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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 fromaare 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 betweegmthendp,,, levels. Photoelectron diffrac-
tion effects are neglected. Using this model, good agreement is obtained with experimental spin-resolved and
magnetodichroic Fe [2 photoemission spectra.
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I. INTRODUCTION helicity, or fixing the photon helicity and reversing the mag-
netization. If linear-polarized excitation is used, then dichro-
In recent years there has been great interest in utilizingsm can only be observed by reversal of the magnetization.
core-level photoelectron spectroscopy to probe the localhis method requires angular resolution of photoelectrons,
electronic and magnetic structure of the itinerantand is known as magnetic linear dichroism in the angular
ferromagnet$:*® In the shallow $ core levels, the spin- distributions, or MLDAD. Such dichroism was observed by
orbit and exchange interactions are approximately equal ilRothet al.in Fe 3p core-level photoemissiott.It is possible
magnitude, leading to heavy mixing between they3and to observe dichroism even with unpolarized light, an effect
3py lines. This is in contrast to the deep Zore levels, which can be termed MUDAD, and such studies have been
where the spin-orbit interaction is roughly an order of mag-carried out for several itinerant ferromagnetic systéfn&>
nitude larger than the exchange interaction. As a conse- In this paper we present a one-electron theory to describe
quence, the @3, and 2p;, main lines are well separated photoemission from ah=1 core level of a ferromagnetic
energetically, and hybridize little. These characteristics helgystem. We do not include final-state photoelectron scatter-
simplify the spectroscopic interpretation, and therefore makéng and diffraction effects, although these are by now recog-
the 2p core levels particularly instructive to examine. nized to be important when studying single-crystal samples
One approach to using photoemission as a probe of magn certain geometrie¥ In our formulation we consider an
netic systems is to directly measure the spin of the outgoingriented atom for which the only effect of the magnetic solid
photoelectron, a method known as spin-resolved x-ray phas to induce an exchange splitting of the different sublevels.
toelectron spectroscofsRXPS. Due to the Pauli principle In addition to exchange splitting, we simultaneously include
and the resulting exchange interaction, core electrons witkthe spin-orbit interaction. Such a treatment is necessary in
spin parallel to the majority in the valence band will haveorder to correctly describe mixing between thg, and py,
their binding energy increased relative to electrons with spirevels.
antiparallel. This effect appears as a shift in spectral weight Other workers have used similar approaches. For in-
to higher binding energy for the majority photoelectrons.stance, Huanget al. also used a one-electron model which
Spin-resolved studies have by now been carried out on thsimultaneosly included both spin orbit and exchatye.
ferromagnetic transition metals for both the shallow coreBy fitting calculated spectra to experimental observations,
levels' as well as the deep core levéié.In the case of Ni, they were able to deduce important magnetic properties of
the core-level spectra exhibit prominent satellite structuresiltrathin Fe films. In their analysis, they assumed that the
with complex spin polarizations, a proper description ofradial wave functions were independent of the orbital state of
which requires an accurate many-body approaéhCore-  the outgoing photoelectron and also that there was no inter-
level spectra of Fe and Co, on the other hand, do not exhibfierence between thie-1 channels. However, such interfer-
such pronounced satellite structures, and one-electron theence is essential for the description of MLDAD
ries have been used with success to describe thegthenomena? Van der Laan and Cherepkov, in pioneering
systemg~10 works, have also presented theories to describe angle-
An alternative to SRXPS, which does not require photoresolved core-level photoemission from ferromagnets. In van
electron spin resolution, is magnetic dichroism. The observader Laan’s approactf, the photoemission spectra are sepa-
tion of magnetic dichroism in core-level photoemission wasrated into two parts: one which contains the physical infor-
by Baumgarteret al, who performed angle-resolved mea- mation, and another which depends on the geometry. Van
surements using circularly polarized light. This technique isder Laan does treat the spin-orbit and exchange interactions
known as magnetic circular dichroism in the angular distri-simultaneously, but does not, however, include spin resolu-
bution, or MCDAD, and was used to deduce an effectivetion. In Cherepkov’s approacti;!®the photoemission inten-
exchange splitting of the Fep2main lines'! In MCDAD sity is calculated in terms of the state multipoles and a set of
studies, two distinct methods of measurement have been erparameters that describe the coupling of the various angular
ployed: fixing the magnetization and reversing the photormomenta. While Cherepkov’s theory does include spin reso-

0163-1829/98/5@)/9938)/$15.00 57 993 © 1998 The American Physical Society



994 J. G. MENCHERO 57

lution, it does not treat simultaneously the spin-orbit and a0 [ [ yri—y? yity- !
exchange interactions, and therefore cannot account for hy- t=~/— || ——|& +i| ——— &,+ Y%,
bridization between thes, and py, levels. 3 V2 V2

In the present paper we present a theory to describe both (53
spin resolutionand mixing between the levels. We also al- 2
low for a general photon incidence direction and polariza- R PPN 1~ 0r
tion, as well as angular and spin resolution of the photoelec- ?(Yl €+ Yie-+Yiey), (5b)

trons. Spin polarization resulting from cross-channel ) ) ) )

interference arises in a natural way. In the theories of van def'here we have introduced the circular-polarized basis vec-

Laan and Cherepkov, extensive use is made of angular md°"s

mentum recoupling to express the photoemission intensity in ~ A -

terms of more fundamental quantities. Such approaches have 8 _&tley o &% ©)

obvious value, but lead to the introduction of many param- o2 T 2

eters which have no immediate physical interpretation. By . ) o

contrast, the present approach is more straightforward ani terms of this new basis, the photon polarization vector can

the only parameters that enter have an immediate and obvRe rewritten

ous physical meaninge.g., photoelectron takeoff angle, pho- . A - -

ton polarization, spin-orbit and exchange energies).ede €=€.€,te_e_teey, (7)

believe, therefore, that the present formulation is more transzpare

parent, and will prove useful to workers in need of a direct

method for calculating spin polarization and magnetic di-

chroism in photoemission from @ core level. €.= . €_
As examples, we apply our theory to Fe SRXPS and \/§ \/E

MUDAD experimental spectra. The theory correctly repro-

duces the main features of the spectra, although it does n

account for some details. We attribute these discrepancies to an

many-body effects not describable within the one-electron Te=r-e=r\/—=(—Yie, +Y;'e_+Y%,). (9

model considered here. In particular, we show that the ex- 3

perimental results suggest the existence of weak satellitghis is a convenient basis for circular-polarized light propa-

ex—legy _&tiey

®

g’the dipole operator is then given by

structures in Fe @ photoemission spectra. gating in thez direction, or forz-polarized light propagating
along an arbitrary direction in they plane. However, such

Il. THEORY an gxpression is not immedia}tely useful for_ a genera}l polar-

ization and geometry, as depicted schematically in Fig. 1 for
The electric dipole operator is defined as an oriented atom. Herd, is the photoelectron wave vector,

andq is the photon wave vector. We now proceed to gener-
alize our development for this geometry.
The dipole operator as written in E(®) is defined by six
- ) real (three complexnumbers. One of these can be related to
wherer is the electron coordinate vector, an overall phase factor, and another can be related to a nor-
malization condition, neither of which are important for
X present purposes. This leaves four remaining independent
T
and € is the electric field polarization

TEZF- g=X6X+yEy+ZGZ, (1)

y\ -
Fey+

- A z\.
r=rr=r e+ -l

' 2 numbers to define the polarization. Due to the transverse
nature of the electric field, two of these are defined by the
photon propagation direction, which is given in Fig. 1 by
(0q.,9q)- The other two are defined by the relative magni-
tude and phase difference between the two orthogonal com-

€= &+ €,8,+ €,€;. (3)  ponents of the electric field. For a normalized polarization
vectore, this can be written in spherical coordinates in terms

To describe the most general photon polarization, the exparpf two anglesa and § as

sion coefficientse; must be complex. Using the usual rela-

tions for the spherical harmonics, €=Cosxe,+sinae'%e,,. (10)

Yi+v;?

X  fAm[Y{'-Yi| y  [am
N3l ) TINTE T

z 4m .
N3 @ . 4m - ~ ~ ~ 52
re=ry—5(Y1 e, —Yie_ +Yie,) (coxe,+sinae'’e,),

we can rewrite the electron coordinate unit vector as (11

For Eq.(9) to be useful for a general photon polarization and
propagation direction, we need to express the polarization

’ coefficientse, , €_, ande, in terms of the four new param-
etersy, ¢4, @, andé. For a general propagation direction,
the normalized dipole operator is
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TABLE I. Dipole operator matrix elementie:rY}.

(V] (V| |j,m;)
— FRosiP o, % 0 3. 2
J3R,sing,coss,e — \/gﬁzsinzekezw’k 13, %)
—VA[Ry+ iR, (3c026,~1)] V3R,sinfcogd 13, -1
0 —[Ro+2R,(3c086,—~1)] 3, -3
VER,singcossd V2R, sir g6 ERE
— 3[R+ 1R, (30036 1)] — J3R,singcoshe 5 -b
where the preponderance of RCP over LCP light, wa» + 1 cor-
A . . . responding to RCP, amgt=—1 corresponding to LCP.
€y= COSH,COSHE+ COH,Sind ey —sindye,, (129 Let |¥,,) be the wave function for the outgoing photo-
electron with wave vectok and sping, and let| ¥ .9 be
é¢: —sin¢qéx+c0&ﬁqéy. (12  the wave function for the core electron in the initial state.
The intensity is then given by
Now using
~ -~ o= (W Td ¥ o9 P0(E + Ex—fiw),  (16)
- .~ e"l?g R . FieT% . - .
(€:)* @p)=—==—C0,, (.)* 4= , (13 whereEg is the binding energy of the core electrdd, is the
V2 V2 kinetic energy of the photoelectron, ahdv is the photon

energy.
The final state, for emission into a general directigns
given by a superposition of spherical watfes

we obtain the desired result:

e % .
€.= N [cosecosf,—isinae'?], (143 |
Wi (1, 0,0) =47 > '™ Y E (6, 310 Yim( 6, B (1),
e'%q . (17)
e_=—=[cosacod,+isinae'’], (14b) _ _
\/E where§, are the partial wave phase shifts, apg(r) are the

radial wave functions at kinetic enerds;=#2k?/2m. The
€,= —Ccosasindy . (140  special case of a plane wave is recovered by setting alD
and fy(r)=j,(kr), where j,(kr) is the spherical Bessel
To illustrate the use of these relations, consider right cirfunction of orderl. In this work, we do not consider photo-
cularly polarized(RCP light propagating along the-z di-  electron diffraction effects in the final-state wave function,
rection, so that,=0°. We here define RCP light to have which would modify ¥, further by scattering from neigh-
positive helicity, which means that=45° and6=90°, and  boring atoms.

therefore we arrive ate,|=1. From Eq.(9), we see this The initial state¥ ., is given by
corresponds td‘;Y}, i.e., the photon angular momentum is
parallel to the wave vectog. As another example, let 7,

6,=90° and¢,=0°, so that the photon is propagating along
the + x direction(see Fig. 1L Supposer=90° and5=0°, so
that e=e,=e,. Then Eq.(14) gives e, =—i/y2 and
e_=il2, so that we recoveF ~i(Yi+Y;1)~y.

The @ and § defined here can also be related to the very
commonly used Stokes parametérsy

S;=C0S2x, (159
S,=SiN20:COSS, (15b) y
S3=Ssin2asing, (159
which gives so=\/s?+s2+s2=1. For a surface normal

given byﬁzi, s, gives the preponderance pflinear polar-

ization (;:ée) over s-linear p_olar_ization %:Ae(/)), with FIG. 1. General geometry. Magnetization is along thedirec-
s;=+1 corresponding t@ polarization ands;=—1 corre-  tion. k andq are the photoelectron and photon wave vectors, re-
sponding tos polarization. The Stokes paramety gives  spectively.
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W cord = F(1); @, (6,8)), (18) 312, 32=|Y11), (203
whereF(r) is the radial wave function an® (6, ¢) is the _ 0 1
part depending on angle and spin. To deternting 0, ¢), 372, 1/3_‘/73|Y1T>+\/E4Y1l>' (20b)
we follow the approach discussed by van der Lfawe 1 o
include the spin-orbit interaction and treat the exchange in- 312, —1/2)=\13Y; ') +2/3Y]]), (200
teraction by means of a spin field. The Hamiltonian is there- .
fore given by |32, —3/2)=[Y{"|), (200
H=\I-s+¢&s,. (19 |1/2, 1/2=\1/3Y%1)—2/13Y}]), (208
As our basis states, we choose th,enj) spin-orbit states, 12. —1/2=2/3 Y1) = J1/3 Y° 20
which can be constructed directly from the Clebsch-Gordan v, ) \/_| 1 D) \/_| 1l (200
coefficients: The Hamiltonian in this basis then becomes
|
3N +3¢ 0 0 0 0 0
0 AA+E 0 0 J8¢ 0
1 0 0 a-¢ 0 0 J8¢
H=~ (21
6 0 0 0 A—-3¢ 0 0
0 V8¢ 0 0 —BN—& 0
0 0 8¢ 0 0 —BN+E

The introduction of a spin field breaks the spherical sym-out to be quite small. For the kinetic energies of interest in
metry, thereby mixing =3/2 andj =1/2 levels, as evidenced XPS (above a few hundred gVthe R, vary by only ~2%
by the off-diagonal terms. About the magnetization axis,over an energy range corresponding to the spin-orbit splitting
however, rotational symmetry is preserved, andgingas still of a 2p core?! Furthermore, based on solutions to the Dirac
a good quantum number. In the limit>¢ — closely realized equation, variations dR, due to level-dependent radial wave
for a 2p core level — theps, and py, levels are shifted functionsF(r) are found to be negligibl#
energetically by+A/2 and —\, respectively, leading to a To summarize, we assume that we have an oriented atom
spin-orbit splitting of 1.5, and an exchange splitting ¢f3  magnetized in the direction, as shown in Fig. 1. The photon
appears between adjacent sublevels. The level scheme for incidence direction €4, $,) and polarization &,5) defines

this limit is shown in Fig. 2. the dipole operator via Eq$14) and(9). Dipole matrix ele-
For general andé, Eq. (21) can be easily diagonalized ments between thig,m;) basis states and the outgoing pho-
to obtain the angular eigenstatds.(6,#). To calculate the toelectron can now be determined using Tables I-IIl. The

matrix elements of Eq(16) for a general initial stat&d’ ., appropriate linear combinations of these can be formed by
it is thus sufficient to know the matrix elements for the diagonalizing the Hamiltonian in E¢21), which also deter-
|i,m;) basis states. These have been computed for the thrgmines the energies of the states. Finally, B6) can be used
basic photon polarizatiors, =rY! ry;?, andrY? and are calculate the spin-resolved intensities of each line.
presented in Tables I, Il, and Ill, respectively. In these tables,
6, and ¢, define the photoelectron wave vector. TReare

J — 5 ] ) lll. RESULTS AND DISCUSSION
defined asR,=R;e'’, where R, are the radial matrix ele-

ments for the two dipole-allowed final-state channels, A. Spin-resolved spectra
In Fig. 3@ we preser12t experimental spin-resolved spectra
* due to Van Campeat al“ Data were smoothed by one cycle
_ 3
R= fo fla(r)r*F(r)dr, 22) o equal weight three-point averaging. The polycrystalline Fe

sample was magnetized in-plane along what we take to be

and thes, are the respective phase shifts. These matrix elethe +z direction (see Fig. 1 and irradiated with a Mg K
ments and phase shifts have been calculated and tabulated tfy=1253.6 €V x-ray source. Photoelectrons were col-
Goldberg, Fadley, and Korf8,for several elements and en- lected normal to the surface plank~e,) and their spin
ergies. Note that we implicitly assumed that the radial inte-measured along the magnetization axis. The phatomas
gralsR, are the same for both thay, andp,/, levels, even  defined byf,=117° and¢,=142.5°, which is a chiral ge-
though the photoelectrons differ in kinetic energy and, inometry. To eliminate spin-orbit-induced spin polarization
principle, the radial wave functiong(r) may be different due to chirality, spin-resolved spectra were averaged over
for the two levels. Nevertheless, such variationRinturn ~ both magnetic orientations. In Fig(é8, photoelectrons with
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2p shapes and peak positions. Overall, the theoretical results are
vz 32 in good agreement with the background-subtracted experi-
L3A mental results. In Fig. @), the theoretical and experimental
spin polarizations are plotted. These difference spectra were
&3 normalized to the peak height of the spin-integrated inten-
S iy sity. The theoretical difference spectra also agree well with
| the main features of the experimental results, which are char-
| | | acterized by plus/minus features at both levels.
12 -2 32 -1z 12 32 (my) A more careful comparison yields the following observa-
tions.
(1) Experimentally, the main line for the majority spec-
trum is shifted~0.5 eV to higher binding energyelative to
| | | | the minority position for both 2ps,, and 24/, In our cal-
12 12 2 12 -1z -32 (m,) culation, it is approximately 0.85 eV forf,, and 0.30 eV
’ for 2p,». A more realistic treatment of the many-body in-
teractions may account for this discrepancy. For instance, by

ry

1(My)

1(M})

2A Magnetic 3A including many-body terms in an accurate way, it was found
Dichroism A I theoretically that the energetic splittings of th@s2 and
| I 2p1, Main lines in Ni 2 are approximately equél.
| | | (2) In both theory and experiment, the minority-peak in-
-A S - L
2A tensity is enhanced at theg, main line, and majority-peak

-3A intensity is enhanced atp?,,. This result is a consequence

FIG. 2. Schematic diagram showing energetic positions ofof the off-diagonal terms in Eq21), which lead to mixing
|j,m;) core states, for both magnetic orientations, and the resultinfetween the @3, and 2, levels. Without such mixing, the
magnetic dichroism. Such a situation is realized when the spin-orbitnajority- and minority-peak intensities would be equal, even
parametei is much larger than the exchange eneégy though the peaks would occur at different binding energies

due to exchange.
spin parallel to the majority in the valence band are given by (3) Experimentally, the line shapes are spin dependent,
the solid line, and the corresponding minority spectrum iswith the line shapes for the majority photoelectrons being
given by the dashed line. For both levels, an exchange splitmore asymmetrical. In other words, the majority spectrum
ting is clearly evident; i.e., the peak of the majority spectrumexhibits greater strength in the high-binding-energy tail, and
is shifted to higher binding energy. Except for the leadingcorrespondingly less in the main line. This is especially evi-
edge of the P5,, main line, the experimental spectra show adent for the 25, main line. Such intensity profiles are in-
strong majority-spin polarization throughout. Part of this isdicative of satellite structures. In Ni, such spin-dependent
due to the spin polarization of the secondaries. To permit éine shapes are also found, both experimentaland
more meaningful comparison with theoretical results, wetheoretically®’ and are a consequence of well-known satel-
subtract from the experimental results a simple linear backlite structures. Theoretically, the satellite is expected to have
ground that eliminates the spin polarization at the leadinga majority-spin polarization because the mean majority sat-
and trailing edges. The resulting spectra are presented in Figllite position is shifted to higher binding energy, and the
3(b). In Fig. 3c) we present theoretical spin-resolved spectrahigh-binding-energy side of the satellite transfers less spec-
calculated for the same experimental geometry describettal weight to the main line$’
above, and also averaged over both magnetic orientations to
eliminate spurious spin polarizations. We use a spin-orbit
splitting of 13 eV (\=8.67 €\) and a spin field o£=1.20
eV, and the resulting lines were convoluted using a Doniach- In a magnetic dichroism experiment, light with a definite
Sunjic line shape with singularity index=0.35 and Lorentz  polarization impinges upon a magnetic sample, and the pho-
broadening 1.2 eV full width at half maximuFWHM). toemission spectrum with a definite magnetizatidn{( or
These values were chosen to best fit the experimental linM | ) is measured aky; or Iy, . In one way of measuring

B. Magnetic dichroism

TABLE 1. Dipole operator matrix elementd, =rY; ™.

(Wil (W | jm
~[Ro+ 3Rx(3c0$6,-1)] 0 3. 2

— J3R,sing,cos e % - \/g[ﬁoJr 1R,(3c0o$6,—1)] |3, 3

— 2R,sirae 2% — V3R,singcoshe % 13, -4
0 — 3R,sirPhe 2% 12, -3
— 3R,singcoshe V2[Ro+ LR,(3c026,~1)] 13, 3

- \/gﬁzsinzeke’z‘/’k \/gﬁzsinekcoa‘)ke’”’k 13, —3)
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TABLE IIl. Dipole operator matrix elements, .=rY$.

(Yl (Wi | |i.m;)
\/gﬁzsinekcosake‘"’k 0 13, 3
\/g[ﬁo—ﬁz(%os?ak—l)] \/?Fizsinekcosﬁkei"'K 13, 3
—V3R;singcosge VERo—Ry(3c086,-1)] R
0 —$R,sinfcospe 3 -}
\/g[ﬁo—ﬁz(3co§6k—1)] — V3R, sinfcoshe % 11, 1y
— 3Rsingcose ' ~ VARo—Ro(3c086,-1)] 2, —2)

the dichroism, the magnetization direction is simply re-2p, =1, = —2RgR,SI 6, sin2¢,sin( 8o— 5,).  (26)
versed, and the difference spectrign — 1y gives the mag-

netic dichroism. It is instructive to consider the limit> ¢, The magnetic dichroism is calculated in the same way as
which is approximated by a2 core level in Fe. For this before,

limit, to first order, the core eigenstates are given simply by

the [j,m;) spin-orbit eigenstates, and the energy separation 2P32t  lja2.39 7 j3i2-32 = 3AmLDAD - (273
between adjacenh; sublevels isf/3. In this case, reversing

the magnetization will not change the intensities of the 11372113 = 1312~ 172 = AmLDAD » (270
states, but will merely interchange the energetic positions of

|j,m;) and|j,—m;). Such a situation is shown schematically 2p12: N2~ lwz2-12=2Ampap . (270

in Fig. 2. Therefore, in this limit, the magnetic dichroism for
a given line is calculated simply by considering a single
magnetic orientation and taking,m,—Ijj,-m) - Apipap = RoR2SiN 0, sin2¢ sin( 85— 85). (28)
For RCP excitation, and the special case of phajqar-
allel to the magnetizatioM, this intensity difference is

where now

Therefore, except for an angular-dependent scaling factor,
the MLDAD is equal to the MCDAD, as discussed by pre-
(233 vious workers?® Although this result was derived here for a
one-electron model in the limk> ¢, it holds more generally
(23b) for any values of spin orbit and exchange, and is even valid
for the many-body cas®.In other words, the line shapes for

2pz2: 3233 113232 = 3Amcpap »

| [312,172 | |32~ 112 = Avcpap s

both types of dichroism are identical, as shown schematicall
2p12: iz~ lze-12=28mcoan. (230 Figyg. Y

where Aycpap gives the angular distribution of the dichro- ~ Magnetic dichroism can also be observed with unpolar-
ism: ized light, which is an incoherent superpositionsoénd p
components. Although the component is nondichroic, the
1 p component leads to the same dichroism as before. In
Al\/|<:|3AD=§[3R§Sin2 o—RS—R3 Fig. 4(a) we present experimental photoemission spectra, due
to Fanelseet al, for the 2p core of Fe(001) excited by a
—RyR,(3c026,—1)cog 5y— 8,)]. (24 Mg Ka x-ray sourcé? The sample was magnetized in the
surface plane, and both the photon and photoelectron
MCDAD can be qualitatively explained as a result of the wave vectors were in the plane normal to the magnetization.
spin polarization induced by circular-polarized excitation. At Photoelectron takeoff was normal to the surface and made
certain takeoff directions, there may be strong preferentiahn angle of 45° with respect to the photon incidence direc-
emission of a given spin component—say spin up—at one dfion. |, andl,,, are the spin-integrated spectra for magne-
the levels. If the magnetization direction is also up, then thigization in the up and down directions, respectively. The the-
peak is primarily minority in character, and so is shifted tooretical spectra are shown in Fig(b4, and the difference
lower binding energy. When the magnetization is reversedspectranormalized to peak intensitare plotted in Fig. &).
the spin polarization does not chan@ill spin up, but the  These spectra were calculated again using8.67 eV and
peak is now majority in character and so shifts to higheré=1.2 eV, and the lines were convoluted with the same
binding energy, thereby leading to different spectra uporDoniach-Sunijic line shape as before. Overall, the theoretical
magnetic reversal. results agree well with experiment, and are characterized by
With linear-polarized excitation, there can also be an in-a plus/minus feature atf,, and a minus/plus feature at
duced spin polarization, which in turn leads to an angular2pg,.

dependent magnetic linear dichrois(WMLDAD). For ex- However, there are discrepancies between experiment
ample, let the dipole operator be given By~y (i.e.,q~e,  and theory. For instance, at thgg main line, 1y, has a
and «=90°). The induced spin polarization is then greater intensity thamy,,, whereas in the theoretical cal-

culation they are equal. Also, the experimental dichroic
2pP3! IT—Il=2ROstin20ksin2¢ksin( do— 6,), (25  signal in the interval between the main lines is much larger
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. Iy, 1) Experiment

IMin. ZP 372

Photoemission Intensity (Counts)
1

Photoemission Intensity (Counts)

_- b) Theory
| | I |
4
~ 34 Theory
] C) ---------- Experiment
§ 2 1
3 1 S o0ot—"
g ]
& 207 ——— Theory - 2T T T T T
8 304 Experiment 725 720 715 710 705
L e e AL ML i B Binding Energy (eV)
725 720 715 710 705 . . . . )
Binding Energy (eV) FIG. 4. Fe 2 magnetic unpolarized dichroisnfa) Experi-

mental results due to Fanelsaal. (Ref. 13 with spin-integrated

FIG. 3. Spin-resolved Fef2photoemission spectréa) Experi- ~ SPectra for both magnetic orientatiqns. The smal_l peak at 712 eV
mental results due to Van Campest al. (Ref. 2. Data were 'S due to §atelllte x'rays(.b) Theqretlcal result§. Llhes were con-
smoothed with one cycle of the three-point averagirb) voluted with a Domach-Sunuc_ line shape with smgqlarlty index
Background-subtracted experimental spect@. Theoretical re- «=0-35 and Lorentz broadening 1.2 eV FWHNE) Difference
sults. Lines were convoluted with a Doniach-Sunjic line shage. ~ SPectrum for theory and experiment, normalized to the peak
Spin polarization, normalized to the peak intensity. intensity.

than in the theoretical calculation. Both of these discrepantevel of a ferromagnetic system, and for a general photon
cies may be attributed to many-body effects not accuratelyolarization. We have applied the model to calculate spin-
described W|th|n the present m0de|. For instaﬂm, haS a reso'ved Fe B spectra as We” as magnetic dichroism_
majority-spin polarization at @;,. The effect of satellite aAgreement with experiment is generally very good. The dis-
structures is to shift majority spectral weight to the Sate”itecrepancies can be attributed to many-body effects. The spin-

region, and away from the main line, which then acquireésyependent line shapes are particularly interesting, because
minority-spin polarization. This effect would explain the they are indicative of satellite structures
e

shape of the magnetic dichroism curve, although it cannot b
modeled within the exchange-split main line approach con-
sidered here.
A direct comparison of thenagnitudeof the dichroism is
not meaningful here because the experimental data were
taken from a single-crystal sample. It was recently shown by The author gratefully acknowledges C.S. Fadley and L.E.
Fanelsaet al.that photoelectron diffraction can have a strongKlebanoff for helpful comments and stimulating discussions.
effect on the magnitude of the dichroic asymmetry for suchSupport from Lisa Borland is also greatly appreciated. This
cases? work was supported in part by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sci-
ences Division of the U.S. Department of Energy under Con-
V. CONCLUSIONS tract No. DE-AC03-76SF00098. The author also gratefully
We have presented a one-electron theory to describe spiacknowledges support during this period from the Dean’s
and angle-resolved photoemission spectra fronp @ore  Office of U.C. Berkeley.
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