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The magnetism-induced symmetry breaking in photoelectron diffraction patterns of 2p3/2 photoelectrons
from a ferromagnetic Fes001d single crystal surface is studied experimentally and theoretically. Two-
dimensional photoelectron intensity angular distribution patterns were recorded at 1193 eV photon energy for
both helicities of the circularly polarized light and for opposite magnetization directions of the sample by a
display-type spherical mirror analyzer, which allows simultaneous energy and momentum analysis of emitted
photoelectrons. The macroscopic magnetization of the sample induces an additional symmetry breaking in the
circular dichroism of the Fe 2p3/2 photoelectron angular distribution patterns which is related to the presence
of magnetic moments on the Fe atoms. Multiple-scattering cluster photoelectron diffraction calculations agree
well with experiment, and reproduce even fine details of the observed photoelectron diffraction features. The
details of that breaking of mirror symmetry of photoelectron scattering in the plane spanned by light incidence
and electron emission due to the presence of a magnetization within that plane depends both on the structure
and the magnetism of the sample. In connection with multiple scattering calculations, measurements of the
magnetism-induced symmetry breaking by two-dimensional photoelectron diffraction patterns may thus be
used as a powerful tool for simultaneous structural and magnetic investigations of single crystalline magnetic
samples and ultrathin films.

DOI: 10.1103/PhysRevB.71.014444 PACS numberssd: 79.60.Bm, 75.25.1z, 71.20.Be, 71.70.Ej

I. INTRODUCTION

Photoelectron diffractionsPEDd is a well-established
technique in surface science for probing the local structure in
a solid. When a photoelectron is emitted from a core level of
an atom, its wave field interferes coherently with compo-
nents elastically scattered by the surrounding atoms. This
leads to variations in the measured photoelectron flux as a
function of emission angle and energy. These diffraction ef-
fects contain information about the local crystal structure in
the vicinity of the emitting atom. In single crystalline sys-
tems this can be used to determine the structure at surfaces,
adsorbates, or thin films.1

The intensity of photoelectrons emitted under certain
angles from magnetic samples exhibits a characteristic de-
pendence on the magnetization direction. This is termed

magnetic dichroism in the angular distributionsMDAD d of
photoelectrons. It occurs for various experimental geom-
etries, involving circularly,2–4 linearly,4–6 or even unpolar-
ized light,7–12 and can be observed in valence band2,6,7,13or
core level photoemission spectra.3–5,8–12

It seems obvious that the combination of PED and mag-
netic dichroism of photoelectrons from core levels should
allow one to study structural and magnetic properties of a
surface or thin film at the same time, even with elemental
resolution. On the one hand the appearance of magnetic di-
chroism in core-level photoemission from closed shells is
related to the interaction of spin-orbit and intra-atomic ex-
change coupling, where the last one connects closed-shell
spins with the magnetically ordered spins of the open
shell.14,15 On the other hand the dependence of the photo-
electron intensity in angle-resolved photoemission on the
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wave vectork is strongly modulated by photoelectron dif-
fraction effects which are related to the local structural order
in the sample. It has been shown that appropriate theoretical
modeling of multiple scattering of photoelectrons plays an
essential role in the interpretation of magnetic dichroism
measurements using angle-resolved core-level photoemis-
sion. First quantitative explanations of MDAD of photoelec-
trons from core levels have been obtained by means of rela-
tivistic multiple-scattering formalism treating the final state
as bulklike14 and as a time-reversed low-energy electron dif-
fraction sLEEDd state.16 Furthermore photoelectron diffrac-
tion by itself emerges as an important new source of mag-
netic dichroism in core-level photoelectron emission as
shown for linearly,9 circularly,17 and unpolarized light.11

Additional information is expected if the effect of the spin
of the electrons on the scattering is considered, which has
been done for circularly polarized17 and unpolarized light.18

The influence of spin-dependent electron scattering on
MDAD has been studied for geometries in which the angle
between light incidence and electron emission was kept con-
stant, while the crystal lattice was rotated.9,11,19 Strong ef-
fects of the relative spin direction on the photoelectron in-
tensity along forward scattering directions were found,
which bear the potential for extracting structurally selective
magnetic information, or magnetically selective structural
information.10

In this paper we investigate the full two-dimensional an-
gular dependence of photoelectrons emitted from a magnetic
sample by circularly polarized light to get information about
the local magnetic and structural order in the sample at the
same time. Different from a former theoretical work20 we
focus on higher kinetic energy of several hundred eV, for
which the intensity of photoelectrons is focused along for-
ward scattering directions from the emitter atom along
chains of neighboring scattering atoms. If circularly polar-
ized x rays are used to excite photoelectrons with several
hundred eV, the angular positions of the expected intensity
maxima due to photoelectron diffraction are moved in a way
which has been described as “peak rotation” in the angular
distribution of photoelectrons.21,22 Depending on the helicity
of the exciting x rays, the forward focusing photoelectron
diffraction maxima are rotated azimuthally clockwise or an-
ticlockwise about the light incidence direction. The influence
of a certain magnetic order in the vicinity of the emitting
atom on such a two-dimensional photoelectron angular dis-
tribution has been already studied theoretically, and had been
described by an additional “symmetry breaking” due to the
presence of a macroscopic magnetization.23–25

Magnetization-dependent differences in the details of the
“peak rotation”, which lead to this loss of symmetry, contain
structural and magnetic information about the scattering
atoms.25

We present here a combined theoretical and experimental
study of magnetic effects on the circular dichroism in the
angular distribution of photoelectrons from a magnetic
Fes001d surface. Full two-dimensional PED patterns were
recorded for fixed electron energy to manifest the symmetry
breaking by the sample magnetization experimentally. The
advantage of this approach is that differences in the symme-
try of the local structure around the emitting atoms become

directly visible in the recorded patterns. We have found that
the presence of magnetism in Fes001d leads to sizeable sym-
metry breaking effects of about 10%. While the main effect
is a different overall photoelectron intensity, also the angular
positions and relative strength of the forward focusing pho-
toelectron diffraction maxima are found to be influenced by
the magnetism of the sample. From the comparison of ex-
perimental and calculated patterns, the influence of both the
magnetic order and the geometric order in the sample can
thus be studied in detail.

For the treatment of local effects the final state of photo-
electrons is calculated within a multiple-scattering cluster
sMSCd model where both spin–orbit and exchange interac-
tion are included simultaneously. Whereas a slab method26

requires the assumption of full translational symmetry paral-
lel to the surface, a cluster-based theory is inherently more
suitable for PED modeling in view of the point source nature
of the problem and the sensitivity to short-range rather than
long-range order. In this way the model allows one to asso-
ciate certain structures in the diffraction patterns with the
local structure around the emitting atom. We find that MSC
calculations can well describe the experimental observations.
The excellent agreement between experiment and theory
with respect to the angular distribution of the magnetism-
induced modifications of the photoelectron diffraction inten-
sity indicate that detailed MSC calculations in combination
with measurements of magnetic dichroism in photoelectron
diffraction patterns bear the potential for the study of struc-
tural and magnetic properties of magnetic single crystalline
systems.

The organization of the paper is as follows: In Sec. II the
experimental details are presented. The display-type spheri-
cal mirror analyzer is described, which has been applied for
recording 2p-photoelectron diffraction patterns. We briefly
introduce in Sec. III the theory of photoelectron diffraction
within a multiple-scattering cluster model. It includes both
the spin–orbit and exchange interactions in the initial state.
Experimental and theoretical results of the magnetism-
induced symmetry breaking in the photoelectron angular dis-
tribution patterns are presented and discussed in Sec. IV. A
short summary and outlook will be given in Sec. V.

II. EXPERIMENT

The experiments were performed at room temperature in
an ultrahigh vacuum chamber with a base pressure of
2310−8 Pa. The sample was a 0.8 mm wide and<10 mm
long Fes001d whisker.27 Its surface was prepared by repeated
cycles of 1.5 keV Ar+ sputtering at 570 K, followed by a 2
min anneal to 900 K. Low-energy electron diffraction
sLEEDd showed a sharps131d diffraction pattern, although
Auger electron spectroscopy revealed the presence of small
traces of carbon contamination after cooling the sample to
room temperature.

Circularly polarized synchrotron radiation from the twin
helical undulator beamline BL25SU of SPring-8 in Japan
was used.28 Light emitted in the first harmonic by one of the
two undulators with a degree of circular polarization of about
98% at the sample position was used. Helicity reversal was
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realized by switching between the two undulators after hav-
ing set them to opposite helicity, i.e., by closing one undula-
tor and fully opening the other. The entrance and exit slits of
the monochromator were set to 45 and 200µm, respectively,
corresponding to a photon energy resolution of<1.6 eV. In
order to limit the size of the light spot at the sample position,
an aperture of 0.5 mm diameter was inserted between the
exit slit and the refocusing mirror. This resulted in a spot size
of 0.2 mm diameter on the sample. A sketch of the experi-
mental geometry is presented in Fig. 1sad. The x rays were
incident to the sample under an angle of 45° with respect to
surface normal, along the long axis of the whisker, i.e., along
the f100g azimuth of the sample. The magnetization of the
sample was either alongf100g scalled M+ in the followingd
or alongf1̄00g sM−d. Photoelectrons were collected within a
cone ofu,60° from the surface normalsf001gd. The direc-
tion of electron wave vectork is characterized by the polar
angleu and azimuthal anglef, as defined in Fig. 1sad.

Photoelectrons were collected as two-dimensional photo-
electron intensity angular distribution patterns by a display-
type spherical mirror analyzer, which allows simultaneous
energy and momentum analysis of the emitted

photoelectrons.29 A scheme of the setup is shown in Fig.
1sbd. Here thef100g direction is pointing out of the drawing
plane. The light is thus incident under 45° from behind the
drawing plane, along the direction indicated by the dashed
arrow. Electrons leaving the sample are directed to the exit
apertureA by electrostatic fields created by hemispherical
gridsG and obstacle ringsOb. Energy resolution is achieved
by the obstacle rings acting as a low-pass energy filter and
retardation gridsR behind the exit aperture as the corre-
sponding high-pass filter. The energy-filtered electrons are
intensified by a pair of microchannel platesM and recorded
on a phosphorous screenP by a charge coupled device
sCCDd camera outside vacuum through a viewport. The po-
sition of electrons on the screen is directly linked to the
emission angle at the sample. The instrument was operated at
a retarding voltage of −3 eV and with an exit aperture of 5
mm, resulting in an energy resolution of 1.2 eV and an an-
gular resolution of 5° in the electron energy range presented
here, around 480 eV. The angular resolution of only 5° is an
effect of the retardation grids, and results from the high re-
tardation ratio that had to be used at the electron energies
investigated here. The acquisition time for each of the im-
ages shown here was 22.5 min.

Compensation of the angular transmission characteristics
of the analyzer was achieved by normalization to the photo-
electron distribution pattern of a disordered sample. A poly-
crystalline Fe plate had been mounted next to the Fe whisker
on the same sample holder, with the two surfaces being in
the same plane. An exchange between the whisker and the
polycrystalline sample could thus be performed by a simple
lateral displacement of the sample manipulator, keeping all
other adjustments constant. A spectral background pattern of
the sample, acquired at 5 eV higher kinetic energy, was sub-
tracted first from the photoelectron distribution pattern. The
result was then divided by the distribution pattern of the
polycrystalline Fe sample, acquired under identical condi-
tions, which removes the angular transmission characteristics
of the display-type analyzer. Deviations from uniform trans-
mission corrected that way were typically below 20% within
30° from normal emission direction, but amounted up to
60% at the outer edges of the images. A residual uncertainty
in the photoelectron intensity of about 10% at the outer
edges of the images due to possible tiny deviations in the
alignment of the reference measurements cannot be ex-
cluded.

The magnetization of the sample was checked before and
after the experiments by x ray magnetic circular dichroism
sXMCDd in absorption, measured by the total electron yield
from the sample. Quantitative analysis of the XMCD spectra
revealed full remanence of the Fe magnetization over the
illuminated area of the sample. Magnetization reversal was
performed by a 180° azimuthal rotation of the sample. This
led to a slight change in the sample surface orientation be-
cause of a small misalignment of the surface normal with
respect to the azimuth rotation axis of the manipulator. The
misalignment angle was determined by LEED measure-
ments, performed within the display-type analyzer using an
electron gunE and electrostatic deflectorD fFig. 1sbdg, to be
1.3°, rotated about the axis of magnetization. The photoelec-
tron distribution data are presented here after correction of

FIG. 1. sad Sketch of the experimental geometry. Light is inci-
dent to the sample under an angle of 45° with respect to surface
normal, along thef100g azimuth. The sample magnetization was

switched betweenf100g sM+d and f1̄00g sM−d. Electron emission
directions are characterized by polar angleu and azimuthal anglef.
sbd Schematic drawing of the display-type spherical mirror ana-
lyzer. G: hemispherical grids,Ob: obstacle rings,A: exit aperture,
R: retardation grids,M: microchannel plate,P: phosphorous screen,
E: electron gun, andD: deflector.
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this misalignment. To avoid artifacts in the data analysis due
to minute changes of the sample orientation, difference pat-
terns were calculated only for measurements of opposite he-
licity but identical magnetization direction, which means
identical sample position.

III. THEORY

The spin- and angle-resolved intensity of photoelectrons
excited from a core statec in a solid and emitted into direc-
tion k=ksk,u ,fd with kinetic energyEk="2k2/ s2med and
spin s is given by the expression30

Ic
sskd = ukCk,suHvuwclu2dsEk − "v − «cd. s1d

The d function in Eq.s1d ensures energy conservation in the
photoemission process. The operatorHv is part of the per-
turbation operator of light which describes the absorption of
a photon and depends on the polarizationu and the energy
"v of the incident light. The operatorHv~ r ·u is considered
in the dipole approximation, wherer is the electron coordi-
nate vector.

The wave function of the core stateuwcl with energy«c in
Eq. s1d is treated within a one-electron theory and may be
separated into a radial wave functionfcsrd and angular and
spin partucl. For a magnetic solid both spin–orbit interaction
and exchange interaction with the spin polarized valence
bandsVBd have to be included in the calculation of the core
state. In a one-electron model these contributions are given
by the interaction Hamiltonian31

Hint = ll ·s+ zsz. s2d

The first term in Eq.s2d is the spin–orbit coupling with
strengthl. The second term in Eq.s2d represents the ex-
change interaction between core state and VB by means of a
homogeneous spin field along thez axis, which is chosen
along the direction of magnetizationM. It is reasonable to
use the eigenfunctions of the spin–orbit Hamiltonian
Hso=ll ·s as basis functions ofucl,

u jlml = o
m,s

Clm,s1/2ds
jm ulmsl, s3d

in which the Clebsch-Gordan coefficientsClm,s1/2ds
jm sRef. 32d

depend on the quantum numbers of the total momentum
j = l ±1/2 andm=−j ,−j +1,… , + j , and on the quantum num-
bers of the angular momentuml and m=−l ,−l +1,… , +l,
respectively. The exchange interactionHex=zsz leads in gen-
eral to a mixing ofj+= l +1/2 and j−= l −1/2 states having
the same value ofm, which is still a good quantum number.
In this case the spin and angular partucl= ucnsmdl is written
as a linear combination of statesu j±lml:

ucnsmdl = cnm
+ szdu j+lml + cnm

− szdu j−lml sn = 1,2d. s4d

The mixing coefficientscnm
± and the related energy eigenval-

ues«nsmd are estimated by solving the eigenvalue problem
for the interaction Hamiltonians2d. For pure j =3/2
s j =1/2d the mixing coefficients in Eq.s4d are cnm

+ =1
scnm

− =0d andcnm
− =1 scnm

+ =0d for all valuessnmd.

By substituting Eq.s3d into Eq. s4d, the functionucnsmdl
can be expressed in terms ofulmsl, however, the coefficients
of this linear combination

An
mssmd = cnm

+ szdClm,s1/2ds
j+m + cnm

− szdClm,s1/2ds
j−m s5d

have lost the symmetry properties of the Clebsch-Gordan
coefficients, in particular for transformationhm,sj→ h−m,
−sj. The model Hamiltonians2d has been discussed recently
for different systems, wherel andz have been considered as
parameters to explain experimental results of core-level
photoemission.33

The final state of photoelectronsuCk,sl in Eq. s1d is cal-
culated within a multiple-scattering clustersMSCd model.34

The scattering properties of the system are described by scat-
tering phase shiftsdls calculated within a muffin-tin model
for each kind of atom. The spin dependence of the scattering
phase shifts appears in magnetic systems due to the spin-
dependent effective one-electron potential.

In the angular momentum representationfL;sl ,mdg the
spin- and angle-resolved intensitys1d of photoelectrons may
be written in the form

Inm
s skd ~ o

R0
Uo

L

BLs
R0skdMLs,nm

R0 sEk,udU2
, s6d

where both spin–orbit and exchange interaction in the initial
state in a magnetic sample have been taken into account. The
sum aboutR0 in Eq. s6d runs over all contributions of differ-
ent emitters at sitesR0, where the photon is absorbed creat-
ing a hole stateuwcl. The scattering path operatorBLs con-
tains the direct, single-scattering, and multiple-scattering
contributions of the photoelectron.35,36 Which L values will
contribute to the intensitys6d is determined by the dipole
transition matrix element

MLs,nmsEk,ud = RlssEkdkLsur̂ ·uucnsmdl, s7d

containing the angular and spin part of the final state
uLsl and the initial core stateucnsmdl. The radial part
of the dipole matrix element in Eq.s7d is given by
Rls=expsidlsdkflsur ufcl.

In the calculation of spin-resolved core-level spectra as a
function of energyE for fixed emission directionk, the
single snmd contributions of the intensitys6d at position
«nsmd were additionally broadened by Gaussian or Lorentz-
ian broadening functionsPnmsEd:

IssE;kd = o
snmd

Inm
s skdPnmsE − «nsmdd. s8d

In the limit l@z, which is closely realized for a 2p core
level, the sublevelsj+ and j− are shifted energetically by
+l /2 and −l with respect to the one-electron energy«c. This
leads to a spin–orbit splittingDso of 1.5l. The exchange
splitting Dex between adjacent sublevelsm amounts then to
z /3. Reversing the direction of magnetizationsz→−zd
merely interchanges the energetic positions of sublevelsm
and −m for the energetically well-separatedj± sublevels. This
leads to the well-known plus–minus features in the differ-
ence spectrum of core-level spectra.
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The circular dichroism in the angular distribution
sCDADd of photoelectrons is determined by the difference
between the intensities of photoelectrons excited by circu-
larly polarized light of positive and negative helicity,37

CDADsu,fd = Isu,f;u+d − Isu,f;u−d, s9d

whereu+ and u− mark the positive and negative helicity of
light, respectively.

The CDAD of photoelectrons excited from deep core lev-
els in single crystals is caused mainly by photoelectron dif-
fraction effects.38,39 In the case of electron energies of sev-
eral hundred eV, PED is dominated by forward scattering
contributions which are related to the local geometric struc-
ture around the emitter. The observed CDAD can be under-
stood by a merely azimuthal shifts“peak rotation”d Df of
forward scattering peaks in the PED pattern, which is oppo-
site for circularly polarized light of positive and negative
helicity, respectively. A simple formula for this shift

Df =
m0

kRsin2u
s10d

was derived first from wave mechanics21 and later from PED
theory.40,41 The quantum numberm0 in Eq. s10d is just the
opposite for light of positive and negative helicity, and fol-
lows from the main contribution of the dipole transitions7d.
Recently, an improved expression has been found22,42 where
all allowedsl ,md values have been taken into account. In this
casem0 in Eq. s10d has to be replaced bym*su ,crd, where
cr=Rlc−1/Rlc+1 is the ratio of the complex radial matrix ele-
ments of the considered transition.

In case of magnetic systems the degeneracy of the core
level is lifted due to exchange interaction, and the scattering
phase shifts for spin-up and spin-down electrons are differ-
ent. Apart from the azimuthal shift of forward scattering
peaks, a difference between intensitiesIsDf ;u±d arises
which depends on the local magnetic order around the emit-
ter. Analysis of the related symmetry breaking in the CDAD
of photoelectrons can be used to reveal the magnetic infor-
mation contained in the photoelectron diffraction patterns.

To compare with experimental results, we calculated the
intensity Inm

s skd fEq. s6dg for the excitation of Fe 2p3/2 pho-
toelectrons in Fes001d upon helicity reversal and in depen-
dence on magnetization directionM+ and M−. Multiple-
scattering calculations up to fifth order have been done for an
iron cluster of 250 atoms with Fe emitters in five layers. In
the considered energy regionsEk<480 eVd a possible small
relaxation at the iron surface has been neglected. The inelas-
tic damping has been taken into account by an imaginary
potential V0i <10 eV. The spin dependent scattering phase
shifts dls followed from a calculation with magnetic mo-
ments 2.15mB/atom. All calculated intensities were normal-
ized to the calculated unscattered contribution to the photo-
electron intensity in order to match the experimental
normalization by the photoelectron angular distribution of a
polycrystalline samplescf. Sec. IId. An angular averaging of
2° has been applied to the calculated data in order to
smoothen out narrow spikelike structures that would not be
observable in experiment. This angular averaging was cho-

sen to be still significantly smaller than the experimental
angular resolution so that the theoretical angular distribution
patterns yield more detailed information about the influence
of magnetic scattering events than the experimental ones.

IV. RESULTS

In Fig. 2sad two Fe 2p3/2 core-level spectra are reported as
a function of photoelectron kinetic energy. Spectra for circu-
larly polarized light of positive and negative helicity are rep-
resented by closed and open symbols, respectively. The pho-
ton energy is 1193 eV, and the magnetizationM+ is along the
k100l direction of Fes001d sf=0°d. The spectra have been
obtained by averaging the photoelectron intensity over the
entire detector fluorescent screen without compensation of
the angular transmission characteristics of the spectrometer.
This results in an angle-averaged electron energy spectrum,
with an enhanced weighting of the near-normal emission di-
rections.

The Fe 2p3/2 intensity line shapes in Fig. 2sad appear
slightly asymmetric, with the higher binding energy side of
the lines enlarged, in good agreement with a Doniach-Šunjić
type line shape.44 The experimental difference spectrum,
shown by closed circles in Fig. 2sbd, is, as expected, positive
for energiesE,481 eV and negative forE.481 eV.3 Al-
though the energy scan includes only the Fe 2p3/2 peak and

FIG. 2. sad Fe 2p3/2 core-level spectra for excitation with circu-
lar polarization of positivesclosed symbolsd and negative helicity
sopen symbolsd for 1193 eV photon energy.sbd Closed circles: Dif-
ference spectrum of the two curves shown in panelsad. Line: Cal-
culated difference spectrum, scaled by a factor of 0.5. Note that also
the vertical scale is different compared to panelsad sfactor of 2d.
The vertical line marks the kinetic energy of 482.5 eV, at which
photoelectron diffraction patterns have been acquired.
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not the 2p1/2 peak, and does thus not allow one to double
check the mutual normalization of the two spectra acquired
for opposite light helicity, the corresponding uncertainty of
the zero line of Fig. 2sbd is less than 0.02y sdifferenced axis
units.

The observed plus–minus feature in Fig. 2sbd is well
known and has been discussed in detail in the
literature.3,5,15,16If the helicity of light is reversed, the ener-
getic positions of minority and majority electrons in the
emission spectrum are interchanged. To explain the mea-
sured Fe 2p3/2 core-level spectra of Fig. 2safter subtraction
of a constant backgroundd, the intensityIsE;kd has been cal-
culated from Eq.s8d, added for boths and for all values of
m corresponding toj =3/2, andbroadened by a Gaussian
of width s0. The best agreement has been found for
Dex=1.5 eV ands0=1.1 eV. The resulting energy difference
between adjacentm-core levels ofDex/3=0.5 eV is compa-
rable to other commonly used values.9,33

The corresponding calculated difference spectrum for nor-
mal emission is plotted as a line in Fig. 2sbd, scaled by a
factor of 0.5 after normalization to the experimental photo-
emission peak height. The agreement between the theoretical
and the experimental difference spectra is quite good, con-
sidering the not very precisely known angular weighting of
the photoelectrons collected in the experimental spectra,
while the calculated spectrum corresponds exactly to the nor-
mal emission direction. The vertical line marks the kinetic
energy of 482.5 eV, at which the photoelectron diffraction
patterns presented in the following have been obtained. A
strong magnetic effect is expected at that energy.

In Fig. 3 experimental two-dimensional photoelectron dif-
fraction patterns of Fe 2p3/2 photoelectrons are shown for all
four combinations of magnetization direction and light helic-
ity. The top rowfFigs. 3sad and 3scdg displays the patterns for
magnetizationM+, the bottom rowfFigs. 3sbd and 3sddg for
magnetizationM−. The patterns on the left-hand sidefFigs.
3sad and 3sbdg have been acquired for positive helicity, the
patterns on the right-hand sidefFigs. 3scd and 3sddg for nega-
tive helicity.

The main contribution to the intensity of photoelectrons is
expected along forward scattering directions in the Fes001d
whisker. A strong CDAD is directly visible as a shift of these
intense forward scattering spots towards the lower part of the
displayed patterns when changing the helicity from positive
to negative. This can be interpreted as a “peak rotation” of
the forward scattering spots around the direction of light in-
cidence, which in the representation of Fig. 3 is at the very
left of the plot, atu=45°, f=180°, cf. Fig. 1sad. For a non-
magnetic surface we would expect the fulfillment of the sym-
metry relation along the mirror plane in the experimental
geometrysf0=0° andf0=180°d

Isf0 + f;u+d = Isf0 − f;u−d. s11d

This means that for nonmagnetic samples the upper hemi-
sphere of the diffraction pattern acquired with light of posi-
tive helicity should be mirror-identical to the lower hemi-
sphere of the diffraction pattern acquired with negative
helicity, and vice versa. This symmetry relation is broken in
the presence of magnetism.

The strong CDAD, caused by PED effects of the excited
photoelectrons, can be well described within the multiple-
scattering cluster model.40,43Theoretical results are shown in
Fig. 4. Panelssad–sdd correspond to the four experimental
photoelectron distribution patterns for the four combinations
of light helicity and magnetization directionsupper row is for
magnetizationM+, left column is for positive helicityd.

As in the experiment, the CDAD is most prominent in a
vertical shift of the main features, which move down when
switching from positive to negative helicitysbest seen at the
central spot in Fig. 4d. The breaking of the symmetry relation
s11d is most evident as a different overall intensity. Note that
in the presence of a sample magnetization along the horizon-
tal direction of the patterns, symmetry requires the upper
hemisphere of panelsad to equal the mirror image of the
lower hemisphere of panelsdd, and vice versa. The same
holds for panelssbd and scd.

The main features in the experimental pattern are well
described by the MSC calculations. In Fig. 5 a comparison
between the experimentalsleftd and the theoreticalsrightd
CDAD of Fe 2p3/2 photoelectrons for both magnetizations is
shown. According to Eq.s9d it is defined as the difference
between the photoelectron intensity distribution patterns ob-
tained for positive and for negative helicity. The upper panels
sad andscd correspond to magnetizationM+, the lower panels
sbd and sdd to magnetizationM−. The main difference be-
tween the two magnetizations is the overall intensity in the

FIG. 3. Experimental two-dimensional photoelectron diffraction
patterns of Fe 2p3/2 photoelectrons at 482.5 eV electron energy.sad
Positive helicity andM+, sbd positive helicity andM−, scd negative
helicity andM+, andsdd negative helicity andM−.

CHASSÉet al. PHYSICAL REVIEW B 71, 014444s2005d

014444-6



CDAD patterns, which is due to exchange interaction. This is
quite well reproduced in the calculation. Nearly all of the
features of the experimental CDAD patterns can be corre-
lated to features in the calculated patterns. Due to the experi-
mental angular resolution of 5°, the main structures seem a
bit more smeared out in the experimental CDAD images
compared to the theoretical ones. The most intense features
in the calculated CDAD appear along forward scattering di-
rections, the position of which is different by a few degrees
for each light helicitysforward-scattering peak rotation, cf.
Refs. 21, 22, 38, 40, 41, and 45d. Within a simple single-
scattering calculation these contributions would be strongly
overestimated. Due to multiple scattering along chains of
atoms these contributions are reduced but give nevertheless a
sharp peak in the calculated CDAD.

For a more detailed comparison between experiment and
theory linescans of the CDAD angular distribution patterns
are displayed in Fig. 6. The linescans have been taken along
vertical lines indicated in Figs. 5sad and 5scd by white lines.
To simplify the discussion of the features, thex axis of Fig.
6 has been numbered equidistantly from −1 to +1 and called
“linescan position” in the following, where −1 corresponds
to the lower end of the white lines shown in Fig. 5. Minor
ticks indicate increments of 0.1. Figure 6sad shows linescans
of the experimental CDAD, and Fig. 6sbd linescans of the
theoretical CDAD. Solid and dotted lines correspond to mag-
netizationM+ andM−, respectively.

The overall structure and main features of the experimen-
tal linescans are well reproduced by the calculation. The
symmetry breaking due to the presence of magnetization is
evident by the different offset of the curves for positive and
negative magnetization along the vertical, but also from
characteristic differences in the details of both the experi-
mental and theoretical curves. The positive peak around −0.3
linescan position, for example, is stronger for magnetization
M− than forM+, while for symmetry reasons the correspond-
ing negative peak at +0.3 linescan position is stronger for
magnetizationM+ than for M−. In addition, the peak posi-
tions of these extrema along the direction of the linescan are
different. In the experiment, these two peaks are shifted to
the left for magnetizationM+ compared to magnetization
M−. The same effect is also present in the calculation, but
less pronounced. The peaks in the theoretical linescansfFig.
6sbdg are much larger than the corresponding experimental
peaksfFig. 6sad; note the different vertical scales in panels
sad and sbdg. The main reason could be the different angular
averaging in experiment and theory, which can strongly in-
fluence the amplitudes of structures in CDAD difference im-
ages. Background contributions in the experimental data
which could not be subtracted, such as scattering at impuri-

FIG. 4. Calculated two-dimensional photoelectron diffraction
patterns of Fe 2p3/2 photoelectrons at 482.5 eV electron energy.sad
Positive helicity andM+, sbd positive helicity andM−, scd negative
helicity andM+, andsdd negative helicity andM−.

FIG. 5. Comparison between experimental and calculated two-
dimensional angular CDAD patterns.sad Experimental CDAD for
magnetizationM+, sbd experimental CDAD for magnetizationM−,
scd theoretical CDAD for magnetizationM+, and sdd theoretical
CDAD for magnetizationM−. Vertical white lines insad and scd
indicate positions at which vertical linescans presented in Fig. 6
have been taken.
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ties or surface contaminants, or structural imperfections at
the surface, may also influence the absolute value of the
CDAD to a minor extent, as well as a possible small residual
overestimation of the forward focusing photoelectron inten-
sity resulting from the cutoff after fifth order of multiple
electron scattering events in the calculation. The experimen-
tal curves are not fully centrosymmetric about zero, but ex-
hibit a shift of about 5% towards positive values. This has to
be attributed to experimental artifacts such as slight misad-
justings of the sample to detector distance, which can influ-
ence the photoelectron intensity. It should be noted that this
artifactual shift is smaller than the vertical offset of the
curves as a consequence of the magnetism-induced symme-
try breaking. It may, however, hamper the quantitative com-
parison of the size of the symmetry breaking between experi-
ment and theory.

The shape of the theoretical and experimental linescans
differs around zero linescan position in Fig. 6. Whereas in
the theoretical data a strong maximum is observed for both
magnetizationsM+ andM−, there is only a small structure in
the experimental data. At the moment we are not able to
explain these small differences between experiment and cal-
culation. The slightly different peak positions may be due to
small inaccuracies in the experimental sample adjustment for
the two magnetization directions. Overall, however, the
agreement is quite good, and even fine details of the symme-
try breaking by the presence of a macroscopic magnetization
are well described by the calculation.

Summarizing our findings, we observed that the “peak
rotation”, which is present also in the CDAD of nonmagnetic
samples, occurs in the same way for both magnetization di-

rectionsM±, and constitutes the major effect leading to dif-
ferent angular diffraction spot positions when changing the
light helicity. From that peak rotation, conclusions about the
sample structure may be drawn already without theoretical
calculations provided certain assumptions about the quantum
numbers of the contributing transitions can be made.21,22

While the most prominent effect of the symmetry breaking
by the sample magnetization is a different overall intensity of
the photoelectron diffraction patterns, which show a higher
intensity for M− compared toM+ for the considered higher
kinetic energy side of the Fe 2p3/2 peak, it is also manifest in
finer details of the photoelectron angular distribution pat-
terns. A shift of angular spot positions and different relative
peak heights in the CDAD for opposite sample magnetiza-
tion are two examples. Both are well reproduced by the the-
oretical calculation. The magnetism-induced symmetry
breaking in the angular distribution patterns of photoelec-
trons may thus provide the basis for the investigation of the
local magnetic structure in more complex samples.

V. CONCLUSIONS

The presented theoretical and experimental results clearly
show how the CDAD of photoelectrons is influenced by the
magnetic properties of the sample. The strong CDAD at a
solid surface is caused mainly by scattering of the excited
photoelectrons. Because of the magnetic moments of the Fe
atoms, the scattering of spin-up and spin-down electrons is
different. The magnetism-induced symmetry breaking ob-
served in the experiment for Fe 2p photoelectrons in Fes001d
is of the order of 10%, hence large enough to be used for
experimental studies of magnetic surfaces. Recording full
two-dimensional photoelectron diffraction patterns and form-
ing the related magnetism-induced symmetry breaking con-
stitutes a new direct method to investigate both the local
magnetic and geometric order of magnetic samples. The im-
proved multiple-scattering cluster model of photoelectron
diffraction provides an excellent description of the experi-
mentally observed CDAD and magnetism-induced symmetry
breaking in photoelectron diffraction patterns of Fe 2p3/2
photoelectrons in Fes001d. Experimental investigations of
photoelectron scattering effects on the CDAD, backed with
multiple-scattering cluster calculations, bear the potential to
study also systems with complex spin structures such as an-
tiferromagnets and ferrimagnets, or to investigate ultrathin
films with inhomogeneous vertical magnetization properties.
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