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Abstract. Photoelectron diffraction theory is applied to the investigation of the dependence of
magnetic dichroism and spin polarization on the emission direction of photoelectrons in angle-
resolved core-level photoemission. It is shown that photoelectron diffraction effects may cause
significant modulations in the angular dependence of magnetic dichroism in angle-resolved core-
level photoemission. Furthermore, it is pointed out that both magnetic dichroism and spin
polarization should show the same angular dependence on the electron emission direction. Results
of photoelectron diffraction theory are discussed in detail for p-type core-level photoemission in
comparison with those of the single-atom approach. The applied theory gives a good explanation
of the experimental data of Fe 3p and Co 2p photoelectrons excited in thin Fe and Co films,
respectively.

1. Introduction

Magnetic dichroism in the angular distribution of photoelectrons (MDAD) from ferromagnets
was observed first by Baumgartem al [1] using circularly polarized light. Baumgarten
observed that the recorded photoemission spectra of Fe 2p shows a pronounced dependence
onthe relative orientation of the photon spin and the direction of magnetization. This dichroism
has been qualitatively explained by taking into account the spin—orbit splitting of the Fe 2p
level in combination with exchange splitting of the corresponding sublevels [2, 3].

The first observation of MDAD prompted a flurry of both theoretical and experimental
activities in the study of MDAD with circularly polarized light (MCDAD) [4-10]. It was
soon realized that MDAD could also be observed using linearly polarized light (MLDAD)
in an angle-resolved photoemission experiment with the proper geometry [11-13]. Even
more remarkable was the first experimental observation of MDAD with unpolarized light
[14]. Meanwhile this kind of dichroism, termed MUDAD, was studied for several itinerant
ferromagnetic systems [15-18].

In principle, MDAD of photoelectrons using circularly polarized light can be measured
by two distinct methods: fixing the magnetization and reversing the photon helicity, or fixing
the photon helicity and reversing the magnetization. If linearly polarized or unpolarized light
is used, the MDAD can only be observed by reversing the magnetization (figure 1). A first
systematic overview and classification of the rather wide variety of magnetic dichroism effects
in photoemission has been provided recently by Vestus [5].

Until now, most theoretical work on MDAD has completely neglected the influence of
photoelectron diffraction (PD) effects [2, 3,19-21]. However, in general, this is not a valid
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Figure 1. Schematic geometry in the MDAD experiment. The MDAD depends on the relative
orientation of the electron emission directiorthe direction of photon incidengeand the direction

of magnetizationM. MDAD may be observed for circularly polarized light (cp) as well as for
linearly polarized light (s,p).

model for crystalline systems [7, 22, 23]. The outgoing electron is scattered at the other atoms
on the way out. The interference of these scattered waves and the primary wave gives rise to
intensity modulations and, therefore, to modulations in the magnetic dichroism.

There are experimental results which clearly emphasize the influence of PD effects.
Fanelsaet al [16] conducted an experiment which directly probed the influence of PD effects.
A qualitative explanation of the measured effects was given using a simple two-atom scattering
model. This work has been continued and expanded by Schelleaebal{4]. Hillebrecht
et al[25, 26] measured strong modulations on MLDAD of Fe 3p and Co 3p photoemission in
contrast to atomic prediction. Most of the features could be explained within a plane-wave
single-scattering PD theory.

By rotating the sample around the direction of magnetization, a strong MLDAD of
photoelectrons has been observed in thin Fe and Co layers [27,28]. This behaviour is in
contrast to the single-atom approach, where the MLDAD should be independent of the angle
of electron emission if the angle between the electron emission and light incidence is fixed.

In this paper, a PD theory based on the multiple scattering of spherical waves is applied to
include PD effects in the theory of MDAD of photoelectrons. The initial state of photoelectrons
is considered as a spin—orbit split core state with total angular-momentum quantum number
je = l. £ 1/2. Within a one-electron theory of ferromagnetism [21], the only effect of the
magnetic solid is to induce an exchange splitting of the different corresponding sublevels
we = —jeo, —je +1,..., jo. Therefore, the intensity of photoelectrons is calculated for each
sublevel| j.I.u.) within PD theory, which has been applied with success to the discussion of
spin polarization and non-magnetic circular dichroism in photoemission [28-32].

In section 2 the basic ingredients of applied PD theory are summarized. For a rough
discussion of the influence of PD effects the plane-wave single-scattering approximation is
introduced. The results of dipole selection rules are presented in section 3. In tables 1 and 2
the dipole matrix elements are given faypand p > core-level photoemission as a function of
the polarization of light. The angular dependence of magnetic dichroism and spin polarization
is investigated for p-type core-level photoemission in section 4. Numerical results for Co and
Fe thin layers are presented in section 5.
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2. Multiple-scattering cluster model

The intensity of emitted core-level photoelectrons depends on the emission diréctio¥),
the photoelectron spin (quantum numbgythe kinetic energyk = h2k?/2m) and the photon
polarization vectot [33, 34]

I2(k, &) oy
Ry

The sum abouR, in (1) runs over all contributions of different emitters at ditg, where the
photon is absorbed creating a hole stat&he core state is split by the spin—orbit interaction
and its spin and angular pdt = |j.l. ) is characterized by the angular-momentum quantum
numbet,, the total angular-momentum quantum numpes /. +1/2 and the related magnetic
quantum numben, = —j., —j. +1,..., j. [34].

The letterL in the second sum in (1) is an abbreviation for the angular quantum number
[ and the related magnetic quantum numbers= —/, —[ + 1, ..., of the final state of
photoelectrons. Which-values will contribute to the intensity (1) is determined by the dipole
matrix element

Mj (E, €) = expid) (@n|r|¢)u ) (L, o|F - €| jelepc). (2)
From the angular patL, o |7 - €|j.l.;c) in (2) it follows that only the values = [. £ 1
are allowed within the dipole approximation. The radial prt= exp(is;) (¢:|r|¢;...) in (2)
determines the weight of these two contributions, wigeendeg; ;. are the radial wavefunction
of the final and initial state of the photoelectrons, respectively.

The so-called scattering path operator in (1) [33]
BT (k) = e ™ o)y (ky+ Y Y e (=) Vi (k) (—ikif )G (R — Ro)
R+#Ry L
YYD e R (=) (k) 3)
R'£R R#Ry L' L
x (—iktp)G oy (R — R)(—ikt] )G (R — Ry)
+...

2
Y B (k)M] (E, )| . 1)
L

contains, besides the direct contribution (first term), the single (second term) and multiple
scattering contributions (figure 2). The single site scattering matiix (3) is defined as

n = —k~texp(is;) siné;, where the scattering phase shiftgor the different kinds of atoms
depend on the kinetic energy of photoelectrons and, for magnetic materials, on the 6pjn

is the matrix element of the Green’s operator [35] &fdrepresents the spherical harmonic

of the first kind [36]. Both the maximum number of partial wavesL”, ... and scattering
atomsR/, R’, ... in (3) depend on the kinetic energy of electrons.

For a rough discussion of the influence of photoelectron diffraction effects the scattering
path operator (3) is considered in the plane-wave approximation which means the replacement
of G in (3) by its asymptotic value fokR > I'(lI’ + 1) [31,33] (figure 3). Then the
scattering path operator in the single-scattering approach for an emitter in the &tgin Q)
and scattering atoms in positid®; can be written in the form

. A 1 ' . N
Bp(k) ~ (=) Yy (k) + ) = f (6, ;) @R (=) Y (R)). 4
70 Ri
The quantityf (8;) = | £ (6,)|€¥:®) in (4) is the complex scattering amplitude
fO)=— Y 2+ P(cost,) (5)

1=0,1,2...
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Table 1. Dipole matrix element$L, o'|r - €| jclcpc)~/4n for the excitation of the g, core level.

Lhe je=3/2,0=1/2

3/2  (=dr,00+ £5L,zo)c'—1 + \/gt?L,ﬂCo + \/ESL,ZZCI

1/2 \/g[\/g&,z—lc—l + ((SL.00+@&.20)60"’@&,2101]

—-1/2 \/g[\/g&,zfchl + \/gt?L.zflco +(=8L.00+ \/g&.zo)cl]
0

-3/2

fe  je=3/2,0=-1/2

3/2 0
1/2 \/g[(—th,oo + \/%&,20)0—1 + \/gt?L,zﬂ‘o + \/ESL,ZZCI]
-1/2 \/g[\/g&,zflcfl + (8,00t \/E(SL.ZO)CO + \/§5L21C1]
—3/2 @&,272671 + @&.27160 + (=800 \/%(SL.ZO)CI

Table 2. Dipole matrix elements as in table 1 fof/p.

He Je=1/2,0 =1/2

1/2 *\/g[\/g&,zflcfl +(8L.00+ \/ESL.zo)Co + \/g(sL.Zlcl]
-1/2 —\/g[\/gfh,z—zc—l + \/gBL.z—lco +(=8L.00+ \/%&,20)01]
e je=1/2,0 = -1/2

1/2 \/g[(—fSL.OO'*\/ESL.zo)Cfl"'\/gSL.leo +\/§5L,225ﬂ
-1/2 \/%[\/g&.zflcfl + (8,00 \/gaL,zo)Co + \/gzh.zﬂl]

well known from quantum mechanics theory [37]. The Legendre polynomial in (5) depends
on the scattering angtg between the direction of the observeand the axis between emitter
and scattering atork (figure 3).

The consideration of the plane-wave approximation comes from the fact that the high-
energy photoelectrons emitted from a particular atom are scattered by neighbouring atoms
predominantly in the forward-scattering directigh & 0°). This means that one can expect
an enhancement of photoelectron intensity along such directions, which include the emitting
atom and one or more neighbours.

The ineleastic mean free path, the Debye—Waller factor and refraction at the surface barrier
can be included in the usual way [35, 38]. Inthe case of non-magnetic material the sutlevels
are degenerated and, therefore, the intensity of photoelectrons is determined by the incoherent
sum over allu. in (1).

3. Dipole selection rules

For the calculation of the dipole matrix element (2) the produd is written as

1

- Z Cm Ylm(f') (6)

m=—1

Ml

P
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Figure 2. Multiple-scattering cluster model. The interference of the direct wave (emitt&g)at
and the scattered waves (atom#at Ry, Rz, dots) causes modulations in the angular dependence
of the photoelectron intensity.

scatterer

light

emitter

Figure 3. Plane-wave approximation. The emitted spherical wave is approximated by a plane
wave.

The quantitieg,, are determined by

2w . 47 27 .
C1= ?(ex + |6y) Co = ?ez 1= — ?(Ex - |6y) (7)

where(e,, €,, €,) are the components of the polarization veétof he spin—orbit statig./. .t.)
can be constructed from the Clebsch—Gordan coefficients and the eigeristates[37]. The
spin and angular part of the dipole matrix element is then given by

lo & e+ % 1 . R )
T m;lcm/ f dQ Y} (F) Yo (MY, 1 (F)

Ao for o = +1(spinu
(L. 0| - &l jelepte) = 2(Spin up -

11
> e [ ARV IV, )
m=-1

le F pe+3
20, +1
for o = —Z(spin down.
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p1/2 p3/2
I(+M)
[
We l2-12  -3/2-1/2 172 3/2
I(-M)

ne -12 172 3/2 1/2-1/2-3/2

Magnetic Dichroism

Figure 4. One-electron theory of magnetic dichroism. The actually degeneratsdblevels of
the spin—orbit split core stategp and p» are separated energetically by an exchange interaction.
Reversing the magnetization merely interchanges the energetic positjph f ) and| j.l., —u.).

The selection rules of the contributing partial wavesn the final state are given for the
excitation of p,> and > core-level photoemission in tables 1 and 2, respectively.

4. Magnetic dichroism and spin polarization

Within a one-electron model of ferromagnetism [21] the actual degeneratedblevels of
both the spin—orbit split core stat@gs= . + 1/2 are separated energetically by an exchange
interaction. Reversing the magnetization merely interchanges the energetic positigmuof
and|j.l., —u.) as shown in figure 4. Therefore, the magnetic dichroism may be calculated
simply by considering a single magnetic orientation and taking the intensity difference
I, .. —1j, - In dependence on the experimental conditions the magnetic dichroism is
determined by a sum of all contributing differendes,, — I;, _,.. of the considered core level.
This model of ferromagnetism is applied to the calculation of the MDAD of p-type core-

level photoemission. For the;p core level the intensity difference of, = +3/2 is given
by
— o _ I _ gt g
lsg—l3=2 15— 15 s =13~ 15 4 ©)

2
o o
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Figure 5. Schematic geometry. The magnetization and spin quantization axes are alopgie +

The intensity differences qf, = +1/2 for ps/»

2
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2
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iyt
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respectively, differ only by a factc% and% from (9), respectively.
The spin polarization in core-level photoemission is defined as the difference between the
total intensity of spin-up and spin-down electrons
1 b 1 ’
h—rp=>1l, -1, (12)
e He

According to the relations provided in tables 1 and 2, the spin polarization ofsthe&qre
level is given by

T { 2
lyp = I3 = 3l13.3 — 13 3] (13)
and of the p,, core level by
T 4 T |
11/2 - 11/2 = _[13/2 - 13/2]7 (14)

respectively.

Therefore, spin polarization and dichroism should show the same dependence on the
emission direction of photoelectrons provided that the energy difference due to the spin—orbit
interaction between the;p and . core levels and the influence of magnetic scattering are
small.

5. MDAD of p-type core-level photoemission

The MDAD depends on the relative directions of light incideg¢electron emissio® and
magnetizationM, as well as on polarization properties of light. In the following discussion
both the direction of magnetizatiohf and the spin quantization axis are considered to be
directed along the z~axis. The direction of light incidencg and electron emissiok are
given by the related polar and azimuthal anglesp), respectively (figure 5).
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First, linearly polarized light is considered incident in the-plane ¢, = 90°) with
arbitrary azimuthal anglg,. According to the selection dipole rules (tables 1 and 2) for p-
polarized light with polarization vectar = (—sing,, cosg,, 0) the intensity difference (9)
is determined by

I3 — I35 o \/8(1Bal® - |Bo-ol) Rol? (15)
+2Re [~ BooRo + /1 BoR2) (B3, 8% — By ,e %) R3]

whereR, = |Ry| exp(is2) and Ry = |Ro| expl(idp) in (15) are the radial matrix elements for
the d { = 2) and s{ = 0) channel, respectively.

For s-polarized light with polarization vecter = e, along thez-axis the intensity
difference

Iss—1Is_s o |Bal? = |Bpaf? (16)

2°2 2
does not vanish in general. If the electron is detected within the plane perpendiciathe
direct contribution to the scattering path operaBet; vanishes and without the interference
between the direct and scattered contribution the difference (16) will vanish too.

For afirstinsightinto the angular dependence of the magnetic dichroism only a single atom
in the origin of the coordinate system is considered. Within this single-atom approach just the
first term of B, in (3), (—i)' Y7 (6x. ¢x), has to be taken into account, whéfeand¢, are the
polar and azimuthal angles &f respectively. To distinguish the single-atom approach from
the general case of photoelectron diffraction the intensity difference (9) is ddllet in the
following paragraphs. Within the single-atom approach the intensity difference of s-polarized
light (16) vanishes and the difference of p-polarized light (15) is simplified to

M D@ o |Ro| |Ry| SiN(8 — 82) Sir? 6; sin 2y, — ¢,) (17)

respectively. Thisangular dependence is well known from other atomic approaches of magnetic
dichroism in photoemission, especially for normal incidence of light whgre: 0°.

Only taking into account the interference between s- and d-waves for the excitation of the
p-level, the magnetic dichroism (17) does not vanish from the start. The sign of the difference
(17) depends on the sign of the difference of the phase gbifts,). In the case of circularly
polarized light the intensity difference (9) for the MDAD is considered in dependence on
the incident direction of light. Iy is parallel to thez-axis and therefore parallel tvf, the
polarization vectoE = (e, +ie,)/~/2 gives light of positive or negative helicity, respectively.

For the intensity difference (9) yields

I5 5 — I3 5 o (3| Basal® — 51 Baol®) | Rel* + | Bool?| Rol® + 2Re(BooRo 7z B3oR3) (18)
which is simplified within the single-atom approach to
MD© o |Rp|*(3sirf 6 — 1) — | Rol(|Ro| + | R2|(3¢0S 6 — 1) COS(8p — 82)). (19)

In this case dichroism may be observed for pure s- or d-waves. The dichroism does not depend
on ¢, and does not vanish fex, = 0° or 6, = 90°.

For completeness, the magnetic dichroism for circularly polarized light incident normal
to M with polarization vectog = (e, + ie.)/+/2 is written within the single-atom approach

MD© o F|R| sin6; cos@i[| R2| cOSY; + | Ro|(COSH; COKLSy — 82)
F sindy singy sin(8o — 82))] (20)

which gives for electron detection in the-plane(6, = 90°) again the well known angular
dependences D@ o | Ry||R2| Sin(8p — 82) sin 2p;.
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For the discussion of the influence of PD effects on the MDAD the scattering path operator
B is considered in the plane-wave approximation (4). As the simplest model, only a single
scattering atom in positioR = Re, is assumed. Again, linearly polarized light wéh= e, is
considered. The angular dependence of the magnetic dichigiB? (17) is now modulated
due to the scattering of the emitted electron wave on the atom in pogition

MDD o [|Ro| |R2|(SiN(8g — 82) + F sin(8o — 82 — %)) — 2F sinyr| Ro|?] sin? 6, sin 2
(21)

whereF = |f(6,)|/R andyr = kR(1 — cosby) + i, (6) in (21) are related to the amount and
the phase of the complex scattering amplityd@,) (5), respectively. The scattering angle
0, is determined by cas = singy sinf,. In the limit F = 0 (no scattering) the angular
dependence of the single-atom approach (17) follows.

Eventhis simple model demonstrates the influence of PD effects on the magnetic dichroism
in plain terms. The angular dependence of the magnetic dichroism may be modulated strongly
by PD effects and may thus differ from the atomic behaviour. The last statement is particularly
important for experimental geometries where the angle between light incidence and electron
emission is fixed and the sample is rotated around a fixed axis. It may be helpful to consider
again the result of the simple two-atom cluster. Due to rotation aroungabes the position
of the scattering atom is changed which is determined by the azimuthalgnglehe atom.

For electron detection along theaxis (corresponding to normal emission) and lightincidence
in the xy-plane withg, = 45, the intensity difference is determined by

MDY  Fsiny|Ro|2(1 — cos 2z — 3Sin 2pr) — 2| Rol| R2|[SiN(8o — 82)(1 + F? cos 2pr)
+2F (COS 2pg SiN(8o — 82 — ¥) + SiN(8p — 82 + )] (22)

whereF andv in (22) depend on the angdi; of the scatterer.

The examples considered emphasize the importance of PD effects in the angular
dependence of magnetic dichroism. Both simple arrangements of atoms and the plane-wave
approximation may help to estimate this contribution. For the explanation of experimental
data the full PD theory according to (3) is applied.

6. Numerical results for Fe and Co

The PD theory has been applied to calculate the MLDAD of thin Fe layers. The position of the
light source is fixed normal to the surface and the electron analyser is rotated within the plane
of incidence (figure 6). The magnetization is considered to be in the surface plane along [010].
The angle of electron emission with respect to the surface normal is called the polat .aimgle
figure 7 the calculated intensity (1) and the related magnetic dichroism (9) are shown for Fe 3p
core-level photoemission in Fe(001) excited by linearly p-polarized light. The dependence
of the intensity and the magnetic dichroism on the polar angle has been calculated for two
different azimuthal direction of a small Fe(001) cluster within the single-scattering approach.
The thin smooth lines in figure 7 represent the result derived for the single-atom model, where
the difference (lower part) follows sirg2 The calculation emphasizes the importance of PD
effects in the considered electron energy region about 100 eV where a strong modulation
of the single-atom result is observed. The calculated data are in good agreement with the
experimental results of Hillebrecht al [25].

As a second example the intensity and related magnetic dichroism have been considered
for Co 2p photoelectrons excited by unpolarized Mgtédiation ¢v = 12536 eV) in five Co
monolayers (ML) on a Cu(001) substrate. Both theoretical results (full curve) and experimental
results (full squares) are shown in figure 8. In the experiment the MDAD has been measured
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Figure 7. Angular dependence of the intensity of Fe 3p photoelectron in Fe(001) excited by linearly
polarized light and the related magnetic dichroism. Due to PD effects the single-atom approach
sin 2 is strongly modulated.

by reversing the magnetization which is in the surface plane parallel to the [010] direction [28].
The sample has been rotated around the axis of magnetization (rotationgmdiereby the
angle between the electron emissioand the photon incidenagremains at 45(figure 6).

The anglex = 0° corresponds to normal electron emission.

The theoretical data in figure 8 have been calculated within a single-scattering approach
for a cluster of five ML of Co atoms on the assumption that the Co atoms continue the
Cu(001) bulk structure. The influence of diffraction effects due to the Cu substrate can be
neglected because of the strong forward scattering of the Co 2p photoelectrons in the energy
region considered. The unpolarized light has been considered as a superposition of linearly
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Figure 8. Magnetic dichroism in the angular distribution of Co 2p photoelectrons in five ML
Co/Cu(001). The sample is rotated around the direction of magnetization (figure 6) [28].

p-polarized and s-polarized light, whereby the s-polarized part does not contribute to the
magnetic dichroism.

Obviously, there is a good agreement between experiment and theory for both intensity
(upper partin figure 8) and magnetic dichroism (lower part in figure 8). The dashed line in the
lower part of figure 8 gives the result of the magnetic dichroism in the single-atom approach
which is constant. Therefore, the angular dependence is caused by PD effects. The sign of
the magnetic dichroism for normal emission of electrons depends on the sign of the difference
A = 8o — 8. This difference has been fitted and the best agreement has been obtained with
A = —5in the calculation.

7. Conclusions

PD theory in conjunction with a one-electron theory of ferromagnetism gives the possibility
of a better understanding of the influence of PD effects on the angular dependence of magnetic
dichroism. The applied theory of a multiple-scattering cluster model offers a simple insight
and an estimation of the influence of PD effects. As shown for the excitation of p-type
photoelectrons in thin Co and Fe layers, the observed modulations in the MDAD are explained
very well. The application of this theory depends on the validity of the one-electron model of
ferromagnetism. This approach clearly breaks down for a localized atomic-like system, where
coupling between the core hole and the valence shell results in a complex multiplet structure.
Furthermore, the study of MDAD allows the determination of the phase diffe(égeé,),
as shown for Co 2p, if the experiment is carried out in the proper geometry.
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