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An experimental and theoretical study of magnetic circular dichroism in valence band
photoemission from 15 monolayer thick fcc Ni films on Cu~001! is presented. A highly symmetric
configuration ~light incidence, electron emission, magnetization direction, photon helicity, and
surface normal all parallel! allows the illustrative interpretation of the dichroism in terms of the
relativistic band structure. Photoemission experiments in the photon energy range of 11–27 eV are
compared to fully relativistic one-step photoemission calculations. From this comparison, the
dichroic features can be directly related to the double group symmetry of the initial states, which is
demonstrated by two examples. ©1996 American Institute of Physics.@S0021-8979~96!26808-3#
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The interplay of spin-orbit and exchange interaction
ferromagnets is of great interest for a variety of effects. Ma
netic dichroism in photoemission, which is the change
intensity distribution curves by reversal of the magnetizati
direction, is exclusively due to this interplay of spin-orb
and exchange interaction.1 Magnetic circular dichroism in
valence-band photoemission~MCDAD!, therefore, is an es-
pecially well-suited method to study this interaction in th
valence states. We want to demonstrate in this contribut
that information on the relativistic electronic structure
available by MCDAD which otherwise would have been a
cessible by spin-resolved photoemission only.

Thin Ni films ~10–56 ML!, grown epitaxially on
Cu~001!, have their easy axis of magnetization perpendicu
to the film surface.2 They offer thus the advantage to stud
the MCDAD in a totally symmetric configuration. Such
configuration, in which the light incidence, electron emi
sion, magnetization direction, and photon helicity are a
aligned parallel to the surface normal, allows the illustrati
interpretation of the observed dichroism in terms of doub
group symmetry of the initial bands along theD axis of the
relativistic band structure.

We present an experimental and theoretical MCDA
study of the spin-orbit and exchange split electronic structu
of fcc-Ni~001! films. Fully relativistic one-step photoemis
sion calculations were performed. We show that from t
comparison between experiment and theory it is possible
determine details of the relativistic band structure such
band dispersion and hybridization between bands of
same double group symmetry.

Ni films of 15 ML thickness were deposited at room
temperature by electron bombardment of a high-purity nick
rod. The films were annealed immediately after depositi
for 10 min at 450 K in order to minimize the film roughness3

Photoemission spectra were taken at the Berlin synchrot
radiation facility~BESSY!, with ' 90% circularly polarized
light. The overall energetic resolution was approximate
200 meV, the angular acceptance better than62°. The films
were remanently magnetized perpendicular to the surfa
prior to the acquisition of the spectra. All spectra were co
lected at room temperature.
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Fully relativistic one-step photoemission calculations
the layer Korringa–Kohn–Rostoker~KKR! type were per-
formed using a recently developed Green’s functi
formalism.4 Details of the calculation procedure will b
given elsewhere.5 The spectra were calculated for a sem
infinite Ni~001! crystal with the lateral lattice constant o
bulk Cu, namely, 2.55 Å~compared to 2.49 Å for bulk Ni!.
The vertical layer spacing was taken as 1.69 Å, which me
a 6% tetragonally compressed fcc structure. Such a struc
is deduced from our LEEDI (V) measurements of the specu
lar beam. Furthermore, we assumeT50 K and complete
polarization of the incident light.

In a highly symmetric arrangement without the presen
of a magnetic field, electronic transitions induced by circ
larly polarized light are governed by relativistic dipole sele
tion rules.6 In the presence of a perpendicular magnetizatio
the electronic states can be classified due to four o
dimensional irreducible representations of the double gro
which readD61, D62, D71, andD72. TheirD5 spatial parts
can be labeledD6

51, D6
52, D7

51, andD7
52.5 The 1/2 sign

should not be attributed to majority or minority spin becau
the latter is not a ‘‘good quantum number’’ in the presence
spin-orbit coupling.

Figure 1 illustrates the situation. In the bottom panel, t
energetic positions of the four bands are depicted schem
cally. Transitions from this states induced by circularly p
larized light depend on the relative orientation of photon sp
s and magnetizationM . If s is parallel~antiparallel! to M ,
only states withD7

51 and D6
52 ~D7

52 and D6
51! symmetry

contribute to the spectrum.6 In the center panel of Fig. 1
schematic intensity distribution curves for the two cases
shown. The solid~dotted! lines correspond to parallel~anti-
parallel! alignment ofs andM @~I ~↑↑! and I ~↑↓!, respec-
tively!#. The resulting normalized intensity asymmetry, d
fined asA5[ I (↑↑)2I (↑↓)]/[ I (↑↑)1I (↑↓)], is depicted in
the top panel. It exhibits a characteristic plus/minus/plus f
ture, where the minus indentation is evoked by emiss
from theD6

51 andD7
52 bands.

Figure 2 shows a series of intensity spectra for differe
photon energies. Following the convention of Fig. 1, spec
/79(8)/6426/3/$10.00 © 1996 American Institute of Physics

t¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/japo/japcpyrts.html.



c-

e re-
ng

on

ds
ing
V,
id-

gy.
to
o
a
to
e
c-
ct

to

ure
si-

al
nce

D

for parallel ~antiparallel! alignment ofs andM are repro-
duced by solid~dotted! lines. Experimental spectra, norma
ized to the photon flux, are depicted on the left-hand side,
results of the calculation on the right-hand side. The spe
for 11.1 eV photon energy display relatively sharp peaks
below the Fermi energy; with increasing photon energ
dispersion towards higher binding energies and a broade
of the peaks are observed both in the experimental and in
theoretical spectra.

Figure 3 displays asymmetry spectra, correspondin
the intensity spectra of Fig. 2. Again, experimental asymm
tries are shown on the left, theoretical curves on the rig
hand side. At small photon energies, experimental asym
tries as large as 20% are observed. In order to facili
comparison with the experimental data, the theoretical as
metry curves are scaled by a factor of 0.2. The experime
spectra exhibit significantly broader intensity curves a
lower asymmetries compared to the calculated ones, w
must be attributed to the limited energetic and angular re
lution, to possible imperfections in film morphology, and
the background of inelastically scattered electrons not c
sidered in the calculations. Furthermore, the theoretical s
tra were calculated forT50 K and 100% circular polariza
tion. A larger broadening of the calculated spectra would l
to a better agreement but impedes the identification of
underlying electronic transitions. Apart from the differe
size of the dichroic asymmetry, very good qualitative agr
ment between experiment and theory is seen both in the
tensity and in the asymmetry spectra. This enables us to
relate the experimentally observed features to the calcul
relativistic band structure.

We will now demonstrate by two examples how th
comparison of experiment to theory serves to identify s
cific details of the electronic states, assuming direct in

FIG. 1. Bottom: schematic representation of the four bands ofD7
51, D6

51,
D7
52, andD6

52 symmetry contributing to the spectra in the totally symme
geometry. The arrows indicate the splitting due to spin-orbit~DSO! and ex-
change interaction~DEx!. Center: schematic intensity distribution curves f
parallel~solid lines! and antiparallel alignment~dotted lines! of photon spin
and magnetization direction. Top: normalized asymmetryA of the spectra of
the center panel.
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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band transitions. Figure 4 shows the relativistic band stru
ture of Ni along theD axis, calculated with the same
parameters as the photoemission spectra. The bands ar
produced with differently dashed and dotted lines accordi
to their double group symmetry, as labeled in the figure.

Let us now as the first example consider the dispersi
of the four bands withD5 spatial symmetry which were used
for the schematic illustration of Fig. 1. In Fig. 4 these ban
are marked by four arrows at both sides of the panel. Start
at theG point at binding energies between 1.5 and 1.9 e
these bands jointly disperse upwards, interrupted by hybr
ization with other bands, to reach theX point at energies
between 0.15 eV below and 0.3 eV above the Fermi ener
In the experiment a photon energy of 11 eV corresponds
transitions near theX point, whereas 27 eV corresponds t
transitions near theG point. Comparing experimental spectr
to the calculated band structure, off-axis contributions due
the experimental angular resolution have principally to b
considered and may contribute to the linewidth of the spe
tra. At 62°, however, these effects are small and affe
mainly the relative peak heights.7 Because of the broadening
of the spectra at higher photon energies, it is difficult
obtain the dispersion of theD5 bands from intensity spectra
alone. As we see from Fig. 1, the pronounced minus feat
in the asymmetry curves is correlated to the energetic po

tric

or

FIG. 2. Series of partial intensity spectra for different photon energieshn.
Shown are spectra for parallel~solid lines! and antiparallel alignment~dot-
ted lines! of photon spin and magnetization direction. Left: experiment
spectra, right: theoretical spectra. The vertical lines indicate the occurre
of a hybridization region as explained in the text.
6427Kuch et al.
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tions of theD6
51 and D7

52 bands. The dispersion of thi
minus peak, marked by vertical dotted lines in Fig. 3, ind
cates the dispersion of theD5 bands.

As a second example we will consider the hybridizati
of D71 bands around 0.5 eV binding energy at about t
middle of theD axis. This hybridization is caused by a
avoided crossing between a band ofD7

21 symmetry, which is
recognized in Fig. 4 by a weak dispersion, and a band
D7
51 symmetry with a steeper dispersion. As a conseque

of the avoided crossing, the bands interchange their sym
try character in the hybridization region and contain both
mixture ofD7

21 andD7
51 symmetry. This can be seen in th

intensity spectra fors↑↑M ~solid lines in Fig. 2!. As already
mentioned, only bands which containD5 single group sym-
metry character contribute to the spectra. This means tha
hybridization is observed as an energetic displacement of
corresponding peak towards higher binding energy with
creasing photon energy. The vertical lines in Fig. 2 indic
the region of hybridization in the photoemission spect

FIG. 3. Series of asymmetry spectra for different photon energieshn, cal-
culated from the corresponding spectra of Fig. 2. Left: experimental as
metries, right: theoretical asymmetries. The vertical dotted lines mark
dispersion of the prominent minus peak.
6428 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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They mark the positions of bands containingD7
51 symmetry,

and fade out into dotted lines where theD7
21 symmetry char-

acter in these bands predominates. In the calculated spe
~right-hand side of Fig. 2!, both of the hybridizing bands can
be distinguished as separate peaks in the solid line spectra
the experimental spectra~left-hand side of Fig. 2!, the hy-
bridization shows up as energetic shift of the intensity weig
of the peak fors↑↑M between 19.1 and 21.1 eV. Whereas a
19.1 eV the peak is asymmetrically shaped with highe
weight at the low binding energy side, at 21.1 eV the weig
is shifted to the side with higher binding energy.

Both examples demonstrate how the relativistic ban
structure can be correlated to MCDAD spectra. It has be
shown how from the comparison to fully relativistic calcula
tions even fine details of the band structure can be resolv
This demonstrates the capability of magnetic circular dichr
ism in valence-band photoemission for the investigation
the exchange and spin-orbit split relativistic band structure
ferromagnets.
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FIG. 4. Relativistic band structure of Ni along theD axis, calculated with
the same parameters as the photoemission spectra. Bands withD71, D61,
D72, andD62 double group symmetry are distinguished as labeled in th
figure. The arrows indicate bands ofD5 orbital symmetry.
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