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Symmetry rules in magnetic core-level photoelectron spectroscopy
from epitaxial ferromagnetic ultrathin films
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For two x-ray incidence directions onto an epitaxial H&QL) film, one to the left and a second one to the
right side of the symmetry plane spanned by the magnetization direction and the photoelectron wave vector, we
have measured distributions of the emission-angle dependence with respect to the crystallographic axes of the
Fe 2ps, core-level photoelectron intensity asymmetry occurring upon magnetization reversal. The two angular
distributions transform into each other when the signs of the magnetization and of the photoelectron emission
angle are inverted, in accordance with the conservation of parity.
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. INTRODUCTION influence on the dichroist!’ This is seen most clearly
when the electron emission angle with respect to the crystal
Experimentally, one of the easiest methods to obtain indattice («) is varied by rotating the sample around the direc-
formation on element-specific local magnetic moments irtion of M. The external geometry determined ByM, andk
heterogeneous materials is the exploitation of an asymmetrig thereby kept constant. In a single-atom picture, the dichro-
in the core-level photoelectron intensity occurring upon re4sm should then be independent ansince the latter is ab-
versal of the sample magnetization. A conventional x-raysent in Eq.(1). However, the experiment shows a significant
photoelectron spectrometer with a standdwhpolarizedd ~ dependence on the emission angle, i.e., a left-to-right-
soft x-ray source can be ustdpgraded taemanentlynag- asymmetry pattern with respect to the forward-scattering
netize the sample and to leave it in a magnetized state duringeaks caused by photoelectron diffracti8it normal emis-
the measurements without an applied external field. An insion, only the single-atom dichroism persists, which is
tensity asymmetry of the order of 5% at0.8-eV total reso- smaller by about a factor of 3 than the asymmetry oscilla-
lution occurs with unpolarized radiation, based on the existions caused by photoelectron diffraction, the extreme values
tence of the so called magnetic linear dichroism in theof which are occurring at emission angles of abaué®,
angular distributiofMLDAD ).? For the existence of such a respectively. Photoelectron-diffraction theory is able to ex-
dichroism with unpolarized or linear polarized radiation, theplain the experimental datf~?° The dependencies of the
angular resolution of the photoelectrons is essential. Furthedichroism on the relative directions Bfandk [spanning the
more, the photoelectron wave vector, the magnetization, andngle®] andE and M (spanning the angléd) have been
the electric field vector must define a chirality, a right- or studied in experiments on the Cq Xore level by Kuch
left-handed symmetry of these vectors. et al?! by varying the direction oE keeping the electron
The MLDAD has originally been explained on the basisemission direction normal to the surface. The 2] depen-
of single-atom propertiesand it was indeed observed also dence predicted by Eql1) was qualitatively confirmed. The
in free, magnetically oriented atorfig.he parameters deter- dependence of the dichroism on the an@léetweenE and
mining the MLDAD, which are accessible to external con-k, keeping the absolute directions BfandM constant, has
trol, are the relative orientations of the light electric field been studied by Hillebrect al.,’> who observed a modula-
vector ), the magnetizationN]), and the wave vector of tion of the atomic dichroism by photoelectron diffraction and
the photoelectronk). In the single-atom picture, the dichro- electron escape-depth effects. The influence of the x-ray in-

ism is proportional to the vector proddct cidence angle on thehotoelectron-diffraction-relatedli-
chroism, i.e., on the emission-angle dependence of the di-
D=E-(MXKk)(k-E). 1 chroism, has not been studied so far to our knowledge.

Provided the geometric parameters are kept constant, the di-
chroism is thus proportional to the atomic magnetic moment.
Element-specific magnetic properties of composite materials The subject of the present investigation is to compare di-
such as alloys’ and ultrathin film&=°have been studied by chroism data obtained subsequently taken on the same film
that means. in mirrorlike configurations, i.e., for x-ray incidence angles
In photoemission from single-crystalline samples, thex 6. The two incidence angles are realized by employmng

propagation directiond¢) of the photoelectrons with respect x-ray sources, one mounted to the left and a second one
to the crystal axes affects the intensity due to photoelectromounted to the right side of thév(,k) plane. The two ge-
diffraction 1® At photoelectron energies 400 eV, photoelec- ometries are approximately mirrorlike with respect to the
tron diffraction results in pronounced forward-scatteringplane®® We used the x-ray photoelectron spectrometer de-
peaks along the low-index crystallographic directions. It wasscribed earlief’ which enables us to measure the emission-
observed that the photoelectron diffraction also has a strongngle dependence of the core-level energy distributions from
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and binding energy.
FIG. 1. The photoemission geometry. Unpolarized Kig ra-

diation is incident onto the sample either from the left or from thethe (112) direction. In the angular range covered in Fig. 2,
right side with respect to the mirror plane spanned by the magnetithe intensity distribution does not depend significantly on the
zation direction and the acceptance direction of the photoelectropecific x-ray sourcéleft or right ong. At larger angles,
spectrometer. The rotation axis of the sample coincides with thdowever, the angular distributions become different because
magnetization direction. of shadowing of the x-ray sources by part of the sample

holder.
remanently magnetized samples. The magnetization direction Figure 3 shows the binding-energy dependence of the di-
can be switched “up” or “down” by applying a small chroism at normal emission, obtained with the left and with
magnetic-field pulse, which is generated by a current pulséhe right x-ray sources. The main difference between the two
through a coil placed close to the sample. The sample can bmirves is their opposite sign. It has been shown previously
rotated around an axis defined by the magnetization directiothat at normal emission, photoelectron diffraction effects are
M (see Fig. L Since the acceptance direction of the photo-absent and that the dichroism is determined by the atomic
electron spectrometer is fixed in space, the detected photproperties® The opposite sign obtained for the two magne-
electrons have traveled along different directions through thézation directions is in accordance with Eg@), i.e., chang-
single crystal. We define the emission anglg @s the angle ing + 6 to — 6 results in the opposite sign. This opposite sign
betweerk and thg 001] direction of the crystal lattice in the of the dichroism innormal emission for x-ray incidence
(100) plane. For each emission angle)( two energy distri- angles of+45° has been observed earlier by Kushal?!
bution curvegEDC's) are taken for the opposite magnetiza- for the similar case of the CoBcore-level. Figure 4 shows
tion directions to determine the binding enerdsg] depen-  the angular dependence of the photoemission intensity and of
dence of the intensity asymmet(ydichroism”). We will ~ the dichroism obtained with both x-ray sources from the
display the normalized intensity differenceD=(I' same magnetic film that had been used with the other x-ray
— I /max('+1') for the two antiparallel magnetization di- source. With the right source, grazing incidence is ap-
rections as a measure of the dichroism, after subtraction of proached nea&=30°, resulting in the intensity cutoff. The
constant background intensity given by the intensity at theangular oscillation of the dichroisiicf. Fig. 4(b)] is known
high binding-energy side of the core-level peaks. Byto be due to photoelectron diffractiéhThe central question
max('+1') we mean the maximum intensity value of the of this paper is the nature of the relationship between the two
two summed EDC's. The anglef is stepped computer con- dichroism curves.
trolled over a large range, thereby sweeping the sample’s A more complete picture of the dichroism is obtained
surface normal across the entrance aperture of the electravhen the angular and binding-energy dependencies are com-
spectrometer to obtain th®(Eg,a) distributions. The bined in a single figure. This is shown in Fig. 5 and Fig. 6.
sample was one epitaxial ultrathin film of pfre,s, grownin ~ The major features in these figures are the occurrence of one

situ in an ultrahigh vacuum on a @01) substrate. main peak or dip, which occurs either at a negative (
=—6°) or a positive emission angle-6°), depending on
IIl. RESULTS AND DISCUSSION the x-ray source used. The peéakip) in Fig. 5 and Fig. 6

obviously corresponds to the main peé@kip) at a=—6°
Figure 2 shows the intensity distribution curves of the Fe(+6°) in Fig. 4b). The graphs of the full data sets shown in
2p3, core-level as a function of the binding energy and ofFigs. 5 and 6 suggest that the dichroism patterns obtained
the emission angle. Photoelectron-diffraction peaks due teith the left and right x-ray sources correspond to each other
forward scattering are observed at normal emis§l®® and  when both the angle and the asymmetry axes are reversed,
at a=*20° emission angle, corresponding to emission alongather than by rigidly shifting one of the patterns, as one
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FIG. 3. The dichroisnintensity differencgof the Fe 2, core
level as obtained with the left and with the right x-ray sources, ai
normal emission.

for the present case, shown in Figs. 5 and 6. As an example,
{we mention that the FeBcore-level dichroism distributions
(not shown hergfor these two angles of x-ray incidence are
virtually the same, being antisymmetric with respectato
=0, similar as in the case of Fe/AD0).%° The antisymme-
nt'ry is just an alternative expression of the transformation
(M— —M,a— —a). Hence also the 3 distributions trans-
form into each other by this symmetry rule.

O Albeit an additional measurement with the second source,
i.e., in the mirrored configuration, in principle does not give
new physical information, it is advantageous in the following
cases: First, the dichroism can also be determined without

might assume originally by inspection of Figib4 alone.

To interpret these observations, it is realized that the co
figuration{x-ray incidence leftu M '} is obtained by mirror-
ing the {x-ray incidence rightUM'} configuration at the
plane spanned by the magnetization direction and the phot
electron wave vectofcf. Fig. 1), taking into account the
axial nature of the magnetization vector. In the mirror image
the rotation angler changes to- «. Parity conservation im-
plies that the experiment and its simple mirror image yield
the same results Accordingly, our experimental results o
must be the same in the original and in the mirrored = B R
configuratiort* As a test, we apply the mirror transformation Y ]
{MT—=M! a— —a} to one of the angular dependencies that
have been shown in Fig. 4. In Fig. 7 we compare the trans-
formed angular dependence obtained with the right source,
overlaid onto the angular dependence as obtained with the
left source, after scaling to the same maximum height. The
angular dependencies agree quite well. Small deviations
might be explained by aging of the sample since the mea-
surements are taken in sequence. This coincidence shows
that in spite of their different appearance the two asymmetry
distributions shown in Figs. 5 and 6 actually represent the
samephysical situation.

The D(Eg, @) distributions for other core-levels and ma-  FIG. 5. The dichroism as a function of the binding energy and of
terialsdo not generallydiffer as drastically for- §and—6as  the emission angle for x-ray incidence from the left sicle Fig. 1).
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flipping the sample magnetization or, alternatively, without
rotating the sample azimuthally by 180°, since mirroring of 17
the incident radiation direction is equivalent to inversion of 30 ' -2'0 ' -1'0 ' 0 ' 1'0 ' 2'0 ' 3'0 ' 4'0 ' 50

the magnetization direction and, simultaneousigr off-
normal emissio) rotating the sample from-« to + « (cf.
Fig. 1. Accordingly, the MLDAD in remanently magnetized FIG. 7. Comparison of the angular distributions of the dichroism
samples with large coercive fields can be determined by usvhen unpolarized soft x rays are incident either from the left or
ing two radiation sources as an alternative to the methodiom the right side with respect to the mirror plane as defined in
described above. Furthermore, a potential instrumentdfig- 1. after application of the transformati¢h'—M!,a— — a}
asymmetry arising from the magnetization pulses can be deét"d normalization to the same peak heights.

termined and eliminated by comparing data obtained with IV. CONCLUSIONS

both sources. If the intensity were systematically larger, e.g., i o )
for MT than forM!, one might conclude the existence of a _. We have shqwn that for mirrored xray incidence direc-
dichroism. However, a dichroism changes sign when switchyons’ the emission-angle dependencies of the photoelectron-

ing f h . I d diffraction-originated magnetic linear dichroism from a
Ing from + ¢ to — 6 whereas an instrumental asymmetry du€g;nqie_crystalline ferromagnetic sample transform into each

to a deflection of the electron beam by magnetic stray fieldgher py substitutingl — —M,a— — a), as expected from
will not. Thus, this instrumental effect can be recognized byparity conservation.
making use of those two x-ray sources. It is possible to re-

strict to normal emissiond=0). However, if the sample is ACKNOWLEDGMENTS
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