extent
of their orbitals will contract. Consequently, relativistic
effects (e.g., spin-orbit splitting) will be stronger, and ex-
change interaction among neighbors will be weaker.

The feature 8 (8') in the L3 (Lz) MCD spectrum of
Fig. 3(b) which appears about 4 eV above the main white
lines constitutes further evidence of correlation effects.
This was attributed initially, in one-electron band-
structure terms, to hybridization of d-like character into
plane-wave-type states above the nominal top of the Ni
3d band. The absence of such a feature in our present
calculations indicates that such one-electron interpreta-
tions can be safely abandoned. By contrast, feature A
( A') in the absorption spectrum (a ++rr ) of Fig. 3(a) is
reproduced by our one-electron calculations and those of
others. We now propose that the 8 (8') feature
represents a shake-up or shake-off phenomenon analo-
gous to the "6-eV" hole-hole correlation satellite in pho-
toemission. The 6-eV satellite is known both
theoretically and experimentally to be spin polarized,
and so it is provocative that the 8 (8') feature appears
prominently in the MCD spectrum, but is imperceptible
in the total absorption spectrum. This many-body
feature has recently been reproduced in theoretical calcu-
lations by Jo and Sawatsky.
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FIG. 4. Calculated spectra for the expectation values (L, )
and (S, ) of the orbital and spin angular momentum over the d
band of Ni for the "optimal simulation" discussed in the text.
The integrated orbital and spin magnetic moments per atom are
O.OSpz and O.S2IL~, respectively.



1030 N. V. SMITH, C. T. CHEN, F. SETTE, AND L. F. MATTHEISS 46

F. Orbital versus spin magnetic moment

The inclusion of spin-orbit splitting into the 3d valence
bands of Ni and Fe implies a significant orbital contribu-
tion to the magnetic moment per atom. The ratio of or-
bital to spin magnetic moment continues to be a matter
of debate. We show in Fig. 4 the calculated spectra
across the Ni valence band for (L, ) and (S, ) using our
optimal simulation.

The magnetic moment is given by ((L, ) +2(S, ) ))tt~,
where p~ is the Bohr magneton. Our optimal simulation
for Ni yields values of 0.05@~ and 0.5pz, respectively, for
the integrated orbital and spin magnetic moment per
atom. These results are in general agreement with other
experimental and theoretical estimates. ' However,
this agreement has to be viewed with caution in light of
the general breakdown of the one-electron approach.

V. IRON: RESULTS AND DISCUSSION

A. Calculated spectra

Our calculated absorption and MCD spectra for Fe are
displayed in Fig. 5, once again without regard for the ex-
clusion principle. The main diff'erences with Ni (see Fig.
1) are twofold: First, Fe has two fewer valence electrons,
and so the portion of the d band lying above E~ is wider
and richer in structure; second, Fe forms with the bcc
rather than the fcc structure. The larger unfilled d band-
width in Fe offers the possibility of more dramatic

changes as we go from the /=0 to the g&0 case. Note
especially the changes in the calculated MCD spectrum.
For the /%0 case, the L3 MCD spectrum is predicted to
be distinctly positive just above threshold, whereas there
is no strong negative counterpart in the L2 MCD at
threshold. This difference is a direct consequence of the
existence of 1 holes in the Fe 3d valence band.

B. Comparison with experiment

Our experimental data for the total absorption and
MCD at the Lz 3 edges in Fe are shown in Fig. 6. It is
evident at once that there is qualitative disagreement
with the one-electron band picture. The experimental
spectra consist of featureless white lines. They show
none of the substructure predicted by one-electron band
theory, even though the observation of such substructure
would be well within the resolution capability of the
monochromator. In particular, we find no positive excur-
sion of the MCD signal at the L3 threshold.

The intraspectral L3- to L2-intensity ratio in the
(cr++o ) spectrum is found experimentally to be
2.6+0.1, significantly larger than the 2:1 ratio of the
Erskine-Stern model. In principle, we can simulate this
ratio with an appropriate value for g. The actual value is
(=0.015+0.001 Ry. This is considerably larger than the
atomic value (=0.0035 Ry or the first-principles band
structure value (=0.0043 Ry quoted by Singh, Wang,
and Callo way The Herman-Skillman value is
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/=0. 0053 Ry.
In contrast with our experience on Ni, this value for g

(or any other remotely plausible value) cannot account
for the L3- to L2-intensity ratio in the Fe MCD
(o + —o ) spectrum. This failure of the one-electron
band picture is a consequence of the positive excursion of
the calculated L3 MCD signal at threshold. In the in-

tegrated intensity, this positive contribution annuls any
increase in the negative contribution; thus the L3- to L2-
MCD-intensity ratio cannot depart sufficiently from the
Erskine-Stern value of —1:1.

C. Concluding discussion

We conclude that one-electron band theory fails in the
description of the L2 and L3 edges of Fe. Only in the
(o.++sr ) spectrum can it work and then only by a large
upward adjustment of g. The MCD (o+ —o ) spectrum
cannot be fixed in this way, thus affirming the desirability
of both MCD and total absorption measurements.
Another breakdown of our one-electron picture is the ab-
sence of structure in the measured spectra, even though
the predicted structures are well within the available ex-
perimental resolution. This could be a many-body
broadening effect due to the decay of the core hole. Al-
though our results indicate the need for a many-body
treatment, we do not find in the Fe MCD spectra the
features B,B' which in Ni we have attributed to many-
body effects.

It is interesting to note that the observed L3- to L2-
intensity ratio in the MCD spectrum could be simulated
if we were to allow ourselves another adjustable parame-
ter. The failure of the MCD ratio to depart significantly
from —1:1 is directly traceable to the appreciable posi-
tive excursion seen in Fig. 5 of the calculated L3 MCD
spectrum just above threshold. This difficulty could be
removed by introducing EF as a parameter and allowing
it to move upward. Such an adjustment can be plausibly
defended. The effect of core-hole creation would be to
pull the d levels downward in energy (i.e., to make Fe
look more like Co). We have not pursued this adjustment
since it takes our model beyond its scope. The trend,
however, looks correct. Along the same lines, we have
noted earlier" that the value of g used in our optimal
simulation for Ni is more characteristic of Cu than of Ni.
We hope that these observations as well as the precision
with which MCD spectra can be measured will stimulate
future investigations by many-body theorists.
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