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One-electron theory of core-level photoemission from ferromagnets
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A one-electron theory is presented for photoemission from ap core level of a ferromagnet. The approach
permits the straightforward calculation of angle- and spin-resolved photoemission spectra for an arbitrary
geometry and photon polarization. The Hamiltonian employed simultaneously includes both spin-orbit and
exchange interactions, and thereby accounts for mixing between thep3/2 andp1/2 levels. Photoelectron diffrac-
tion effects are neglected. Using this model, good agreement is obtained with experimental spin-resolved and
magnetodichroic Fe 2p photoemission spectra.
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I. INTRODUCTION

In recent years there has been great interest in utiliz
core-level photoelectron spectroscopy to probe the lo
electronic and magnetic structure of the itinera
ferromagnets.1–15 In the shallow 3p core levels, the spin-
orbit and exchange interactions are approximately equa
magnitude, leading to heavy mixing between the 3p3/2 and
3p1/2 lines. This is in contrast to the deep 2p core levels,
where the spin-orbit interaction is roughly an order of ma
nitude larger than the exchange interaction. As a con
quence, the 2p3/2 and 2p1/2 main lines are well separate
energetically, and hybridize little. These characteristics h
simplify the spectroscopic interpretation, and therefore m
the 2p core levels particularly instructive to examine.

One approach to using photoemission as a probe of m
netic systems is to directly measure the spin of the outgo
photoelectron, a method known as spin-resolved x-ray p
toelectron spectroscopy~SRXPS!. Due to the Pauli principle
and the resulting exchange interaction, core electrons w
spin parallel to the majority in the valence band will ha
their binding energy increased relative to electrons with s
antiparallel. This effect appears as a shift in spectral we
to higher binding energy for the majority photoelectron
Spin-resolved studies have by now been carried out on
ferromagnetic transition metals for both the shallow co
levels1 as well as the deep core levels.2–4 In the case of Ni,
the core-level spectra exhibit prominent satellite structu
with complex spin polarizations, a proper description
which requires an accurate many-body approach.5–7 Core-
level spectra of Fe and Co, on the other hand, do not exh
such pronounced satellite structures, and one-electron t
ries have been used with success to describe th
systems.8–10

An alternative to SRXPS, which does not require pho
electron spin resolution, is magnetic dichroism. The obse
tion of magnetic dichroism in core-level photoemission w
by Baumgartenet al., who performed angle-resolved me
surements using circularly polarized light. This technique
known as magnetic circular dichroism in the angular dis
bution, or MCDAD, and was used to deduce an effect
exchange splitting of the Fe 2p main lines.11 In MCDAD
studies, two distinct methods of measurement have been
ployed: fixing the magnetization and reversing the pho
570163-1829/98/57~2!/993~8!/$15.00
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helicity, or fixing the photon helicity and reversing the ma
netization. If linear-polarized excitation is used, then dich
ism can only be observed by reversal of the magnetizat
This method requires angular resolution of photoelectro
and is known as magnetic linear dichroism in the angu
distributions, or MLDAD. Such dichroism was observed
Rothet al. in Fe 3p core-level photoemission.12 It is possible
to observe dichroism even with unpolarized light, an effe
which can be termed MUDAD, and such studies have b
carried out for several itinerant ferromagnetic systems.13–15

In this paper we present a one-electron theory to desc
photoemission from anl 51 core level of a ferromagnetic
system. We do not include final-state photoelectron scat
ing and diffraction effects, although these are by now rec
nized to be important when studying single-crystal samp
in certain geometries.14 In our formulation we consider an
oriented atom for which the only effect of the magnetic so
is to induce an exchange splitting of the different subleve
In addition to exchange splitting, we simultaneously inclu
the spin-orbit interaction. Such a treatment is necessar
order to correctly describe mixing between thep3/2 andp1/2
levels.

Other workers have used similar approaches. For
stance, Huanget al. also used a one-electron model whic
simultaneosly included both spin orbit and exchange10

By fitting calculated spectra to experimental observatio
they were able to deduce important magnetic properties
ultrathin Fe films. In their analysis, they assumed that
radial wave functions were independent of the orbital state
the outgoing photoelectron and also that there was no in
ference between thel 61 channels. However, such interfe
ence is essential for the description of MLDA
phenomena.12 Van der Laan and Cherepkov, in pioneerin
works, have also presented theories to describe an
resolved core-level photoemission from ferromagnets. In
der Laan’s approach,16 the photoemission spectra are sep
rated into two parts: one which contains the physical inf
mation, and another which depends on the geometry.
der Laan does treat the spin-orbit and exchange interact
simultaneously, but does not, however, include spin reso
tion. In Cherepkov’s approach,17,18 the photoemission inten
sity is calculated in terms of the state multipoles and a se
parameters that describe the coupling of the various ang
momenta. While Cherepkov’s theory does include spin re
993 © 1998 The American Physical Society
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994 57J. G. MENCHERO
lution, it does not treat simultaneously the spin-orbit a
exchange interactions, and therefore cannot account for
bridization between thep3/2 andp1/2 levels.

In the present paper we present a theory to describe
spin resolutionand mixing between the levels. We also a
low for a general photon incidence direction and polari
tion, as well as angular and spin resolution of the photoe
trons. Spin polarization resulting from cross-chann
interference arises in a natural way. In the theories of van
Laan and Cherepkov, extensive use is made of angular
mentum recoupling to express the photoemission intensit
terms of more fundamental quantities. Such approaches
obvious value, but lead to the introduction of many para
eters which have no immediate physical interpretation.
contrast, the present approach is more straightforward
the only parameters that enter have an immediate and o
ous physical meaning~e.g., photoelectron takeoff angle, ph
ton polarization, spin-orbit and exchange energies, etc.!. We
believe, therefore, that the present formulation is more tra
parent, and will prove useful to workers in need of a dire
method for calculating spin polarization and magnetic
chroism in photoemission from ap core level.

As examples, we apply our theory to Fe 2p SRXPS and
MUDAD experimental spectra. The theory correctly repr
duces the main features of the spectra, although it does
account for some details. We attribute these discrepancie
many-body effects not describable within the one-elect
model considered here. In particular, we show that the
perimental results suggest the existence of weak sate
structures in Fe 2p photoemission spectra.

II. THEORY

The electric dipole operator is defined as

Te5rW•eW5xex1yey1zez , ~1!

whererW is the electron coordinate vector,

rW5r r̂ 5r F S x

r D êx1S y

r D êy1S z

r D êzG , ~2!

andeW is the electric field polarization

eW5exêx1eyêy1ezêz . ~3!

To describe the most general photon polarization, the exp
sion coefficientse i must be complex. Using the usual rel
tions for the spherical harmonics,

x

r
5A4p

3 S Y1
212Y1

1

A2
D ,

y

r
5 iA4p

3 S Y1
11Y1

21

A2
D ,

z

r
5A4p

3
Y1

0 , ~4!

we can rewrite the electron coordinate unit vector as
d
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r̂ 5A4p

3 F S Y1
212Y1

1

A2
D êx1 i S Y1

11Y1
21

A2
D êy1Y1

0êzG
~5a!

5A4p

3
~Y1

21ê12Y1
1ê21Y1

0êz!, ~5b!

where we have introduced the circular-polarized basis v
tors

ê15
êx1 i êy

A2
, ê25

êx2 i êy

A2
. ~6!

In terms of this new basis, the photon polarization vector c
be rewritten

eW5e1ê11e2ê21ezêz , ~7!

where

e15
ex2 i ey

A2
, e25

ex1 i ey

A2
. ~8!

The dipole operator is then given by

Te5rW•eW5rA4p

3
~2Y1

1e11Y1
21e21Y1

0ez!. ~9!

This is a convenient basis for circular-polarized light prop
gating in thez direction, or forz-polarized light propagating
along an arbitrary direction in thexy plane. However, such
an expression is not immediately useful for a general po
ization and geometry, as depicted schematically in Fig. 1
an oriented atom. Here,k is the photoelectron wave vecto
andq is the photon wave vector. We now proceed to gen
alize our development for this geometry.

The dipole operator as written in Eq.~9! is defined by six
real ~three complex! numbers. One of these can be related
an overall phase factor, and another can be related to a
malization condition, neither of which are important fo
present purposes. This leaves four remaining indepen
numbers to define the polarization. Due to the transve
nature of the electric field, two of these are defined by
photon propagation direction, which is given in Fig. 1 b
(uq ,fq). The other two are defined by the relative mag
tude and phase difference between the two orthogonal c
ponents of the electric field. For a normalized polarizati
vectorê, this can be written in spherical coordinates in term
of two anglesa andd as

ê5cosaêu1sinaeidêf . ~10!

For Eq.~9! to be useful for a general photon polarization a
propagation direction, we need to express the polariza
coefficientse1 , e2 , andez in terms of the four new param
etersuq , fq , a, andd. For a general propagation directio
the normalized dipole operator is

rW• ê5rA4p

3
~Y1

21ê12Y1
1ê21Y1

0êz!~cosaêu1sinaeidêf!,

~11!
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TABLE I. Dipole operator matrix elements,T̃e5rY1
1.

^Ck↑u ^Ck↓u u j ,mj&

2
3
2 R̃2sin2uke

2ifk 0 u 3
2 , 3

2 &
A3R̃2sinukcosuke

ifk 2A 3
4 R̃2sin2uke

2ifk u 3
2 , 1

2 &

2A 1
3 @R̃01

1
2 R̃2(3cos2uk21)# A3R̃2sinukcosuke

ifk u 3
2 , 2

1
2 &

0 2@R̃01
1
2 R̃2(3cos2uk21)# u 3

2 , 2
3
2 &

A 3
2 R̃2sinukcosuke

ifk A 3
2 R̃2sin2uke

2ifk u 1
2 , 1

2 &

2A 2
3 @R̃01

1
2 R̃2(3cos2uk21)# 2A 3

2 R̃2sinukcosuke
ifk u 1

2 , 2
1
2 &
cir
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-
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where

êu5cosuqcosfqêx1cosuqsinfqêy2sinuqêz , ~12a!

êf52sinfqêx1cosfqêy . ~12b!

Now using

~ ê6!* •êu5
e7 ifq

A2
cosuq , ~ ê6!* •êf5

7 ie7 ifq

A2
, ~13!

we obtain the desired result:

e15
e2 ifq

A2
@cosacosuq2 isinaeid#, ~14a!

e25
eifq

A2
@cosacosuq1 isinaeid#, ~14b!

ez52cosasinuq . ~14c!

To illustrate the use of these relations, consider right
cularly polarized~RCP! light propagating along the1z di-
rection, so thatuq50°. We here define RCP light to hav
positive helicity, which means thata545° andd590°, and
therefore we arrive atue1u51. From Eq.~9!, we see this
corresponds toTe;Y1

1, i.e., the photon angular momentum
parallel to the wave vectorq. As another example, le
uq590° andfq50°, so that the photon is propagating alo
the1x direction~see Fig. 1!. Supposea590° andd50°, so
that ê5êf5êy . Then Eq. ~14! gives e152 i /A2 and
e25 i /A2, so that we recoverTe; i (Y1

11Y1
21);y.

The a andd defined here can also be related to the v
commonly used Stokes parameters19 by

s15cos2a, ~15a!

s25sin2acosd, ~15b!

s35sin2asind, ~15c!

which gives s05As1
21s2

21s3
251. For a surface norma

given byn̂5 ẑ, s1 gives the preponderance ofp-linear polar-
ization (ê5êu) over s-linear polarization (ê5êf), with
s1511 corresponding top polarization ands1521 corre-
sponding tos polarization. The Stokes parameters3 gives
-

y

the preponderance of RCP over LCP light, withs3511 cor-
responding to RCP, ands3521 corresponding to LCP.

Let uCks& be the wave function for the outgoing photo
electron with wave vectork and spins, and letuCcore& be
the wave function for the core electron in the initial sta
The intensity is then given by

I ks
e 5u^CksuTeuCcore&u2d~EB1Ek2\v!, ~16!

whereEB is the binding energy of the core electron,Ek is the
kinetic energy of the photoelectron, and\v is the photon
energy.

The final state, for emission into a general directionk, is
given by a superposition of spherical waves20

Cks~r ,u,f!54p(
lm

i le2 id lYlm* ~uk ,fk!Ylm~u,f! f kl~r !s,

~17!

whered l are the partial wave phase shifts, andf kl(r ) are the
radial wave functions at kinetic energyEk5\2k2/2m. The
special case of a plane wave is recovered by setting alld l50
and f kl(r )5 j l(kr), where j l(kr) is the spherical Besse
function of orderl . In this work, we do not consider photo
electron diffraction effects in the final-state wave functio
which would modifyCks further by scattering from neigh
boring atoms.

The initial stateCcore is given by

FIG. 1. General geometry. Magnetization is along the1z direc-
tion. k and q are the photoelectron and photon wave vectors,
spectively.
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uCcore&5uF~r !;Fs~u,f!&, ~18!

whereF(r ) is the radial wave function andFs(u,f) is the
part depending on angle and spin. To determineFs(u,f),
we follow the approach discussed by van der Laan.16 We
include the spin-orbit interaction and treat the exchange
teraction by means of a spin field. The Hamiltonian is the
fore given by

H5l lW•sW1jsz . ~19!

As our basis states, we choose theu j ,mj& spin-orbit states,
which can be constructed directly from the Clebsch-Gord
coefficients:
m
d
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r

d
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-
te
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-
-

n

u3/2, 3/2&5uY1
1↑&, ~20a!

u3/2, 1/2&5A2/3uY1
0↑&1A1/3uY1

1↓&, ~20b!

u3/2, 21/2&5A1/3uY1
21↑&1A2/3uY1

0↓&, ~20c!

u3/2, 23/2&5uY1
21↓&, ~20d!

u1/2, 1/2&5A1/3uY1
0↑&2A2/3uY1

1↓&, ~20e!

u1/2, 21/2&5A2/3uY1
21↑&2A1/3uY1

0↓&. ~20f!

The Hamiltonian in this basis then becomes
H5
1

6S 3l13j 0 0 0 0 0

0 3l1j 0 0 A8j 0

0 0 3l2j 0 0 A8j

0 0 0 3l23j 0 0

0 A8j 0 0 26l2j 0

0 0 A8j 0 0 26l1j

D . ~21!
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The introduction of a spin field breaks the spherical sy
metry, thereby mixingj 53/2 andj 51/2 levels, as evidence
by the off-diagonal terms. About the magnetization ax
however, rotational symmetry is preserved, and somj is still
a good quantum number. In the limitl@j – closely realized
for a 2p core level – thep3/2 and p1/2 levels are shifted
energetically by1l/2 and 2l, respectively, leading to a
spin-orbit splitting of 1.5l, and an exchange splitting ofj/3
appears between adjacentmj sublevels. The level scheme fo
this limit is shown in Fig. 2.

For generall andj, Eq. ~21! can be easily diagonalize
to obtain the angular eigenstatesFs(u,f). To calculate the
matrix elements of Eq.~16! for a general initial stateCcore,
it is thus sufficient to know the matrix elements for th
u j ,mj& basis states. These have been computed for the t
basic photon polarizationsT̃e5rY1

1, rY1
21, andrY1

0, and are
presented in Tables I, II, and III, respectively. In these tab
uk andfk define the photoelectron wave vector. TheR̃l are
defined asR̃l5Rle

id l, where Rl are the radial matrix ele
ments for the two dipole-allowed final-state channels,

Rl5E
0

`

f kl~r !r 3F~r !dr, ~22!

and thed l are the respective phase shifts. These matrix
ments and phase shifts have been calculated and tabulat
Goldberg, Fadley, and Kono,20 for several elements and en
ergies. Note that we implicitly assumed that the radial in
gralsRl are the same for both thep3/2 and p1/2 levels, even
though the photoelectrons differ in kinetic energy and,
principle, the radial wave functionsF(r ) may be different
for the two levels. Nevertheless, such variations inRl turn
-

,

ee

s,

e-
by

-

out to be quite small. For the kinetic energies of interest
XPS ~above a few hundred eV!, the Rl vary by only;2%
over an energy range corresponding to the spin-orbit split
of a 2p core.21 Furthermore, based on solutions to the Dir
equation, variations ofRl due to level-dependent radial wav
functionsF(r ) are found to be negligible.22

To summarize, we assume that we have an oriented a
magnetized in thez direction, as shown in Fig. 1. The photo
incidence direction (uq ,fq) and polarization (a,d) defines
the dipole operator via Eqs.~14! and~9!. Dipole matrix ele-
ments between theu j ,mj& basis states and the outgoing ph
toelectron can now be determined using Tables I–III. T
appropriate linear combinations of these can be formed
diagonalizing the Hamiltonian in Eq.~21!, which also deter-
mines the energies of the states. Finally, Eq.~16! can be used
to calculate the spin-resolved intensities of each line.

III. RESULTS AND DISCUSSION

A. Spin-resolved spectra

In Fig. 3~a! we present experimental spin-resolved spec
due to Van Campenet al.2 Data were smoothed by one cyc
of equal weight three-point averaging. The polycrystalline
sample was magnetized in-plane along what we take to
the 1z direction ~see Fig. 1! and irradiated with a Mg Ka
(\v51253.6 eV! x-ray source. Photoelectrons were co
lected normal to the surface plane (k;êx) and their spin
measured along the magnetization axis. The photonq was
defined byuq5117° andfq5142.5°, which is a chiral ge-
ometry. To eliminate spin-orbit-induced spin polarizatio
due to chirality, spin-resolved spectra were averaged o
both magnetic orientations. In Fig. 3~a!, photoelectrons with
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spin parallel to the majority in the valence band are given
the solid line, and the corresponding minority spectrum
given by the dashed line. For both levels, an exchange s
ting is clearly evident; i.e., the peak of the majority spectru
is shifted to higher binding energy. Except for the leadi
edge of the 2p3/2 main line, the experimental spectra show
strong majority-spin polarization throughout. Part of this
due to the spin polarization of the secondaries. To perm
more meaningful comparison with theoretical results,
subtract from the experimental results a simple linear ba
ground that eliminates the spin polarization at the lead
and trailing edges. The resulting spectra are presented in
3~b!. In Fig. 3~c! we present theoretical spin-resolved spec
calculated for the same experimental geometry descr
above, and also averaged over both magnetic orientation
eliminate spurious spin polarizations. We use a spin-o
splitting of 13 eV (l58.67 eV! and a spin field ofj51.20
eV, and the resulting lines were convoluted using a Donia
Sunjic line shape with singularity indexa50.35 and Lorentz
broadening 1.2 eV full width at half maximum~FWHM!.
These values were chosen to best fit the experimental

FIG. 2. Schematic diagram showing energetic positions
u j ,mj& core states, for both magnetic orientations, and the resu
magnetic dichroism. Such a situation is realized when the spin-o
parameterl is much larger than the exchange energyj.
y
s
it-

a
e
k-
g
ig.
a
d
to
it

-

e

shapes and peak positions. Overall, the theoretical results
in good agreement with the background-subtracted exp
mental results. In Fig. 3~d!, the theoretical and experimenta
spin polarizations are plotted. These difference spectra w
normalized to the peak height of the spin-integrated int
sity. The theoretical difference spectra also agree well w
the main features of the experimental results, which are c
acterized by plus/minus features at both levels.

A more careful comparison yields the following observ
tions.

~1! Experimentally, the main line for the majority spe
trum is shifted;0.5 eV to higher binding energy~relative to
the minority position! for both 2p3/2 and 2p1/2. In our cal-
culation, it is approximately 0.85 eV for 2p3/2 and 0.30 eV
for 2p1/2. A more realistic treatment of the many-body in
teractions may account for this discrepancy. For instance
including many-body terms in an accurate way, it was fou
theoretically that the energetic splittings of the 2p3/2 and
2p1/2 main lines in Ni 2p are approximately equal.6

~2! In both theory and experiment, the minority-peak i
tensity is enhanced at the 2p3/2 main line, and majority-peak
intensity is enhanced at 2p1/2. This result is a consequenc
of the off-diagonal terms in Eq.~21!, which lead to mixing
between the 2p3/2 and 2p1/2 levels. Without such mixing, the
majority- and minority-peak intensities would be equal, ev
though the peaks would occur at different binding energ
due to exchange.

~3! Experimentally, the line shapes are spin depend
with the line shapes for the majority photoelectrons be
more asymmetrical. In other words, the majority spectr
exhibits greater strength in the high-binding-energy tail, a
correspondingly less in the main line. This is especially e
dent for the 2p3/2 main line. Such intensity profiles are in
dicative of satellite structures. In Ni, such spin-depend
line shapes are also found, both experimentally4 and
theoretically,6,7 and are a consequence of well-known sat
lite structures. Theoretically, the satellite is expected to h
a majority-spin polarization because the mean majority s
ellite position is shifted to higher binding energy, and t
high-binding-energy side of the satellite transfers less sp
tral weight to the main lines.6,7

B. Magnetic dichroism

In a magnetic dichroism experiment, light with a defini
polarization impinges upon a magnetic sample, and the p
toemission spectrum with a definite magnetization (M↑ or
M↓) is measured asI M↑ or I M↓ . In one way of measuring

f
g
it
TABLE II. Dipole operator matrix elements,T̃e5rY1
21.

^Ck↑u ^Ck↓u u j ,mj&

2@R̃01
1
2 R̃2(3cos2uk21)# 0 u 3

2 , 3
2 &

2A3R̃2sinukcosuke
2ifk 2A 1

3 @R̃01
1
2 R̃2(3cos2uk21)# u 3

2 , 1
2 &

2A 3
4 R̃2sin2uke

22ifk 2A3R̃2sinukcosuke
2ifk u 3

2 , 2
1
2 &

0 2
3
2 R̃2sin2uke

22ifk u 3
2 , 2

3
2 &

2A 3
2 R̃2sinukcosuke

2ifk A 2
3 @R̃01

1
2 R̃2(3cos2uk21)# u 1

2 , 1
2 &

2A 3
2 R̃2sin2uke

22ifk A 3
2 R̃2sinukcosuke

2ifk u 1
2 , 2

1
2 &
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TABLE III. Dipole operator matrix elements,T̃e5rY1
0.

^Ck↑u ^Ck↓u u j ,mj&

A 9
2 R̃2sinukcosuke

ifk 0 u 3
2 , 3

2 &

A 2
3 @R̃02R̃2(3cos2uk21)# A 3

2 R̃2sinukcosuke
ifk u 3

2 , 1
2 &

2A 3
2 R̃2sinukcosuke

2ifk A 2
3 @R̃02R̃2(3cos2uk21)# u 3

2 , 2
1
2 &

0 2A 9
2 R̃2sinukcosuke

2ifk u 3
2 , 2

3
2 &

A 1
3 @R̃02R̃2(3cos2uk21)# 2A3R̃2sinukcosuke

ifk u 1
2 , 1

2 &

2A3R̃2sinukcosuke
2ifk 2A 1

3 @R̃02R̃2(3cos2uk21)# u 1
2 , 2

1
2 &
e
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the dichroism, the magnetization direction is simply r
versed, and the difference spectrumI M↑2I M↓ gives the mag-
netic dichroism. It is instructive to consider the limitl@j,
which is approximated by a 2p core level in Fe. For this
limit, to first order, the core eigenstates are given simply
the u j ,mj& spin-orbit eigenstates, and the energy separa
between adjacentmj sublevels isj/3. In this case, reversing
the magnetization will not change the intensities of t
states, but will merely interchange the energetic position
u j ,mj& andu j ,2mj&. Such a situation is shown schematica
in Fig. 2. Therefore, in this limit, the magnetic dichroism f
a given line is calculated simply by considering a sing
magnetic orientation and takingI u j ,mj &

2I u j ,2mj &
.

For RCP excitation, and the special case of photonq par-
allel to the magnetizationM , this intensity difference is

2p3/2: I u3/2,3/2&2I u3/2,23/2&53DMCDAD , ~23a!

I u3/2,1/2&2I u3/2,21/2&5DMCDAD , ~23b!

2p1/2: I u1/2,1/2&2I u1/2,21/2&52DMCDAD , ~23c!

whereDMCDAD gives the angular distribution of the dichro
ism:

DMCDAD5
1

3
@3R2

2sin2uk2R0
22R2

2

2R0R2~3cos2uk21!cos~d02d2!#. ~24!

MCDAD can be qualitatively explained as a result of t
spin polarization induced by circular-polarized excitation.
certain takeoff directions, there may be strong preferen
emission of a given spin component—say spin up—at on
the levels. If the magnetization direction is also up, then t
peak is primarily minority in character, and so is shifted
lower binding energy. When the magnetization is revers
the spin polarization does not change~still spin up!, but the
peak is now majority in character and so shifts to high
binding energy, thereby leading to different spectra up
magnetic reversal.

With linear-polarized excitation, there can also be an
duced spin polarization, which in turn leads to an angu
dependent magnetic linear dichroism~MLDAD !. For ex-
ample, let the dipole operator be given byTe;y ~i.e., q;êx
anda590°). The induced spin polarization is then

2p3/2: I ↑2I ↓52R0R2sin2uksin2fksin~d02d2!, ~25!
-

y
n

of

t
al
of
s

d,

r
n

-
r-

2p1/2: I ↑2I ↓522R0R2sin2uksin2fksin~d02d2!. ~26!

The magnetic dichroism is calculated in the same way
before,

2p3/2: I u3/2,3/2&2I u3/2,23/2&53DMLDAD , ~27a!

I u3/2,1/2&2I u3/2,21/2&5DMLDAD , ~27b!

2p1/2: I u1/2,1/2&2I u1/2,21/2&52DMLDAD , ~27c!

where now

DMLDAD 5R0R2sin2uksin2fksin~d02d2!. ~28!

Therefore, except for an angular-dependent scaling fac
the MLDAD is equal to the MCDAD, as discussed by pr
vious workers.23 Although this result was derived here for
one-electron model in the limitl@j, it holds more generally
for any values of spin orbit and exchange, and is even v
for the many-body case.23 In other words, the line shapes fo
both types of dichroism are identical, as shown schematic
in Fig. 2.

Magnetic dichroism can also be observed with unpol
ized light, which is an incoherent superposition ofs and p
components. Although thes component is nondichroic, the
p component leads to the same dichroism as before
Fig. 4~a! we present experimental photoemission spectra,
to Fanelsaet al., for the 2p core of Fe~001! excited by a
Mg Ka x-ray source.14 The sample was magnetized in th
surface plane, and both the photon and photoelec
wave vectors were in the plane normal to the magnetizat
Photoelectron takeoff was normal to the surface and m
an angle of 45° with respect to the photon incidence dir
tion. I M↑ and I M↓ are the spin-integrated spectra for magn
tization in the up and down directions, respectively. The t
oretical spectra are shown in Fig. 4~b!, and the difference
spectra~normalized to peak intensity! are plotted in Fig. 4~c!.
These spectra were calculated again usingl58.67 eV and
j51.2 eV, and the lines were convoluted with the sa
Doniach-Sunjic line shape as before. Overall, the theoret
results agree well with experiment, and are characterized
a plus/minus feature at 2p1/2 and a minus/plus feature a
2p3/2.

However, there are discrepancies between experim
and theory. For instance, at the 2p3/2 main line, I M↑ has a
greater intensity thanI M↓ , whereas in the theoretical ca
culation they are equal. Also, the experimental dichr
signal in the interval between the main lines is much lar
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than in the theoretical calculation. Both of these discrep
cies may be attributed to many-body effects not accura
described within the present model. For instance,I M↓ has a
majority-spin polarization at 2p3/2. The effect of satellite
structures is to shift majority spectral weight to the satel
region, and away from the main line, which then acqui
minority-spin polarization. This effect would explain th
shape of the magnetic dichroism curve, although it canno
modeled within the exchange-split main line approach c
sidered here.

A direct comparison of themagnitudeof the dichroism is
not meaningful here because the experimental data w
taken from a single-crystal sample. It was recently shown
Fanelsaet al. that photoelectron diffraction can have a stro
effect on the magnitude of the dichroic asymmetry for su
cases.14

IV. CONCLUSIONS

We have presented a one-electron theory to describe s
and angle-resolved photoemission spectra from ap core

FIG. 3. Spin-resolved Fe 2p photoemission spectra.~a! Experi-
mental results due to Van Campenet al. ~Ref. 2!. Data were
smoothed with one cycle of the three-point averaging.~b!
Background-subtracted experimental spectra.~c! Theoretical re-
sults. Lines were convoluted with a Doniach-Sunjic line shape.~d!
Spin polarization, normalized to the peak intensity.
-
ly

s

e
-

re
y

h

in-

level of a ferromagnetic system, and for a general pho
polarization. We have applied the model to calculate sp
resolved Fe 2p spectra as well as magnetic dichroism
Agreement with experiment is generally very good. The d
crepancies can be attributed to many-body effects. The s
dependent line shapes are particularly interesting, beca
they are indicative of satellite structures.
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FIG. 4. Fe 2p magnetic unpolarized dichroism.~a! Experi-
mental results due to Fanelsaet al. ~Ref. 13! with spin-integrated
spectra for both magnetic orientations. The small peak at 712
is due to satellite x rays.~b! Theoretical results. Lines were con
voluted with a Doniach-Sunjic line shape with singularity ind
a50.35 and Lorentz broadening 1.2 eV FWHM.~c! Difference
spectrum for theory and experiment, normalized to the p
intensity.
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